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Chapter

Fundamental Switching
Regulators—Buck, Boost, and
Inverter Topologies

1.1 Introduction

There are about 14 basic topelogies (basic bloch diagrams) commonly
used to implement a switching power supply, Each topology has
unigue properties which make it best suited for certain applications,

Some are best used for AC/DC off-line converters at low (<200 W)
output power, some at higher output power. Some are a better choice
for high AC input voltages (2220 V AC); some are better for an AC
input of 120 V or less. Some have advantages for higher DC output
voltages (> — 200 V) or in applications where there are more than
four or five different output voltages. Some have a lower parts count
than do others for the same output power or offer a better tradeoff in
parts count versus reliability, Lesser input or output ripple and neise
is a frequent factor in a topology selection.

Similarly, some topologies are better used for DC/DC converters—
again with high and low output power, high or low output voltages,
and minimum parts count as significant selection criteria. Further,
some topologies have inherent design drawbacks which require addi-
tional circuitry or more complex circuitry, not completely analyzable
in various worst-case situations.

Thus to make the best choice of a topology, it is essential te be fa-
miliar with the merits, drawbacks, and areas of usage of all topolo-
gies. A poor choice of a topology can doom a new power supply design
at the very outset.

In this chapter, the schematics of the fundamental and earliest to-
pologies—the buck, boost, and polarity inverter—are described. Their
basic operation is described; critical waveforms are shown and ex-
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plained; and merits, drawbacks, and application areas are discussed,
Peak transistor current and voltage stresses versus output power and
input voltage and their tolerances are discussed. The dependence of
input current on output power and input voltage is shown. Efficiency
and DC and AC switching losses are discussed.

To show the origin and need for switching regulators, the discussion
starts with what preceded them—linear or series-pass regulators,

1.2 Linear Regulators—Switching
Regulator Ancestors

1.2.1 Basic operation—merits and drawbacks

The basic circuit is shown in Fig. lla. It consists of an electrically
variable resistance in the form of a transistor (operating in the linear
mode) in series with the output load. An error amplifier senses the DC
output voltage via a sampling resistor network R1, R2 and compares it
with a reference voltage V. The error amplifier output voltage drives
the base of the series-pass power transistor via a current amplifier,

The phasing is such that if the DC output voltage goes up (as a re-
sult of either an increase in input voltage or a decrease in output load

Series poss
m o én

! ol I ;

Error
amplifier

5 Current urnpliﬁzr |

{al}
Vrer \\Jf\w{\wﬁ,\ ----- } dwveroge Vg input
Wy Mnimum headroom
(bl

Figure 1.1 la) Linear regulator @1 in series with output load is an electrically varl-
able resistance. The negative-fecdback loop alters its resistance to keep ¥, constant.
i) Headroom in linear regulator. With an NPN series pass transistor, a minimum
input-output differential or headroom af 2.6 V between V, and the bottom of the input
ripple triangle must exist at minimum V,_ input.
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current), the base of the series-pass transistor (assuming an NPN
transistor) goes down. This increases the resistance of the series-pass
element and hence brings the output voltage back down so that sam-
pled output equals the reference voltage. This negative-feedback loop
works in a similar fashion for decreases in output voltage due to a
drop in input voltage or an increase in output load current. In that
case, the error output voltage moves the series-pass base slightly more
positive, decreases its collector-to-emitter resistance, and raises the DC
output voltage so that the sampled output again equals the reference.

Essentially, any change in input voltage—due to either AC input line
voltage ripple, steady-state changes in the input over its tolerance band,
or dynamic changes resulting from rapid load changes—is absorbed
across the series-pass element leaving the output voltage constant to an
extent determined by the gain in the open-loop feedback amplifier.

The feedback loop is entirely DC-coupled. There are no elements
switching on and off and within the loop; all DC voltage levels are pre-
dictable and caleulable. There are no transformers within the loop and
no fast-rise-time voltage or current spikes to cause HFI noise output,
With no transistors switching on and off, there are no AC switching
losses due to momentary overlap of falling current and rising voltage
across the transistors, All power losses are due to DC currents in and DC
voltages across the various elements, and these are easily caleulable.

1.2.2 Linear regulator drawbacks

This simple, DC-coupled series pass regulator was the basis for a
multi-billion-dollar power supply industry until the early 1960s or so.
It could produce only lower voltage from a higher one; its output volt-
age always had one end DC common with the input voltage, vet fre-
guently DC isclation between input and outpul was required.

The raw DC input voltage (V. in Fig.1.1a) was usually derived
from the rectified secondary of a 60-Hz transformer whose weight and
volume was often a serious system constraint.

1.2.3 Power dissipation in the
series-pass transistor

The major drawback of a linear regulator is mainly the excessive dis-
sipation in the series-pass element. Since all the load current must
pass through the pass transistor, its dissipation is (V. - V,)l,). The
minimum differential (V. - V,), which is often referred to as “head-
room,” in most cases is 2.5 V for NPN pass transistors.

Now when the raw DC input comes from the rectified secondary of a
60-Hz transformer, the secondary turns can always be chosen so that
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the rectified secondary voltage is V, + 2.6 V (assume for the moment
that the filter capacitor is large enough to yield insignificant ripple)
when the input AC is at its low tolerance limit. But when the input
AC woltage is at its high tolerance limit, the headroom will be much
greater, series-pass element dissipation will be greater, and the power
supply efficiency will be significantly lower. This effect of very poor
efficiency at high tolerance limit input voltage when the raw DC in-
put has been chosen for a minimum 2.5 V headroom at lowest DC in-
put is much more pronounced at lower output voltages.

This can be seen dramatically in the following three examples of
linear regulators: the first with an output of 5 V at 10 A, the second
with an output of 15 V at 10 A, and a third at 30 V at 10 A,

Assume a large secondary filter capacitor so that ripple input to the
regulator is negligible. The rectified secondary voltage DC voltage tol-
erances will be identical to the AC input tolerances, which are as.
sumed to be =15 percent. The transformer secondary voltages will be
chosen to yield V, + 2.5 V when the AC input is at its low tolerance
limit of - 15 percent. Then the maximum DC input is 1.30 (V, + 2.5)
V when the AC input is at its maximum tolerance limit of +15 per-
cent. Thus

Hoead- EiTi-

OO, Dissi-  cliency,

Vﬂn’pmlr Vd:-munl TILIEK, Pl.nlmnx" 'Pﬂ-'l.'n.l.l:" P"“Ur" % P,'I

‘r‘:l JTI_. A "' V 1" w "‘v le PIII:III.II.'

&0 10 7.5 9.75 4,75 475 60.0 475 51.25
150 10 17.5 228 1.75 228 13 780 659
30.0 10 325 42.25 12.25 423 300 123 TLO

It thus can be seen that at higher DC output voltages, the efficiency
is significantly higher than at lower voltages. When realistic input
line ripple voltages are assumed, efficiency for 5-V output for input
line tolerances of +15 percent are in the range 32 to 35 percent.

1.2.4 Linear regulator efficiency versus
output voltage

When ripple is taken into account, the minimum headroom of 2.5 V
must be guaranteed at the bottom of the ripple triangle at the low tol-
erance limit of the input AC voltage as shown in Fig. 1.1b. Regulator
efficiency is then calculated as follows for various assumed input AC
tolerances and output voltages.

Assume an input voltage tolerance of + T' percent about its nominal.
Transformer secondary turns will be selected so that the voltage at
the bottom of the ripple triangle will be 2.5 V above the desired output
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voltage (2.5 V minimum headroom) when the AC input is at its low
tolerance limit. For a peak-to-peak ripple voltage of V. volts, the
average or DC voltage at the input te the pass transistor is
(V, + 2.5 + V,/2) volts when the input AC is at its low tolerance limit
as can be seen in Fig. 1.156. But when the AC input is at its high tol-
erance limit, the DC voltage at the input to the series-pass element is

1+ 0.01T
Vicmen: = 1-0.01T

The maximum achievable efficiency, which occurs at maximum in-
put voltage and hence maximum input power, is

P, VI v,

(V, + 25 + V./2)

Efficiencyon = = = A Bk (1.1}
igie D.DIT( V, s
"1+001T\V. 725+ V.12 i

This is plotted in Fig. 1.2 for an assumed peak-to-peak (p/p) ripple
voltage of 8 V (it will later be shown that in a 60-Hz full-wave recti-

a0
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ff, il
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Efficiancy, %
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Figure 1.2 Linear regulator efficiency versus output voltage. Minimum effi-
ciency at maximum V,, input assuming 2.5 V headroom at bottom of ripple
triangle ot minimum V, input. Assumes 8 V peak-to-peak ripple at top of fil-
ter cnpacitor, (From Eq. 1.2)
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fier, the p/p ripple voltage is 8 V if the filter capacitor is chosen at the
rate of 1000 microfarads per ampere of DC load current).

[t can be seen in Fig. 1.2 that even for 10-V outputs, efficiency is
under 50 percent for reasonable AC line tolerance of =10 percent. It is
this poor efficiency and the weight and size of the 80-Hz input trans-
former which led to the revolution of switching power supplies.

Nevertheless, if a preregulated (to =5 percent or so) raw DC input is
available (as frequently is the case in some of the later configurations
to be shown), a linear regulator is a reasonable choice if still better
regulation is required. Complete integrated-cireuit linear regulators
are available up to 1.5 A output in single plastic packages at prices in
the 50¢ range. They are also available at 3 to 5 A in metal-case
integrated-circuit packages at higher prices, but the dissipation across
the internal series-pass transistor becomes a serious problem, espe-
cially at the 5-A output level and higher.

1.25 Linear regulators with PNP series-pass
transistors for lesser required headroom

Linear regulators using PNP transistors as the series-pass element
can operate with a minimum headroom down to 1 or even 0.5 V and
henece achieve better efficiency. The reason for this can be seen in Fig.
1.3.

With an NPN series-pass element as in Fig. 1.3a, base current must
be inward directed and hence must come from some point at a poten-
tial higher than V, + Vi or roughly (V, + 1) volts. If the base drive
comes through a resistor, the input end of that resistor must come
from a point higher than V, + 1 to force current through it. The least
expensive scheme is to supply the base current resistor from the same
point which feeds the series-pass collector, i.e., the raw DC input.

However, now the raw DC input—the bottom of the ripple triangle
at low input tolerance—cannot be permitted to come too close to
V., + 1 V—nominally the base input voltage. For then, the base resis-
tor K, would have to be very small to allow sufficient base current at
high output eurrent. Then at high input tolerance, when V. - V, is
much greater, Ky, would deliver an excessive current to the base and a
significant amount would have to be diverted away into the current
amplifier, adding to its dissipation,

It is this effect which dictates that the minimum voltage at the bot-
tom of the ripple triangle not be required to come to less than 2.5 V at
minimum input tolerance, i.e., 2.5-V minimum headroom. It renders
R, more of a constant-current resistor and results in relatively con-
stant current through R, over the range of input voltage tolerances.

With a PNP series-pass transistor (as in Fig. 1.356), however, this
problem does not exist. For drive current is outward-directed (sinked)
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Figurs 1.3 (o} Linesr rogulntor with an NPN series
pass transistor, I base drive is taken from Vg, vina
resistor Ry, o minimum voltage or headroom must
exist across N, to supply inward-directed base cur-
rent st the bottom of the input ripple triangle. (b
Linear rcpgulamr with a PNF series pass transistor.
With n PNP series pass transistor, the requined
base current does not come from Vg, but MNows out-
ward from the base to the current nmplifier; Vg, is
no longer restricted to & minimum of 2.5 V above
V.. Headroom of 1.0 to 0.5 V is posaible,

from the base and is supplied from the current amplifier. Nothing dic-
tates how close V. may get to V, except the knee of the I_ versus V,
characteristic of the pass transistor. Minimum headroom with a PNP
pass transistor thus can be as low as 1.0 or 0.5 V and low dissipation
and higher efficiency results.

Integrated-circuit linear regulators with PNP for transistors are
now available but are considerably more expensive. In the fabrication
technique of integrated circuits, it is more difficult to make a high-
current PNP transistor on the same chip as the lower-current NPN
eontrol transistors.

1.3 "“Buck" Switching Regulator Topology
1.3.1 Basic operation

The high dissipation across the series-pass transistor in a linear reg-
ulator made the use of the linear regulator prohibitive for output cur-
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rents over 5 A or s0. The high dissipation required large-volume heat
sinks. This and the large volume and weight of the input 60-Hz trans-
former rendered the power supply disproportionately large as inte-
grated circuits made the rest of an electronic system smaller. Linear
regulators, with their large input transformer and heat sinks, could
achieve output load power densities of only 0.2 to 0.3 W/in®, and this
was not good enough for the smaller systems made possible by inte-
grated circuits.

Alternatives to linear regulators started being widely used in the
early 1960s. These so-called switching repulators used a fast-
operating transistor switch to switech a DC input veltage through to
the cutput at an adjustable duty eyele, By varying the duty cycle, the
average DC voltage delivered to the output could be controlled. Such
“average” voltage consisted of rectangular voltage pulses of adjustable
width whose average value was the required DC output voltage (Fig.
1.4b).

With the use of appropriately chosen LC filters, however, the
square-wave modulation could be eliminated and ripple-free DC volt-
ages equal to the average of the duty-cyele-medulated raw DC input
resulted. By sensing the DC output and controlling the switch duty
cvele in a negative-feedback loop, the DC output could be regulated
against input line and output load changes.

Such switching regulators are currently achieving 1 to 4 load watts
per cubic inch and are capable of generating a multiplicity of output
voltages from a single input—all DC isolated from the input. They re-
quire no input 50/60-Hz power transformers. Some DC/DC converter
designers are claiming load power densities of 40 to 50 W/in®,

The earliest of these switching regulators, the “buck” regulator,
is shown in Fig. 1.4. There, a single-pole single-throw switch in the
form of a transistor @1, is in series with the DC input V. It is
closed for a time T, out of the switching period T. When it is on,
the voltage at V1 is V,, (assuming for the moment the "on" drop
across @1 is zero), When it is open, the voltage at V1 falls very rap-
idly to ground and would have gone dangerously negative had it not
been caught and held at ground by the so-called free-wheeling or
clamp diode D1.

Assume for the moment that the “on" drop of diode D1 is zero also.
Then the voltage at V1 (Fig. 1.45) is rectangular, ranging between Vi,
and ground with a “high" time of T,,,. The average or DC value of this
voltage is V. T',,/T. The L C, filter is added in series between V1 and
V', and vields a clean, ripple-free DC voltage at V, whose magnitude is
Vel on T

Now V, is sensed by sampling resistors R1, R2 and compared to a
reference voltapge V; in the error amplifier (EA). The amplified DC
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Figurs 1.4 Buck switching regulator and critical waveforms.

error voltage V,, is fed to a pulse-width-modulator (PWM) which is
essentially a voltage comparator. Another input to the PWM is a
sawtooth (Fig. 1.4a) of period T and usually 3 V in amplitude (V). The
PWM wvoltage comparator generates a rectangular waveform (V.
Fig. 1.4¢) which goes high at the start of the triangle and low at the
instant the triangle crosses the DC voltage level of the error-amplifier
output. The PWM output pulse width T, is thus proportional to the
EA amplifier output DC voltage level.
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The PWM output pulse is fed to a current amplifier and vused to con-
trol the “on” time of switch transistor @1 in a negative-feedback loop.
The phasing is such that if V. goes slightly high, the EA DC level goes
closer Lo the bottom of the PWM triangle, the triangle crosses the EA
output level earlier in time and the @1 on time decreases, bringing
V(= VT /T back down. Similarly, if V, goes low by a certain per-
centage, the on time increases by the same percentage to maintain V,
constant. The @1 on time is controlled so as to make the sampled out-
put VRR, + R;) always equal to the reference voltage V.

1.3.2 Significant current wavelorms in
buck regulator

The major advantage of the buck regulator is its low internal losses
and high efficiency. It is necessary to understand the waveshape and
magnitude of the currents throughout the eircuit to permit caleulating
efficiency and some of the subtleties of its operation.

When @1 is on, assuming for the moment zero drop across it, there
is a constant voltage (V. - V) across L. With a constant voltage
across an inductor L,, current in it rises linearly at a rate given by
dlidT = (V, - V,)/L,. This accounts for the ramp which sits on a step
in Fig. 1.4d. Now it is not possible to change the current in an induc-
tor instantaneously, Thus when @1 turns off, the voltage polarity
across L, immediately reverses trying to maintain the same current [,
which had been flowing just prior to turnoff. This polarity reversal is
the so-called inductive kick. If not for diede D1, V, would have gone
very far negative in an attempt to maintain L, current in the same
direction. But diede D1 latches in and holds the front end of L, at one
digde drop or about 1 V below ground.

Now the same current I, which had been flowing in &1 just prior to
turnoff is picked up and flows through diede D1 (Fig. 1.4¢). But now
the voltage polarity across L, has reversed and its magnitude is
(V, + 1). The current in L, then ramps down linearly at a rate given
by dl/dT = (V, + 1)/L,. This is the downward-going ramp which sits
on a step in Fig. 1.4e. At the end of the @1 off time, the L, current has
fallen to I, and is still flowing through D1. Now @1 turns on again and
starts supplying current into the cathode of D1, displacing its forward
eurrent. When @1 current has risen to I, all the forward D1 current
has been displaced and V| rises to within about 1 V below V,_ back-
biasing D1.

The current in L, is then the sum of the @1 current when it is on
{Fig. 1.4¢) and the D1 current when @1 is off. This is the current
IiL,)in Fig. 1.4f. It is seen to ramp an amount (I; - I;) around the DC
output current I, Thus the value of the current at the center of the
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ramp in Fig. 1.4d and 1.4e is simply the DC output current I, As the
DC output current [, is varied, the center of the ramps in either Fig.
1.4d or ¢ moves, but the slope of the ramps remain parallel to their
original value. During the @1 on time the ramp rate in L, is still
(Vy, = V)L, and during the @1 off time it is (V, + 1)/L,.

It will be seen shortly that when the DC current I, is reduced to the
point where [, in Fig. 1.4d and 1.4e just reaches zero, a drastic change
oecurs; but this will be discussed shortly.

1.3.3 Buck regulator efficlency neglecting
AC switching losses

With the currents in the switch transistor @1 and free-wheeling diode
D1 (Fig. 1.4d and 1.4e), losses and efficiency can be calculated. If the
preceding currents flowed through @1 and D1 at zero voltage drop, to-
tal losses would be zero and efficiency would be 100 percent. When @1
is off, it operates at a maximum voltage of V. but at zero current and
hence dissipates no power. When @1 is on, D1 operates at a reverse
voltage of V,, and draws negligible current and also dissipates no
power.

Thus the only losses in the circuit are the DC conduction losses in
@1 and D1 plus the AC switching losses in @1. There is an AC switch-
ing loss in @1 during the turnon transition as a result of the momen-
tary overlap of rising current and falling voltage across it. Also at the
turnoff transition, there is an AC switching loss in @1 due to the mo-
mentary overlap of falling current and rising voltage across it.

It can be seen in Fig. 1.4d and 1.4e that the average currents in @1
and D1 during their conduction times of T, and Ty are the values at
the center of the ramps or [, the DC output current. These currents
flow at a forward voltage of about 1 V over a very large range of cur-
rents. Thus conduction losses are

Tii y 4
Py = L(Q1) + L(D1) = 11, — + ”"? =17,
Thus if AC switching losses could be neglected, efficiency would be
P"‘ vu':a V,

(1.3}

Efficiency = P, + losses 3 Vi, + 11, - V,+1

1.3.4 Buck regulator etficlency Including
AC switching losses

Alternating-current switching or voltage/current overlap loss caleula-
tions depend on the scenario assumed in the relative timing and
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slopes of the rising current and falling voltage. A best-case scenario—
which rarely exists in actual cases—is shown in Fig. 1.5a.

Here in the best-case scenario, at turnon, voltage and current start
moving simultaneously and reach their endpoints simultaneously.
Current goes from 0 to [, and voltage across §1 goes from a maximum
of Vs, to zero. The average power during this switching time is
F(T,,) = [i=IV dt = 1,V;./6 and the power averaged over one com-
plete period is (L V,_GNT,/T).

Assuming the same scenario of simultaneous starting and ending
points of the current fall and voltage rise waveforms at the turnoff
transition, voltage/current overlap dissipation at this transition is
given by P(T ) = [3=IV dt = IV, /6, and this power averaged over
one complete cyele is (I, Vg /60T /T,

Yix
ig
Q1 current
Qf vairage
: -
- e e
Ten Ters
(19

-1

Figure 1.5 (o) Transistor switching—best-case scenario. Voltage and current transi-
Hons start and end simultanecusly. Lin Tmnttmr awitching—worst-cosg sopnario, At
turnon, voltage remains constant 8t V... until current reaches its maximum, At
turnofl, current remains cohstant at I uﬂmr-!i‘l vn]uga roaches its maximum of 'I-"
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Assuming T, = T o = T, total switching losses (the sum of turnoff
and turnon losses) are P, = (VI T,)/3T and efficiency is

)

P, + DC losses + AC losses
Vala
" VI + 1L+ VLT, /3T

Efficiency =

(1.4

V.
"V, ¢+1+ V,T,3T
It is of interest to caleulate the efficiency of a buck regulator and
compare it to that of a linear regulator. Assume hucking down from 48
to & V, 50-kHz switching frequency (T' = 20 ps).
If there were no AC switching losses and a switching time T, of 0.3
ps were assumed, Eq. 1.3 would give

2
b+1

If switching losses and the best-case scenario as shown in Fig. 1.5a
were assumed, Eq. 1.4 would give for T, = 0.3 ps and T = 20 ps:

Efficiency = = 83.3%

b
S+ 1+48 x 0.3/3 = 20
5 5
“5+1+024 5+124
= 80.1%

Efficiency =

If a worst-case scenario—as shown in Fig. 1.5b, which is closer to
reality—is assumed, efficiencies are lower. In Fig, 1.5b, it is assumed
that at turnon, the valtage across the transistor remains at its maxi-
mum value (V) until the on-turning current reaches its maximum
value of I,. Then voltage starts falling, and to a close approximation,
current rise time T will equal voltage fall time. Turnon switching
lozses will then be

Vadlo T LV Ty

— ——

2. T r S i

and for T, = T,y = T,, PIT,,,) = Vg I (T,IT).

At turnoff as seen in Fig. 1.5b, it is assumed that current hangs on
at its maximum value [, until the voltage has risen to its maximum
value of Vi, in a time T, Then current starts falling and reaches zero
in a time T Total turnoff dissipation is then

P(Te) =
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and for T, = Ty = T, PATo) = VI (TJ/T). Total AC losses (the sum
of turnon plus turnoff losses) are then

- 2 d'ZII'.\ r {1_5
P | il' ]

o

P,=Py + P,.= 11, + 2V, I, T (1.6)
and efficiency is
Efficioncy = —F* o V.
WY " P 4P, VLt + 2V LT[
v
(1.7)

"V, +1+ 2V, T,T

For the same 50-kHz, 48- to 5-V buck regulator as above with
T, = 0.3 us, efficiency from Eq. 1.7 15

Efficiency = 5 = 5
Y = 5 +1+2x48x%03/20 5+ 1+ 1.44
ol AN
5+ 244
= §7.2%

If & linear regulator were used to bring 48 V down to 5 V, its effi-
ciency which is V,/V, ux Would be unacceptably lower at 5/48 =
10.4 percent (from Eq. 1.1).

1.3.5 Optimum switching frequency In
buck regulator

The output voltage of the buck regulator is V, = V, T /T indepen-
dent of whatever the period T is. The question arises as to whether
there is an optimum period and on what basis the period is selected.
At first thought it might seem best to minimize the size of the filter
components L, C, by geing to as high a frequency as possible.
However, going to higher frequencies does not necessarily minimize
the overall size of the regulator when all factors are considered. This
can be appreciated by examining the expression for the AC losses in
the circuit seen in Eq. 1.5, where the AC losses are inversely propor-
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tional to the switching period T. Decreasing T results in increased
losses and possibly necessitates the use of a larger-volume heat sink to
keep the switching transistor temperature within desired limits.

Further, Eq. 1.5 gives losses in the switching transistor alone and
neglects losses in the free-wheeling diode D1 due to its finite reverse
recovery time. This time is the time required for the diode to cease
drawing reverse leakage current measured from the instant it has
been subjected to reverse voltage. Free-wheeling diodes as D1 should
be specified as ultra-fast recovery types which have recovery times as
low as 35 to 50 ns. But even such types can dissipate significant power
which is inversely proportional to the switching period. Thus increas-
ing switching frequency (decreasing switching period) does decrease
size of the filter elements L, but adds to the total losses and contrib-
utes to the requirement for a larger heat sink.

In general, then, between 25 and 50 kHz, overall volume of the buck
regulator is lower at a higher frequency, But going to frequencies
above 50 kHz offers only marginal advantages because of the in-
creased AC switching losses and possibly larger heat sink.

1.3.6 Design relations—aoutput filter
inductor selection

Current waveform of the output inductor is shown in Fig. 1.4d and its
characteristic “ramp-on-a-step" shape is defined in Sec, 1.3.2, where it
was noted that the current at the center of the ramp is equal to the DC
output current I,. As the DC output current decreases, the slope of the
ramp remains constant as the voltage across L, remains constant. But
the current at the center of the ramp decreases. Al a DC current of
I, = I, = I, 2 or half the magnitude of the ramp slope dl, the front
end of the ramp reaches zero. At this point, the inductor is said to "run
dry" or enter into the “discontinuous” operating mode and a drastic
change occurs in the eurrent and voltage waveforms.

The effect of operation in the discontinuous mode can be seen in Fig.
1.8z, These are the inductor or switch transistor on time current
waveforms of a 20- to 5-V buck regulator operating at 25 kHz designed
for a nominal output current of 5 A and a minimum current of 1 A,
The top two waveforms have the characteristic ramp-on-a-step
waveshape with the step smaller in amplitude at the lower current
and the DC current level at the center of the ramp very closely equal
to the DC output current,

In the third waveform in Fig. 1.6a at [, = 0.95 A, the step has just
disappeared and the front end of the ramp starts at zero current. This
is the start of the discontinuous or “run-dry” mode for the inductor. It
can he seen in the first three waveforms, the @1 on time is constant
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but decreases drastically after operation has become discontinuous.
Yet the DC output voltage remains constant to within & mV even after
the inductor has pone discontinuous.

It would seem then that there is no drawback in permitting the in-
ductor to go discontinuous, There actually is no drawback for a buck
regulator, Up to the start of the discontinuous mode, the DC output
voltage is given by V, = VT, /T. The on time decreases just a very
small amount as [, decreases because the forward drop across @1 de-
creases slightly with decreasing current. This increases V1 slightly,
requiring a small decrease in T,,.

After poing into the discontinuous mode, however, the relation
V, = V\T,/T no longer holds, as can be seen in the bottom two
waveforms of Fig. 1.6z, where the 1 on time has markedly decreased
and depends mainly DC output current. Before the start of the discon-
tinuous mode, the circuit coped with DU output current changes by
changing the amplitude of the step part of the ramp-on-step
waveforms in the @1 and D1 waveforms of Figs. 1.4d and 1.4e. It could
do this at relatively constant @1 on time.

Now the average of the sum of the @1 and D1 currents [Fig. 1.6¢(2)
and 1.6¢(3)] is the DC output eurrent. Once the inductor has gone dis-
continuous and the step part of the latter waveforms has gone to zero,
the only way the average of their sum can decrease further is to de-
crease the @1 on time. The negative-feedback loop automatically sets
the @1 on time so that the average of the sum of 1 and D1 currents
is equal to the DC output current at the correct output voltage as fixed
by the error amplifier, the sampling resistors, and the reference volt-
age of Fig. 1.4,

The loss of the step in the @1 and D1 currents between nominal and
the start of the discontinuous mode can be seen more clearly in Fig.
1.7a,b. When the inductor has gone discontinuous, the 21 current has
fallen to zero before the next @1 turn on as seen in Fig. 1.7hi2). This
causes a decaying “ring” at the @1 emitter at a frequency determined
by L, and the capacitance looking into the D1 cathode and @1 emitter
|Fig. 1.7h(1)]. This causes no problem; the @1 on time simply is read-
justed by the feedback loop so that the average voltage at the emitter
of @1 is equal to the commanded DC output veltage. The ring in Fig.
1.76(1) is no problem; it is easily eliminated by the L O, filter,

So though operating in the discontinuous mode is no problem in the
buck regulator, it is in later topologies with buck-type output L,C, fil-
ters, Hence in all such output filters, the inductor will be chosen so
that it does not go discontinuous until the DC output current falls to
its specified minimum wvalue, which in most cases is one-tenth the
nominal value or 0.1 (/). Since the onset of the discontinuous mode
occurs at a DC eurrent equal to half the amplitude of the inductor cur-
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Figure 1.7 A 25-kHz buck regulator, showing @1 emitter waveforms for the case of L, at
the brink of going into the discontinuous mode and also beyond that point.

rent ramp [Ufy - 1)) of Fig. 1.4d], then [, = 011, = (I, - I,)/2 or
Uy -1 =dl =02[,. But dI, the slope ramp amplitude, is
dl = VT, JL = (V| - V)T, /L, where V, is voltage at the input end
of I, and is very closely equal to V. Then

‘.Vdc - Vﬂ}Tuu i {vlk L VD}TH

L= =
dl 0.21,,
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But T, = V,T/V,.; then

E{Vd-ln T Vuj VnT
Vdm Im

where Vi, and [, are their nominal values.

Thus if L is selected from Eq. 1.8, (I, - I} = 0.2], and [, is the in-
ductor current at the center of the ramp at nominal DC output cur-
rent, the inductor current swings = 10 percent around its value at the
center. [f the inductor remains constant in value up to I; = 111, the
ramp will be linear. Thus the inductor must be designed so that it does
not saturate or significantly saturate at DC current bias of 1.11,,..

Such inductors, which remain relatively constant in value under
DT hias conditions, ean be built with gapped ferrite cores or powdered
iron or powdered Permalloy (a magnetic alloy of nickel and iron). Such
powdered cores have an effective distributed air gap as they are made
from a sludge of powdered magnetic particles embedded in a resin
which forms the uniformly distributed air gap. Design of such induc-
tors will be discussed in a later chapter.

The inductor selected from Eq. 1.8 can tolerate higher DC output
currents than the specified [, if it is designed not to saturate at these
higher currents. The only restriction on maximum current in the buck
regulator is the increased DC and AC losses given by Eq. 1.6. The
minimum current restriction on the inductor chosen from Eq. 1.8 is
that below I, it will go discontinuous and load regulation will slightly
degrade.

If the inductor is chosen half the value given by Eq. 1.8, it will go
discontinuous at one-fifth rather than one-tenth the nominal DC out-
put current. This will slightly degrade the load regulation commenc-
ing at the higher minimum current. But since it is a smaller inductor,
the buck regulator will respond more quickly and with a smaller tran-
sient output spike to dynamic load changes.

(1.8)

1.3.7 Design relations—output filter
capacitor selection

The filter capacitor of Fig. 1.4 is chosen to meet the output ripple spec-
ifications. [t is not an ideal capacitor, as shown in the figure. It has a
resistance R, and inductance L, in series with it as shown in Fig. 1.8.
These are referred to as the eguivalent series resistance (ESR) and
equivalent series induetance or (ESL). Below about 300 or 500 kHs, L,
can be neglected and output ripple is determined by B, and C,.
There are two ripple components, due to R, and C,. They are not in
phase as that due to R, is proportional to I, - I,, the peak-to-peak in-
ductor ramp current of Fig. 1.4f, and that due to C, is proportional to
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il

Figure 1.8 Output ripple in the buck regula-
tor, For a given inductor current ripple am-
plitude, output ripple is determined by the
value of the output filter capacitor, C,, its
equivalent series resistance (ESR) R, and its
equivalent series inductance (ESL) L. Below
about 500 kHz, L, can be neglected. [n most
cases, the ripple component contributed by O,
is small compored to that contributed by R
Under 500 kHz, output ripple is closely equal
to the AC ripple current in L, times K.

the integral of that current. For a worst-case comparison, however, it
can be assumed that they are in phase.

To assess these ripple components and permit a capacitor selec-
tion, it is necessary to know the values of R, which are seldom
given by capacitor manufacturers. But examination of a number of
manufacturers’ catalogs shows that for the most frequently used
types (aluminum electrolytic) over a large range of voltage ratings
and capacitance values, R,C, tends to be constant. It ranges from 50
to 80 x 10°° F.

It is instruective to calculate the capacitive and resistive ripple com-
ponents for a typical buck regulator. Assume a 20- to 5-V regulator
with I, = § A operating at 25 kHz. Assume [ = 0.1],, =05 A
and choose L from Eq. 1.8:

_ B(Vaw - VJV,T _ 5(20 - 5)5 x 40 x 10°°
& Vi Lo ks 20x 5

and [2 - I1, the peak-to-peak ramp amplitude, is 0,27 =1 Al

Assume to start, a resistive ripple component V., of 0.05 V peak-to-
peak. Then 0.05 = (I12 - IR, = IR, or R, = 0.06 {1 and for R.C, =
50 x 1075, C, =350 x 107%/0.05 = 1000 pF.

Now calculate the capacitive ripple voltage V, from Fig. 1.4d.
There it is seen that the ripple current is positive from the center of
the offtime to the center of the on time or for one-halfl of a period or
20 ws. The average value of this triangle of current is I, = I,)/

L

= 150 upH



. .Elements of thermal design and heat-sink performance are evaluated,
with design equations and graphs showing temperature rise as a function of
power level, area, and air flow. Feedback loop stability is treated in detail.
'l."hrou.ghout, graphs are presented which permit gain and phase-shift calcula-
thl]Sllrl the usual switching regulator elements—the LC filter and operational
amplifiers with RC feedback. Tailoring the gain-phase characteristic to achieve
lqop .stability is also discussed, along with commonly occurring problems in
circuits and subtle failure modes in switching and series-pass power supplies.

The electronics industry has long had a vital need for a textbook on
the reliable design of all the complex electronics in a modern societv—com-
puters, communications equipment, weapons systems and satellites, i;ldustrial
control, and consumer clectronic equipment. It is hoped that this book will
fulfill the need for a comprehensive treatment of this significant element in our
modern electronic world.

ABRAHAM 1. PRESSMAN
Waban, Massachusetis
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step load transient, 286
turnon transient, 287
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153-154

Magnetics, Inc., 43, 44, 62, 311-315
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core losses, 44
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applications, 223, 225
circuitry, 220, 222
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power dissipation, 223
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constant output for 115- or 230-V in-
put, 146
regulator, typical design, 298-305
Operational amplifiers, 332-341
design example, 338-341
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335
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336-338
poles, 333, 338
RC feedback, 333
Zeros, 334, 338
Optoelectronic coupler, 327-330
linear operation, 329
on-off switching mode, 327
transfer gain, 327
Orthonol, 43, 44
Oscillator square-wave dc/dc convert-
ers, 58-68
design procedure, two-transformer
type, 65-68
frequency calculation, 61
high current spikes in single-trans-
former type, 63
single-transformer type, 58-62
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Oscillator square-wave dc/dc converters
(cantinued)
two-transformer type, 62-68
Overcurrent protection, 183-193, 359,
363
causes of overcurrent, 183
constant current, 184-187
foldback current, 184, 187-193
“latch-up™ in, 186, 191-193
Overshoot for current step, 286
Overshoot, turnon, 287
Overvoltage, 193-200
causes, 199-200
crowbar circuits, 193-199
noise sensitivity, 198
crowbarring minimum/maximum lim-
its, 197
overvoltage-overcurrent interaction,
200
shorted series-pass, 199

Phase lead networks, 343-348
gain
calculation, 343-345
rise above dc gain vs, normalized
frequency, 345-346
optimum frequency for phase lead
bump, 347-348
phase shift vs. normalized frequency,
336-339
Power capability, cores, 243-244
Power dissipation, transistors, 109, 122-
123
Preregulated converters, 75-78, 84-94
feedback from rectified secondary, 79
half-cycle width-modulated preregu-
lator, 83, 93, 98
open-loop secondaries, 75, 84-87, 89
series-pass preregulation 84-87
series-switch step-down preregulator,
89-91
slaved secondary voltage outputs, 77
Preregulated converter with secondary
postregulation, 81-84, 96-99
multiple output voltages from single
secondary, 83
series-pass postregulator, 81-83
series-switch step-down postregulator,
81-83
series-switch step-down preregulator
with series-pass postregulation, 96
with series-switch step-down post-
regulation, 98
Prime power sources, 135-136
Department of Defense mobile
sources, 136
Navy shipboard, 135
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Protection circuits, 182-200
overcurrent, 183-193
overvoltage, 193-200

Pulse width modulation, 5-14

Rectifier circuits, 128, 144-145
Rectifier design, 127-148
Rectifier diode characteristics, I*f rat-
ing, 142
maximum average, 137
Motorola MR1120, 139
nonrepetitive peak surge current, 141
peak reverse voltage, 133
Rectifier dissipation, 137, 283
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1
Basic Voltage Regulators,
Power Converters

1.0 Introduction

The voltage regulators considered herein generate single or multiple
output dc voltages whose magnitudes are substantially con§£anl f(_)r any v:.a}ue of
static or dynamic load currents or input voltage within their specified limits.

Input voltages can be dc or single- or multiple-phase ac at any of th_e
usual power line frequencies, generally ranging between 50 and 800 Hz. Magm-
tudes of the dc or rms ac input voltages can be higher or lower the_m the desired
output voltages. Qutput voltages must remain constant to the spe::lfiegl accuracy
with input voltages generally varying from %5 to =15% around their nominal
values and load currents varying from 0 to 100% of maximum at gach output.
Often, the supplies must cope with transient input voltage changes in excess of
the 5 to =15% steady-state variations. Duration of such transients may range
from less than one to several hundred milliseconds. o

Supplies are often required to have protective features such as the al'txlny
to survive short-circuited outputs or output voltage limiting above_spemﬁed
values. Limits on power supply efficiency, weight, size, cost, and audio and rfi
noise outputs are almost always specified. ) )

The various ways to design power supplies to meet such specifications
will be dealt with in this book. In this chapter, the basic regulating and power-con-
verting techniques available to the designer will be presented in general terms
without going into detailed circuit designs. In the following chapter, syslern.s com-
binations of these individual regulating schemes will be taken up in block dlagmm
form. Finally, subsequent chapters will go into detailed circuit designs of indi-
vidual regulators and combinations of regulator types comprising whole power
Supply systems.

1.1 DC Voltage Regulators
1.1.1 Series-Pass Regulators

The series-pass regulator is the simplest, most frequently used but least
efficient regulating technique. Until the appearance of high-curren.t, 10w~fon~'arc_i-
drop transistors, usable as high-frequency single-pole switches, it was the main
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Fig. 1-1. Basic series-pass voltage regulator. Q1 is an electronically
controlled variable resistance in series with the load.

and practically the only voltage-regulating technique up to power levels of 1,000
W. Techniques using constant voltage transformers and phase-controlled silicon-
controlled rectifiers (SCR) have certain fields of application but are slow in
response to line and load changes and will not be considered herein.

The basic series-pass regulatoris shown in Fig. 1- 1. It converts a variable
higher voltage dc to a constant lower voltage dc. Input is dc —either from a battery
source, which decreases in output as it discharges, or from a rectifier directly off
an ac line source or from a rectifier following a step-up or step-down transformer.

In either of the latter cases, the rectified dc output is proportional to ac
line input and will thus vary by the same =5 to +15% usually specified for ac line
sources. Further, usual rectifier outputs will have a large-amplitude ripple voltage
at some harmonic of the line frequency superimposed on the rectified dc. The
series-pass regulator will eliminate both the line harmonic ripple and the slower
dc variations proportional to line changes, yielding a constant output voltage.
Output voltage can be made as constant as desired, limited only by the stability
of the reference sources, drift in the difference amplifier, and gain in the feedback
loop.

In Fig. 1-1, the output is kept constant by using the series-pass element
consisting of one or a number of paralleled transistors as a variable resistance
device. As the input rises or falls, the effective resistance of the series element is
increased or decreased so that it, rather than the output load, absorbs the input
voltage change. The series element is controlled to give a constant output voltage
by the negative-feedback loop composed of the resistor sampling chain, the dif-
ference amplifier, and voltage amplifier-level shifter element.

A fraction of the output voltage, [R2/(R1 + R2)]V,, is sampled and

~ compared fo a consfant.referenca.sohterel, , Tha sdifanroracealifiie: yields

a voltage proportional to the difference between ¥/, and the output sample. The
amplified difference voltage is further amplified and the dc level shifted to drive
the input terminal of the series element. Voltage polarities are such that a small
increase or decrease in output voltage resulting from line or load changes causes
the correct increase or decrease, respectively, in series element impedance to
keep the output constant. The output adjusts itself so that the sampled fraction
V,R2/(R1 + R2) is very closely equal to the reference voltage.
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It is obvious from Fig. 1-1 that all of the output }oa'd curre:nt must ﬁf:"’f"
through the series-pass element at .a dc voltage drog of V,, — lrr;. The f““"'
efficiency occurs at maximum input voltage and is equa] toPlPu=Vd,+
H}um | = V,/Vinmax» The larger the difference between input and output volt-
hmmﬂ[f;.e"!arga:r the internal dissipation for a given load current. Any dc_voitagc
E.l,ge.be dropped down and regulated to any lower voltage, but the series-pass
Zrcnmenl must be capable of absorbing the maximum dissipation at its maximum
/ drop.
gl ThF:.IS, the series-pass regulator of Fig. 1-1 is seen to be sim?le, com-
prised only of a series voltage dropping element, I"G‘,SIISIOI‘ V{?Ilage sampling chaln.r
difference amplifier, and voltage amplifier-level Shlftll'lg. dcvv:.:e‘ But the relatively
high dissipation across the series element at the maximum input voltage results
in low output-input power efficiency.

1.1.2 Series-Pass Regulator Efficiency

In the usual power supply, whose prife input 1s ac line power, e.m"f‘:'iency
calculations must consider rectifier drop, ripple, tmnsfqnner regu!ano_n, aqd
transformer losses. But here, to start with, maximum attainable efficiencies m!l
be calculated for sources with totally ripple-free dc output voltage whose magni-
tude can be set at any desired value to maximize regulator efficiency. :

Such efficiencies will be the highest achievable for a given output
voltage. Practical efficiencies for regulators with optimum ac inputs and realistic
ripple voltage at regulator input terminal will be calculated in C!‘lap. 6.

The usual series-pass element, npn or pnp power transistor, has a knee
in its .-V, curve at about 2.0 V (Fig. 1-2A). Although operation below the knee
is possible, gain is low and a larger fraction of input changes would be trans-
mitted to the output if operation below the knee were permitted. o .

Thus, in Fig. 1-1 with output taken from the emitter, the minimum u',plft
voltage permissible at the collector when the input is at its low tolerance limit
is (¥, + 2) volts. For a nominal input voltage of ¥, and tolerances of =T percent,
minimum and maximum input voltages are then (1 —0.01T) ¥, and (1 + 0.017)
V... Since the minimum input voltage must be no less than I, + 2, then

(1-0.01TW,=F,+2
and maximum input voltage is

1+ 0.01

1—o.017/ Vet ?

(1 + 0.0IT)V,‘=(

And minimum efficiency, which occurs at maximum input voltage, is

Vt'r
lfni‘lVimlnax] e 1 ‘H"ﬁJI'\. o 2]
(=00
; 1-0.01TV/ V,
or Minimum efficiency = (I =0 OIT) {V - 2) (1-1)

having no ripple and at output voltages 2 V below the minimum dc input. It will

Efficiencies calculated from Eq. 1-1 are plotted in Fig. 1-3 for input
tolerances of +5, = 10, and +15%. Such efficiencies are realizable from dc sources
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Fig. 1-3. Maximum possible efficiency versus output voltage for a
series-pass voltage regulator,

be seen in Chap. 6 that when the input source is the rectified output of a trans-
former and when the effect of transformer losses, rectifier output ripple, and
rectifier losses are considered, efficiencies considerably less than shown in Fig.

1-3 result.

1.2 Pulse-Width-Modulated Series-Switch Step-Down Converter

Figure 1-4 shows a far superior way of obtaining a lower voltage from
a higher one. Instead of absorbing the difference between the input and desired
output with a power-dissipating element, a low-impedance transistor switch is
made to open and close periodically between input and output. If the switch S1
has zero voltage drop in its closed position, the output shown in Fig. 1-4A varies
periodically between zero volts and the input voltage. The average or dc value
of this waveform is ¥, = VinT./T, where T, is the switch-closed time and T is
the switching period. This is the voltage that would be read with a dc voltmeter
at the output terminals. The ripple component has a peak-to-peak value of V,,
volts and would, of course, not be observed by a dc voltmeter.

By adding the L1-Cl filter as shown in Fig. 1-4B, the ripple component
can be reduced to any desired value, yielding a clean dc voltage of magnitude
Vo=Vu(TIT). By going to high switching rates permitted by transistor switches
(5-50 kHz), the filter components L1 and C1 become quite small.

Fig. 1-2, Characteristics of an often-used series-pass transistor. (Cour-
tesy RCA)



~—— TRANSISTOR SWITCH CLOSED FOR
TIME T, OPEN FOR TIME T,

=0

18]

Fig. 1-4. (A) Switching voltage converter average output voltage at

Vo=V (T.IT ). (B) Switching voltage converter with LC filter and diode
for eliminating ripple.

Any desired output voltage lower than the input can be obtained by
varying the width of the “on” time T, or the ratio T./T. Sucha voltage stepdown
is achieved at very high efficiency, since the only losses in such a stepdown are
those primarily in the switch S1 when it is closed. Using a transistor switch,
the voltage drop with the switch in the closed position can be as low as 1 V.
During the time the switch is open, the full input voltage is absorbed, but since
no current flows in it, there is no power dissipation.

During the transition between open-switch and closed-switch times
or vice versa, there is a momentary overlap of high voltage and current, which

does yield some losses, Even with such switching losses, efficiencies of 95% are
achievable,

1.2.1 Pulse-Width-Modulated Voltage Converter E

The circuit has the
With a relatively large inductance for L 1.
during the switch-open time. As
across L1 with its input end goi
change inslantaneously. It goes
“free-wheeling” diode) latches

fficiency

interesting properties of a step-down transformer.
the current in L | remains constant
the switch opens, there is an inductive “‘kick"
ng negative, since current in an inductor cannot
negative until diode D] (often referred to as a
on and starts conducting with its cathode one
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r at about —1 V. During the time the switch
fliade voihaegﬁoi:iogut::::?l‘tvtgr;l:ng gupplied'bolh by L1 and C1 in parallel, thus
! op('mj a smaller C1. With L1 large enough, the current in L1 dowr:s no_t change
permlt§1ﬂ5 between the time the switch is open and the time the switch is clqsed
ap]J]m:lassuil?l(s equal to the average or dc output current, V,/R;. When.thc swu'ch
ilsrujlzltr:nesrel:]d D1 is reverse biased, opens up, and the output current is supplied
; ; hSl.

o ]TI}]puT iﬁirii:rtrr?tufakzn from the input source is a series of pulses of
amplitude /, iaisling for a time T, out of every T units of time:The averalgc;\:!a;fl)e
he input current is /,(T,/T'). Input power from the source is then ¥ ,(, )-
Dt"t utput voltage is V, = V(T /T), at an output current of I, output poweris
Smi;jr)]l . If for the moment, the losses in the switch and D1 can be neglected.
FVmut powero must equal output power. The circuit thus acts like a step-down
:I:;nsfonner. It takes from the input source voltage ¥, a current of ]averaﬁe
magnitude [T /T). It transforms this all the o:lf(put to a lower voltage V,
d-up average output current /,. _
) V[“{chlzea:):az‘li?g: su:i a Stepg-down voltage conversion is that to be.efﬁcuem
the input voltage need not be close to the output. By choosn}ghtbe; r:a;:l) ]zg.; CTS
any input voltage can be dropped down loAany !owcr outpgt \-.n.Jr mter feioeah
of only (1) (Z,), since during the closed-svtutch time, S1 delivers o; dl 11-13 oo
and during the open-switch time, D1 supplies lheloulput current at abou
1-V drop. Efficiency, considering dc losses only, is
Py Voo V,

S ¥ 3 7

(1-2)

The momentary overlap of high voltage and current when the bw:lclh
is opening or closing can contribute losses equal to the dc Iosaes—es.pet.:ion:,
at switching frequencies of 20 kHz or higher. Thus, to a close approximation,
with ac and dc losses included, efficiency is

E=V,/W,+2) (1-24)

and is independent of input voltage. In conlr?st, .thc te!’ﬁl:lilenc‘;:y of the series-pass
=V,/Vinis inversely proportional to input voltage,

regu]amr'l‘?};ﬁs, :ﬂi wli:ching step-down converter for, say, 5 V output can have. an
efficiency of 5/(5+ 1) or 83% for a switching frequency below 20 kHz. A Sen?jsé
pass circuit whose input is a rectified ac line source may need a maximum :
input voltage of 10 V to ensure the required minimum of 2 V at the botto;':;(;
the ripple triangle at low-line tolerance. Thus, Ehe series-pass regulat:wxr at A
input, 5 V output operates at 50% efficiency in clontra§t to 'h",.g?"’f' possi ‘
with the switching converter. At 20 kHz or above, mc]udmg ac switching losses,
efficiency for the switching converter is approximately 5/(5 + 2) or 71%.

1.2.2 Pulse-Width-Modulated Series-Switch Step-Down Regulator

The circuit of Fig. 1-4B is only a high-to-low voltage converter. By
adding a stable reference voltage source, a diﬂ‘erenc_e amplifier, and a dc vn]::a:;e-
controlled pulse-width modulator as shown in Fxg._ 1-5, a voltage regu :litol:
results, As the input increases or decreases, the ratio of T, (the close.d-s»;nz
time) to T (the switching period) is decreased or increased by the negative feed-
back circuit so as to keep the output constant.
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Fig. 1-5. A negative-feedback loop is added to build a switching volt-
age regulator.

The ratio T./T can be varied in a number of ways. The switching period,
T, may be kept constant and the width of T, varied or T'. may be constant and
the switching period varied, A constant switching period or frequency is generally
preferred, for the switching operation usually generates some noise which is
easier to tolerate if it is at a fixed frequency or possibly synchronous with some
fundamental system frequency such as, say, horizontal sweep rate in a CRT
display system.

The switching frequency may range from about 3 to 50 kHz. Higher
switching frequencies result in smaller sizes for L1 and CI1 —the largest com-
ponents in the system. Generally higher frequencies also result in somewhat
lower efficiencies because al turnon and turnoff the momentary overlap of high
voltage and current in the transistor switch S1 occurs at z higher duty cycle.
Higher switching frequencies also require transistors for $1, which have faster
turn-on and turn-off times. But such fast, high-frequency transistors are gen-
erally only available in lower voltage (under 100 V) ratings. Present practice,
as of this writing, is to go to switching rates of about 20 kHz. For input voltages
below 100 Vv, frequencies of 50 to as high as 100 kHz become possible with the
Currently available devices.

A further advantage of the switching regulator is that forac input power,
it permits substantially smaller filter capacitors than would be needed for a
series-pass regulator. Since the switching regulator eliminates ripple from the
output (as long as switching rate is high compared to ripple frequency), large
ripple inputs can be permitted, thus allowing smaller input filter capacitors,

The large input ripple amplitude can be tolerated as long as the bottom
of the ripple triangle is at least | V (the inherent switch drop) above the output
voltage. The average or de input can be as low as Va.=(V,+ 1) +¥,/2, where
V. is the peak-to-peak ripple amplitude. Permitting larger ripple amplitudes then

series-pass regulator whose efficiency is Vol Vinmax but is no problem for the
switching regulator whose efficiency, V,/(V, + 1), does not degrade with high
input voltages.
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Since small volume is often the dgtermining factor in fl pO\_A[e;r Sll:lppg'.
m design, the switching regulator gains an f'idvamage w_flce. e' rg
- ble input ripple permits smaller filter capacities, and the higher efficiencies
acc:l[:l?n irl:1§ller—sized heat sinks, smaller temperature increases, and, hence,
Tes

smaller cabinet cooling fans.

1.3 Pulse-Width-Modulated Step-Up Converter/Regulator

The circuit of Fig. 1-4 can only produce a voltage lower thar} the input
ltage. A switching mode converter capable of yielding a voltage higher than
VO N

input is shown in Fig. 1-6. , .
ey }I\n inductor L1 and switch S1 are bridged across the input voltage

ource V.. The switch 81 is operated at a high rate, a.nyw‘here from 310 50 {(VHtE
3 d is cl:l)';ed for a time T - and open for time T, of the period T, + f_T,, (= T)B i
?l?e diode D1, filter capacity C,, and load R, placed across the switch as shown,

the output voltage is stepped up to the value

Va = }.‘n‘ T(' + T,,)f Tﬁ aed Vl'u(l i Tr‘lr Tn)
=Vul(l =TT

Vo= Vgl + T./Tg)

FOR S1 CLOSED
7 FOR TIME T,
% /' OPEN FOR TiME T,
o ; , Ly AT SWITCHING
31 PERIOD =T=Te+T,
'.rlﬂ
Tl T G <AL %
! T L
N (a)
4¢ VOLTAGE-CONTROLLED
DIFFERENCEL o) AR iABLE-WIOTH =
AMPLIFIER PULSE GENERATOR
-+
4 |
"
~ CONSTANT
= T REFERENCE
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Fig. 1-6. (A) A shunt-switch voltage step-up converter. (B) Addition
of a feedback loop to build a step-up switching regulator.
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(as derived in Sect. 1.3.2). This circuit is often referred to as a “ringing choke"
converter,

When S1 is closed, energy flows from the input source and is stored in
L1. During this time, diode D1 is reverse biased. capacity C, supplies all the
output current, and its stored energy (C,V2)/2 is somewhat depleted. When S1
opens, since current in an inductor cannot change instantaneously, an inductive
voltage step appears across L1, making the bottom end of L1 positive relative
to its top end. Diode D1 becomes forward biased, and the current initially
flowing through L1 and S1 now continues flowing via diode D1 into the output
capacitor C, and to the load.

The energy stored in L1 when S1 was closed, (LI%.ax)/2, is transferred,
when S1 is open, into the load and into the output capacitor to restore the energy
it lost when 51 was closed and C, alone was driving the load. The magnitude of
the inductive voltage step across L1 when S1 opens is conirolled by the ratio
of T'e/T,. The larger the value of 7., the greater is the peak current and energy
stored in L1; hence, the higher must be the inductive voltage impulse across L1
during the time T, if the energy accumulated during T, is to be transferred out
during T,.

Like the series switching converter of Fig. 1-4. this too acts like a
transformer without requiring a magnetic core. Assuming lossless switching,
the circuit takes an input voltage V;, at a dc current I, and steps it up to a higher
voltage V(T + T,)/T, at a lower output current {,= Tl ol(T+T,).

1.3.1 Pulse-Width-Modulated Step-Up Converter Efficiency h

The circuit (Fig. 1-6) is not truly lossless. In practical circuits, S1 is
a saturated transistor with a 1-V drop for a time T,; D1 is a silicon diode with a
1-V drop during T,. The average value of input current flows through S1 for
T., then through D1 for T,. Thus, internal losses are ] (1) and efficiency is
=Po_ Vo _
e e RLATaD

Siﬂce Ii" o ’o(Tr _ To)f?‘m
Vol,

E:
vt + LT TXD).

i Va P

Sy L TeHTH)) Vit (1-3)
i g o

This is the step-up converter efficiency considering only dc losses in
the switch. And as discussed in Sect. 1.2.1. when ac voltage—current overlap
losses are included, efficiency is approximately

Wk (1-3A)

This is the maximum possible efficiency. Low-level loss of the width
control circuitry will lower this somewhat, but such step- up converter efficiencies
of up to 95% are easily achievable.
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1.3.2 Input-Output Voltage Relationship

The relationship of the output voltage to the T./T, ratio can be deter-
:ed as follows. In the steady state, after a nurnbcr_of cycles, the output voltage
mm'l' es to the desired constant value V,. Output ripple can be made as low as
slat.'l 1; by proper choice of C,. For a permissible ripple of AV, and a dc output
g::;[:m oi: I,. since the entire load must be supplied from C, for a time T, the
value selected for C, must be C, = I.TL.{&V,,. y
Now when S1 is closed, there is a constant voltage Vi, across L1, an
current in it rises linearly at a rate AI/AT - Vir/L1. Then the increment of
current in L1 when S1 is closed for a time T is

Al(+) = (Vi/lLDT.

And when S1 is open, assuming the inductive kick has {‘iriven the bottom
end of L1 up to the desired output V,, the voltage across L1 is ¥, — V. Now
with the bottom end of L1 positive, current in L1 decreases at a rate AI/AT
= (V, — Vi)/L1. Since S1 remains open for a time T, the decrease in L1 current
in that interval is
Vo= Vu)To

Al ()= L

But in the steady state, for each cycle, the current increase in L1 during
T. must equal the decrease during 7,. Or

Al (+H)=Al(-)
Viale - (Foa—Vin)To
EL L1
f i gl 4
Or Vo=V (—To"g)
=Vu(l + TJT,) (1-4)

Thus, by changing the ratio T./T,, any desired step up can be obtgined.
Note, of course, that the switch S1. which is actually a tra.nsist_or. is subjected
to V, during T, and must have a voltage rating capable of taking that voltage
with an adequate safety margin.

1.3.3 Pulse-Width-Modulated Shunt-Switch Step-Up Regulator

The step-up converter becomes a voltage regulator by the adfiition of
a voltage sampling resistor chain, a constant voltage reference, difference
amplifier, and a dc voltage-controlled variable-width pulse generator as shown
in Fig. 1-6B. _ .

As the input voltage varies, the ratio T./T, is automa_t:cally adJuste:d
lo maintain a constant output voltage. An increase in V;, results in a_decrease in
T.IT,; a decrease in Vi, causes an increase in T./T, in accordance with E,q 1-4,

This can be understood in a physical sense by considering an increase
in ¥y, for a fixed T, + T,. Since current in the inductor rises at a !‘ate dlldT
= VulL, at larger Vi, more energy would be stored in L1 if T remained fixed.
Then if the increased stored energy had to be dissipated in the same T,, output
voltage would have to rise. Thus, the only way to keep the output chstam is
to decrease the energy stored by L1 during T. by decreasing the duration of T.
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The circuit can be operated in a number of ways. The frequency or
period can be kept constant and the ratio T./T, varied. Or often, T,, the “on”
time is kept constant and the operating frequency or period T, + T o 1S adjusted
to vary the ratio T./T,. In either case. Vo=Vl + TJT,).

Generally, a fixed frequency is preferred: as in many systems there
usually is a fixed clock frequency, and it is desired to keep any noise voltages
caused by such high-power switching locked in phase to the clock frequency,
Yet, the circuit is often used in a constant T., variable period (T, + T,) mode
because of the availability of inexpensive integrated circuit control circuitry
building blocks, such as voltage-controlled oscillators and fixed-width pulse
generators.

The regulator also regulates against changes in load current. Because
of the output impedance, a change —say, an output current increase — would
tend to lower the output voltage. This is interpreted by the voltage sampling
chain exactly as a change resulting from a line input change. The negative-
feedback network thus changes the ratio T,/T, to keep the output constant,

14 Pulse-Width-Mﬂdulated, Single-Ended, Transformer-
Coupled Energy Storage Converter/Regulator

For low output power, a useful variation of the ringing choke converter
is obtained by the addition of a transformer as shown in Fig. 1-7. It uses the
same principle of storing energy in the transformer primary inductance when the
switch transistor is closed and transferring this energy to the secondary when
the switch is open.

Output voltage control is achieved by varying the ratio of the closed-
switch (7.) to open-switch (T,) times, Thus, output voltage depends on both
turns ratio and T./T, ratio, which can be controlled electronically. The dc
isolation between output and input is obtained and voltage stepup or stepdown
can still be achieved by selection of the turns ratio.

Operation differs from that of a conventional transformer circuit because
of the polarity at the secondary. With the dot-indicated polarity on the trans-
former, when $1 is closed for a time T., the top end of the transformer secondary
goes negative, diode D1 is reverse biased, and the secondary is open circuited.
Current flows from the input source and is stored in the primary inductance
(actually the core itself). During the time S js closed, C, supplies the total
output current and is chosen large enough to supply this current for the time T.
with the maximum permissible voltage droop AV,. Thus, for zn output current
I,, the capacitor is chosen as C,=1,T./AV,.

Now when S1 is open, there is an inductive voltage step across the
primary and secondary driving the bottom end of the primary and top end of
the secondary positive. Diode D1 becomes forward biased. In the steady state,
if the voltage across C,is to be V,, the secondary voltage can go no higher than
one diode drop above V,—say, V, for simplicity. Now the primary is open
circuited, the secondary voltage is clamped to V,, and, hence, the voltage across
the primary is (N,/N,)V,. The energy that had been stored in the primary when
S1 was closed. absorbing current from the input source, is now delivered via
the secondary into the load and into capacitor C, to replenish the charge it lost
when 81 was closed and C, was furnishing load current by itself.

Basic Voltage Regulators, Fower Converters

Yo

éc VOLTAGE-CONTROLLED
oA VAR(ABLE-WIDTH
ke PULSE GENERATOR

0c-COUPLED PULSE-KEEPS
$1 CLOSED F0R T,, OPEN FORT,

¢
|B)
Fig. 1-7. (A) Transformer-coupled energy-storage vgl;;_:g; ;(j;v;:rg;
wttil 51 closed for time T., open for T, V, = Finl _N\.,l; 2 dé& ,:‘r,am_
Addition of a negative-feedback loop to build a stgze;gnZ]V, e
former-coupled switching regulator. V, = [(R1 + R2) 2 -

(N, INXT.IT,).

q ¢ . 4 .
Design details on the open-circuited primary mduclance.‘ l;ran;tl‘(;g:n
turns ratio. and design of the transformer with an air gap _m éal\:o: 9sa
because of the unidirectional current it draws will be taken up in Chap. 5.

1.4.1 Input-Output Voitage Relationship

Output voltage in the converter of Fig. 1-7 can be Cal‘;ﬂ antﬂg ??sf(::llﬁ:;:
Consider that S| is closed for time 7. and OPEﬂ_fO" ume To- Ne i &1 i
the transformer flux builds up an amount Ad(+) = V.-Jn'”»ﬁ;ﬁ;;‘;_ e
open, the voltage across the windings reverses and causes e i
B e G b .

—)=V,T,/N,. Butinthes s :
:lh:nmg]i":; ‘:lﬁs(ed] ml.:;t cq!ua]!the decrease in flux when 81 is open.fctr, ottLeT{;is:.
there would be a net flux change per cycle. and the flux would continue building
up 1o saturation. Hence, Ad (+)=A¢ (—) and Viu T /N, =V, To/N, Or

Vo=V (N—) g—) (1-5)

Care must be taken that the voltage across switch tr.an5|stor Sl whSe]n ;;
IS turned off does not exceed its maximum rating. The maximum voltagendar
Subjected to is the dc input plus the voltage cm.}p!ed i?ack from the_seco y
into the primary by the transformer turns ratio. This maximum voltage is
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¥ Ehdax) = V.lnq_ IP;(N;,,‘:’\',J

Fig. 1-8. Slaved secondaries are added for additional
= Vf!( + V!l(NJNII}(TcJ’TaNanNﬂ

line-voltage-regulated outputs,

T = Vln“ "t T,,erﬁ) (l—ﬁ) ] Ne3 _r_ Yo3
1.4.2 Single-Ended Transformer-Coupled Regulator L
Figure 1-7B shows the usual voltage regulator obtained by the addition Hin gl |/ 1

of a constant voltage reference. difference amplifier, and dc voltage-controlled,

variable-width pulse generator in a negative-feedback loop. If the input and e
output grounds are not common, the width control signal t0 S1 must be ac coupled —>t G
or coupled by a dc-isolating optoelectronic coupler. .ENS RI
This circuit, as the others, can be operated at a constant frequency— (e J R dc VOLTAGE-CONTROLLED
keeping 7. + T, constant and varying their ratio or keeping. say. T, constant and g ——G SR AMPLIFIER ity L S
varying the frequency or the sum of T, + T,. ! Rz ‘
In general, this single-ended converter/regulator is most frequently J
used for low-power, high-voltage step-up applications, for, since current flows L ‘!‘,EO'\ISTANT REFERENCE VOLTAGE

through the transformer primary in one direction only, the core would become
saturated unless an air gap is used. The addition of the air gap on the trans-
former makes it bulky and not too attractive at high-power levels over about
150 W.

i
A

currents with minimum ripple during the off time, output impedances are low and

i i ap s load-caused output changes are low.
For higher output powers, two transistors can be used. each with its

own energy-storing transformer The transistors turn on, storing energy in their
transformer primary on alternate half cycles. The transistors turn off on alternate
half cycles, and the energy stored in their transformer primaries is dumped out . :
of the secondaries into the common output via individual “‘oring” diodes, h

This “interleaved flyback™ scheme uses a considerably smaller energy
storage capacitor, since either one or the other transformer secondary is always
supplying load current. There is actually an overlap of transformer secondary
currents, since transistor “off” times are generally made longer than “on"
times. Thus, despite the two power transistors and two transformers, a better
ratio of output power/volume is achievable with the interleaved rather than the
single-sided flyback scheme.!

Additional output voltages can be obtained and established at any dc
output voltage level by simply adding additional secondaries with the appro-
priate number of secondary turns as indicated in Fig. 1-8. These outputs are also
regulated against line input voltage changes as the feedback loop adjusts the
T.IT, ratios to keep the master voltage V,, constant as line input changes. Thus,

umva(32)(5) = (57 v

Nr‘g) (Tf-) 'N.,g)
=Vﬂl ar Mavl— s Pe
e (N, )= (R2) V=
N, (T, (N 43\
Va =Vin (_l_') _)2 I o
Jaid N, lT., ‘\N,,,,V’

These slaved output voltages will change with changes in their load
currents. However, with output capacitors chosen as above to supply the load

1.5 Zener Diode Regulators

Such “regulators’ are not regulators in the ordinary sense in thall they
have no negative feedback loop to keep their output constant. They are simply
low-output impedance devices operated in shunt with their loads, and, thus,
output voltages are relatively independent of input voltages. They are not very
“modern” or novel, but, since their design is basic to the design of the more
sophisticated regulator types, they will be considered here for the sake of com-
pleteness of coverage.

L.5.1 Zener Voltage-Current Characteristics

The. usefulness of zener diodes in maintaining constant output voltage
lies in their low-output impedance at unique output voltages, referred to as
“zener breakdown”™ voltages. This can be seen in the volt-ampere characteris-
tics of some typical 400-mW zener diodes in Fig. 1-9.
Itis seen in Fig. 1-9 that if the dc current bias is kept centered between
Zero and maximum current, then over a relatively large current range, the output
impedance — the slope AV/ATI of the ¥-I curves—remains low. If the diode is
Operated in shunt with its load as shown in Fig. 1-9, the Thevenin equivalent
output impedance seen looking back into the zener from the load is that of the
2ener diode itself— the slope of its ¥-I curve, Thus, relatively large load changes
€an be drawn from the node A with quite small output voltage changes.
However, Fig. 1-9 shows that the slope of the '~/ curves tends to de-
CTease at lower currents for the lower-voltage zener diodes. Thus, if low output
Shanges are essential, the dc operating point in current in the zener must not be
Permitted to drop to this “soft-knee” region of low currents.

Zener diodes are available at a large number of discrete “zener™ voltages
coenerally in 5% steps. They are available in various wattage ratings: 250-,
*a0d 750-mW and 1-, 5-, 10-. and SO-W power types. The milliwatt types are

'D. N. Cox, J. N. Mclntire, A. R. Bemis. and E. T. Moore (Wilmore Engineering
Co. Durham. N.C.): “Power Conditioning for Pulsed load Applications.”
1EEE Transactions on Aerospace and Electronic § vstems, November 1967.
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Fig. 1-10. (Cont'd.) Typical 400-mW zener diode characteristics.

(Courtesy Texas [nstruments)
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MAXIMUM POWER DISSIPATION

0 25 50 75 100 125 150 175 200
T,—AMBIENT TEMPERATURE—"C

400 mW DISSIPATION

More power dissipation now allows flexibility in circuit design, 400
mw at room temperature, and 100 mw at 150°C assure you of the
power needed for stable, reliable operation at elevated lemperatures.

NOTE: Total power Is the sum of forward and reverse dissipation
when the device is required te carry forward current.

(6)

Fig. 1-10. (Conrd.) Typical 400-mW zener diode characteristics.
~ (Courtesy Texas Instruments)

d changes as AV = Z.Al. But for larger load changes, and for input
. 1-9) voltage changing effect on output voltage, the actual V'-/ curve
¢ referred (o in order to determine the output voltage.

1.5.3 Zener Diode Temperature Coefficients

- The zener output voltage is usually quoted at 25°C at 20 mA dc current
Where very small voltage changes are required, such as in reference
sources, it is important to know the temperature coefficient of the zener
1 its variation with dc operating current.
curve of Fig. 1-10F shows this useful information at a glance. It
the zener temperature coefficient (percent change in output voltage
nge in temperature) can be positive or negative and is a function of
T voltage type used and its operating current level,
Thus, Fig. 1-10F shows that zero temperature coefficients can be ob-
in zener types ranging from 4.9 to about 5.8 V. But they must be
at the indicated current level: 6 mA for a 5.1-V zener type IN751 or
nA for a 5.6-V type IN752.
- Obviously, if small or predictable output voltage changes are essential
temperature range, the dc operating current level must be held
it close to the zero temperature coefficient point. This requires (in
that not only R, and R1 must be held constant, but also V. Thus, ¥,
: from a preregulated source or I/, must be large compared to the zener
0T since fm={V,,.—V,}le.then

él_ﬂl_ — AViu!Vin
Iﬂl 1 =E V,Jan
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A simple scheme often used to preregulate the input current to a zen i 88 | £z 74 | cw 710 o : gl 2
= & 4 A . . - NTES 75 3 ] 13 5 +0 45 B [ bl
diode is shown in Fig. 1-11. It uses a higher-voltage zener diode (Z1) as :wsﬁ AR TR R R S 3 5 -
: i H INTST i1 B9 ool B 643 9 555 +0 0% 11 01 N
source supply to the resistor-driven output zener. The current changes in 22 e 03 [ sw Ho | 9w wme | o iv il &
now only a function of load-current changes and are quite independent of e 24 | B lem | Lo GRS e u CR

variations.
Figures 1-12A to 1-12C show temperature coefficients and other sig

cant characteristics of some of the available 400-mW and 1- and 10-W zen
diodes. Information regarding case sizes and useful applications is availabl

Fig. 1-12A. Temperature coefficients and output impedances of some
typical 400-mW zener diodes. (Courtesy Texas Instruments)
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Fig. 1-12B. Some typical 1-W zener diodes. (Courtesy Motorola, Inc.)

? Motorola Zener Diode Handbook; Texas Instrument Preferred Semiconduc

and International Rectifier Corp. Engineering Handbook. 21
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ELECTRICAL CHARACTERISTICS Now with the nominal value of R| chosen from Eq. 1-8A, the maximum

(T = 259C unless atherwse noted) Vi=15VY @ Is = 2 amp on all types. o . .
= er current is calculated. This occurs from Eq. 1-7, when the input current
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¥y & By U L@l | T @l | [ b A Vo a
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.E:.:E , 33 s ol :E"E ; : i Design Example of Zener Regulator Calculation

NG 890 3 T k] 300 Lo 50 3 Fa 8 | A 4 r 3 3

s » 10 1 s | e 210 : 1% i To illustrate the above calculations, consider the following example,
i b . ‘ b i : e s Assume in Fig. 1-9, Vi, is +20 V with a +10% tolerance. A stabilized voltage
T2 59 8 S0 5 00 Lo 1R85 ) Ing I - L T . o
i : ) ; S | i 3 centered about 5.6 V is desired. Assume a 1N752 (Fig. 1-9) +5% zener diode
iNaeos i . : a0 | 1o | o i and a load R, that can take a minimum of 10 and a maximum of 20 mA. The load
Esﬁ 32 5:' E '::é H 120 :I; :2: need not be a fixed resistor—it may be a transistor load that can be drawing

bt al ne A g . Lo . » .

13003 Uz 10 2 0 1.0 100 5 Wi 1 sa0 either hlgh or low current. Assume the minimum Pel‘mlSSlblB current in the zener
3o ) n n il I :;, ; e i is to be 10 mA to keep it above the soft knee of the V-1 curve of Fig. 1-9. Then,
IR3006 o5 % 4 1,000 ] ™ 5 a8 ™,

13007 10 2 4% (R £ 5 B T4 frﬂm Eq l—s.

153008 120 0 " 1,200 te 1 8 W B4

:Ii,:f‘i': “E " !‘1,“’ ig : g K .:5 Rl — (0.09)(20) — (1.05)(5.6) _18—588

e "0 1% e 1500 b o [ Tt 5.2 e 0.01 +0.02 0.030

e 209 " = 2000 > i ; 120 s = 404 ohms

And for +5% tolerance in R1,

R]nn.'n = 4041’1.05 = 385 ohms
And from Eq. 1-9,

Fig. 1-12C. Some typical 10-W zener diode characteristics. (Courtesy
Motorola, Inc.)

its dissipation limits are not exceeded. Thus, from Eq. 1-7, minimum zener cur-

rent occurs when the current available from R1 is a minimum and that drawn r'_ : (1.)20) — (0.90)5.6)
the load is a maximum. If under these conditions, the zener current is to be no amax) = 0.951385) —0.01
lower than Iy, then from Eq. 1-7, s
1 _—_EK“'_._V‘_JE"'._ Vﬂmam 14 365 —0.01
ztmin) leax RleInJ =358 mA

If 1, is the percentage tolerance in R1 and r, is the percentage tolerance in Then the zener dissipation at 5.6 V is (5.6)(0.0358) = 200 mW — safely

v Within the 400-mW maximum rating.

ey . 10—20me .Fig. 1-10E the dynamic impedance of a 5.6-V zener in the region
Rl = B T MA is roughly 10 ohms. Then a typical zener with a current change

zomim + Ly max) ™ 10 10 33 mA will exhibit a voltage change of (0.023)(10) = 230 mV.
_ V= V)amin T With +5% zeners, the output at any fixed current can, of course, be
fo Viuni = s;zg:l-‘?s’(iﬁ_) = 5.60 = 0.28 V. This normally is of no consequence, for in
R iimim : abml‘l'l:lppllcalmns the output change with current level alone is significant.
- R1p = (1 +0.01 )R | L ¢ voltage level for any particular diode is compensated for by an

mitja] Potentiometer setting,

most fl’eqﬁener dissipation must be watched carefully. since overdissipation is the
vy e€nt cause of failure. If V,, (Fig. 1-9) is too close to V,, overdissipation
Y result from small variations in Vi or ¥, This can be seen from the term

Jk Vlwmjn' — {1+ 0.01 fz)( V:mr:ml} (1
o4 (1+0.01 20V 2a0m)

+
Lm0 01 10 Rt
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(Via—V.)IRI in Eq. 1-9. If ¥, — V. is a small number, small percentage variatj
in either ¥;, or ¥, result in much larger percentage variations in their differe
Generally, unless ¥, is stabilized as in Fig. 1-11, ¥, should be no less than
times F, to achieve a relatively constant /.

1.5.5 Temperature-Compensated Zener Reference Elements®

Figure 1-10F shows the temperature coefficient of zener diodes
function of their zener voltages and dc operating current level. It is seen that
5- to 6-V zener can be used and operated at its optimum current level,
temperature coefficient can be achieved. But temperature coefficients rise quic
to greater than +0.02%/°C outside the 5- to 6-V zener range.

Temperature coefficients lower than those available from conventio
zeners are achieved with “‘temperature-compensated reference” types. The
devices use forward-biased pn junctions having a negative temperature coefficie
of 2 mV/°C to cancel the positive temperature of conventional zeners.

Such reference zeners achieve temperature coefficients down to
0.0005%/°C, but they too are only that good at a fixed current level. To realize
the minimum output voltage variation, they must be operated at a constant i
current (referred to as I,.). Input current can be kept constant by using a pi
regulated drive as in Fig. 1-11.

Figure 1-13 shows the characteristics of a typical temperature
pensated reference family —the INB21 series. Voltages are measured at fou
temperatures: —535, 0, +50, and +100°C. Voltage variation over any other temp!
ature range can be read from Fig. 1-13B. Output voltage also varies with cu
as can be seen in Fig. 1-13C. The total variation is the sum of the temperatu
variation (Fig. 1-13B) and the current variation of Fig. 1-13C. !

Output voltage variations due to zener current variations, Af,, are
by AV, = Al (Z,). Here, Z. is the zener impedance that can be read from F
1-13D at any dc current level.

Such temperature-compensated reference types are available at a l2
number of discrete voltages between 6.2 and 200 V. Detailed characteristic
be found in the aforementioned reference.

The primary application of such temperature-compensated referen
zeners is as the constant voltage reference source in feedback-type regulate
In such applications, load-current changes can usually be kept small, and out
voltages are then a function of temperature change alone.

1.6 Zener Diode-Emitter Follower Regulator

A zener diode controlling the base of an emitter follower as in Fig. 1-148
makes a very simple, inexpensive voltage regulator capable of delivering
output currents. It can handle relatively large output current and input voltage
changes with output voltage changes of only 0.1-0.2 V. i

The circuit is not truly a “regulator” in that it has no negative-feed
loop to keep its output constant. But for applications in which output vol
changes of 0.1-0.2 V are acceptable, its low cost, low component count
simplicity make it a valuable and often overlooked circuit technigue.

4 Motorola Zener Diode Handbook.
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with the recent availability of high-current integrated-circuit voltage

glators, which offer a complete series-pass-type feedback regulator in a

I'?E Je-transistor can, the technique has lost some of its attractiveness. Neverthe-

:::. in many applications, it is still the simplest way to achieve the required
constant voltage. A .

The operation of the circuit can be seen from the transistor’s “transfer”
characteristic (output current versus base-emitter voltage) of Fig. 1-14B. The
curve is for a rather high-current transistor —the 30-A 2N3771, still only a TO3
can-size device. The slope of this transfer characteristic Al,/AV,, is referred to
as the “transconductance’ or g,
| It is seen in Fig. 1-14B that in the region of 0-2 A, the slope or g is
10 A/volt. Thus, if the base voltage is held fixed, and current is taken out of the
emitter at a fixed collector voltage, the current can go from about 0 to 2 A with
the emitter falling from only 0.5 to 0.6 V below the fixed-base potential. For any
small A, the AV, or AV, for a fixed-base voltage is AV, = AL /(AI/AV),)
= AL{gn

However, in the circuit of Fig. 1-14A, the base is not held quite con-
stant. The impedance looking back into the zener is Z, the dynamic impedance
of the zener itself, which as can be seen in Fig. 1-10E is small but not negligible.
Thus, for a base current change of A/, the base potential moves an amount
AVy=Z.(Al,) = Z.(Al,/B), where (3 is the transistor current gain. Then, for a
current change in the output (emitter current change), the output voltage change is

AV,=AV,, + AV, = AL /gn + Z.ALIB= Al (1/gmn+ Z.IB)
or the output impedance looking back into the emitter is

Aerb[u = lifgm + sz‘ﬁ (1—10)

1.6.1 Typical Example of Zener Diode-Emitter Follower Regulator

As an example of what can be achieved with such a regulator, consider
the_cirt:uit of Fig. 1-14A with the output current centered at 1.0 A and having
Variations down to about 0 and up to 2 A. Assume the zener diode is a 1-W type
and an output voltage of about 10 V is desired. Choose from Fig. 1-12B the
IN4741 having a nominal zener voltage of 11 V and a dynamic impedance of
8 ohms, Then from Fig. 1-14B, using the 2N3771, the average value of g, cen-
tered about the 1-A operating point is 10 A/volt, and from Fig. 1-14C, average
Current gain is 50 (2.5 A output current for 50 mA of input). Thus, from Eq. 1-10,

AV /AL, = 1lgn+Z./B=1/10+ 8/50 = 0.14 ohm

i Or for an output current change A/, of =1 A, the output voltage change
_&Mbe only 0,14 Vv, .Outpul voltage will be one base-emitter drop below the
“SNET voltage. From Fig. 1-14B, at | A, the base emitter drop is 0.6 V. With a
;V‘.Asijhlener of 11.0 V, output voltage will then be centered at 11 —0.6=+10.4
__ mhlefi output current changes +1 A, output voltage will then move the above
B =0.14 V around +10.4 V. This is only a 1.4% output change for
current change and in many applications is acceptable.
. uufmce £ increases greatly with dc operating current, a device with a
o Current rating of at least 20-30 times the expected load-current
~ 555 should be chosen for emitter follower regulators. Actual value of g,
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MAXIMUM ZENER IMPEDANCE versus ZENER CURRENT
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NOTE 1: Types 1N821, 1N823, 1NB25, 1NB27,
and 1NB29 are available to MIL-3-19500/159
and MEG-A-LIFE 11, Levels 1, 2, and 3, speci-
fications.

NOTE 2: Voltage Variation (AVyz) and Tem-
perature Coefficient.
All reference diodes are characterized by the
“box method.”” This guarantees a maximum
vollage variation (4V) over the specified tem-
peralure range, at the specified test current
{lz), verified by tests at indicated lempera-
ture points within the range. Vy is measured
and recorded at each temperature specified.
The AV, between the highest and lowest val-
ues must nol excead the maximum Vg given,
This method of indicating voltage stability is
now used for JEDEC registration as well as
for military qualification. The former method
of indicating voltage stabilitly—by means of
1emperature coefficient—accurately reflects the
Voltage deviation at the temperature extremes
BUt is not nacesserily accurate within the tem-
Peralure range because reference diodes have
Nonlinear temperature relationship. The tem-

Perature coefficient, therefore, is given only as
& referencs.

rm J: The dynamic zener impedance, Z,r,
' derived from the 60-Hz ac voltage drop
.‘hh:__h Tesults when an ac current with an

* S value equal to 10% of the dc zener cur-

L]
E0 30100

\o

(E)

| ]
) 40 &0 3IM 0 40

_. 12, ZEMER CURRENT [mA)
rent, lyp, is superimposed on Ilgy. Curves

showing the variation of zener impedance with
zener current for each series are given in D.
A cathode-ray tube curve-trace test on a sam-
ple basis is used to ensure that each zener
characteristic has a sharp and stable knee
region.

NOTE 4: These graphs can be used to deter-
mine the maximum vcltage change of any de-
vice in the series over any specific temparature
range, For example, a temperature change from
0 to +50°C will cause a voltage change no
greater than +31 mV or —31 mV for 1N821 or
1NB21A, as illustrated by the dashed lines in
B. The boundaries given are maximum values.
For grealer resolution, an expanded view of
the shaded area in B, left, is shown in B,
right.

NUTE 57 TRe maximum voltdge cnange, ati,
in C Is due entirely to the impedance of the
device. If both temperature and Iz are var-
ied, then the total voltage change may be ob-
tained by adding Vy in C, left or right, to the
AVy in B for the device under consideration.
if the device is to be operated at some stable
current other than the specified test current,
a new set of characteristics may be plotted by
superimposing the data in C, left or right, on
B. For a mare detailed explanation see AN-437
(Application Note).

Fig. 1-13A-E. Characteristics of typical temperature-compensated
reference diodes. (Courtesy Motorola, Inc.)
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Fig. 1-14A. A base-voltage-stabilized emitter follower regulator.
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Fig. 1-14B-D. Typical transfer (B), output (C), and dc beta (D) char-
acteristics for the type 2N3771, high-transconductance transistor.

(Courtesy RCA)
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nds strongly on the dc operating point as can be seen in Fig. 1-15 for the
IN5784 -2 1.5-A TOS can device. Above the knee for the 2N5784, g, averages
about 4 Alvolt; this would yield an output impedance of 1/g,, = 0.25 ohm. At the
center of the knee—about the 15-mA level - g,, is about 0.14 A/volt and the out-
put impedance of 1/gu is‘7 ol_lms. . _

It is seen also in Fig. 1-14D that the emitter-base potential depends
strongly on temperature. It vari}esbat roughly —2 mV/°C increase in temperature.
1f absolute dc output voltage is important rather than low output impedance,
this plus temperature coefficient of the zener diode driver must be considered.

1.6.2 Collector Leakage and Minimum Output Currents

One drawback must be considered in the use of emitter follower regula-
tors: the effect of collector-emitter leakage current or /..,. Collector current is
actually I, = I, ~ 8,A V.., where AV, is the base-emitter voltage change beyond
the point where the transfer characteristic crosses the zero current axis. Thus,
even when the component 2,AV,, is zero, there will be an emitter leakage cur-
rent, and the transistor base-emitter junction will lose control of the output
voltage. Voltage drop across the load resistor will be 7,,,R, and will increase as
R, increases. Thus, if the output voltage across the load resistor is to be kept at
¥,, then at its maximum value the load resistor must be able to carry away a cur-
rent /... Or stated another way, the maximum permissible value of R; is R, .,
=VJI..

This effect does not often present a problem, since generally minimum
load current will be restricted to above the knee in the transfer characteristic so
as to give a large value of ¢,

1.6.3 Sensitivity to Collector Voltage Variations

In the discussions above, only the effect of load changes on the output
voltage was considered. But the effect of voltage changes at the collector of the
t_tmi!ter follower cannot be ignored. There would be no problem if the collector
'mP_miance (AV.JAI. of the V 1. curves of Fig. 1-14) were sufficiently large.
Emitter current would then depend on the emitter-base voltage alone. But the
flppa{'ent flat slope of the V-1, curves of Fig. 1-14 is deceptive; the impedance
18 quite low, especially for higher-current transistors.

Thus, for the high-current 2N3771, Fig. 1-14C, slope between V.
Vwailrhes of 0.5 and 4 V at I, of 2.5 A is about AV/AT = R, =3.5/0.25 = 14 ohms.
e 50 l‘Dw an impedance, output emitter current is affected by collector voltage

8es and may be calculated as follows.
. anASSUmC in Fig. 1-14A a collector voltage change of AV2 and that this
collector .UU‘PUI voltage cl?ange and_ an oulqu current chan.ge A, The finite
~ AV, “'ﬂpedance‘ R, .Wlll result in an emitter current increase of (AV2
o)/R. Bul the slight rise in ¥, will tend to decrease the emitter current by an

amaoy / H 1
5 Szlg._.l V.. Since the net current increase demanded by the load must equal
pplied from the emitter, then

AV, _Av2—ay,
R, R,

= gm‘l Vti

Ang ,
AV.(IR, + R, +¢g,) = AV 2IR,
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AVo =TT RIR, T enR, (1-11)

or
And usually gnfe > 1; g.R > RJ/R,. Then AV, = AV2/g.R,.
And in Fig. 1-14D. for a 2N3771. g» = 10 A/volt, R ;= 14 ohms; then

AV, = AV2lgnR, = AV2/(10)(14) = AV2/140

1f V2 were, say, a 15-V source, a 10% variation in 2 would resultin an
output variation of
AV,=(0.1)(15)/140= 0011V

Transistor types having lower g, will generally have higher values of
R, and the attenuation factor ligmR: of Eq. 1-11 will still be high. Thus, for the
IN5784 (a high-current TOS device) of Fig. 1-15, g,, is = 4 A/volt and R, at
1 A is about AV/AI = 7/0.05 = 140 ohms. Then AV, = AV2/(4)(140), which is
still an attenuation factor of 1/560.

1.6.4 Zener and Emitter Follower Power Dissipations

The selection of the source resistor RI1 and maximum zener power
dissipation for the zener-emitter follower regulator of Fig. 1-14A is done from
Eqgs. 1-8 and 1-9 just as if a resistive load were being driven. The only difference
is that the variation between minimum and maximum load is large because the
circuit must work safely with transistors of either minimum, nominal, or maxi-
mum current gain (8). In a safe, worst-case design, good practice is to assume
the minimum 8 to be one-half the nominal value and the maximum twice the
nominal value,

A sample calculation will illustrate the problems. Consider the circuit
of Fig. 1-14A with a nominal zener diode Z1 of 11 V. Assume variations inR,
such that minimum. nomsinal, and maximum load currents are 0.1, 1.1, 2.1 A,
respectively.

Assume in Fig. 1-14A the nominal value of V1 is 15 V with =10%
Wolerances, Z | has +5% tolerances, and the source voltage V2 is the same as 1.
Ge?"m“!{. V2 is a lower voltage supply than V1, chosen to minimize Q2 dissi-
Pation. I'1 is a higher-voltage, lower-current, and more constant source, possibly
Preregulated so as to minimize zener current and. hence. voltage variations. But
.t'or the purpose of this calculation assume V1 and V2 are both the same 15-V
Supply with +10% tolerance.
114D, IE::::milnvzi?;. 1-8, maximum‘lc}ad current = Im.mx_.f,(i,,.,in. From_Fig.

0 e of B at the maximum current of 2.1 A is 90. Assuming a
“!‘"?uam value of half that, [ may = 2.1/45 = 47 mA. Assume for the zener
e ;[ lhmmlmum current of § mA will keep it safely out of the high-impedance

e low-current levels (this would have to be verified from the actual V-1

':?VES for the specific zener diode). Then from Eq. 1-8, (assuming for simplicity
@ Wlerance on R ).

R1 < ©915) — (1.05)11)

0005+ 0,047 >8 ohms
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From Eq. 1-9: 16103 step-down switching regulator as in Fig. 1-35, for input voltages of 2, 5, and

y above the output, what are the efficiencies for output voltages of 5, 10, 15,

By (1.1)(15) ;BH,OS)(I D_ I pomim :::d 30 Vv? Consider no low-level control circuit losses and consider that ac
- witching losses are equal to dc losses in the switch transistor and free-wheeling
= 130 — I yimum :iode What are internal dissipations in each case for output currents of 5 A?
And : itching regulators of Prob. 1-6, with a switching frequency of 25 kHz,
It_lem) L1 0.100 | 1 1]5 ﬂ_‘ﬂ SWII ng x % 2
1 Lmim = —-—B =260 0.4 mA . what are the closed-switch and open-switch times for each supply at nominal
max

input voltage? -

1.8 In the switching regulators of Prob. 1-6, what are the dc input and output cur-
rents and pOWGl’S? . } . . )

1.9 1n a step-up switching regulator as in Flg 1-6, with a nominal dc input voltage
of 160 V with +10% tolerance, at a switching frequency of 25 kHz. what are the
c'losed-swilch and open-switch times for low, nominal, and high input voltages
for an output voltage of 200 V?

What are the efficiencies, internal dissipations, and dc input currents
for each input voltage at an output current of 1 A? Assume no control circuit
losses.

1.10 In the single-ended switching converter of Fig. 1-7, with an input voltage of
160 V =10% and an output voltage of 5 V, what is the required N',/N , turns ratio
for T. = T, at nominal voltage? Assume a 1-V drop in diode D1.

What are the values of 7, and T, for a switching frequency of 25 kHz at
low, nominal, and high input voltages? What is the maximum collector voltage
the transistor is subjected to?

1.11 For the circuit shown in Fig. 1-7, for T, =2 T, at 160 V input, 5 V output, and
25 kHz, what are the T, T,, and N,/N, turns ratios? Assume a 1-V drop across
diode D1. What are T, and T, at low and high input voltages and the maximum
voltage stresses on the collector at each input voltage?

112 For the circuit shown in Fig. 1-7,at 160 V inputand 5 V, § A output, with 7, =T,
and a |-V drop across the transistor S1 or diode D1 when each conducts, what is
the internal dissipation considering no ac switching losses? Assuming ac switch-
ing lstses are equal to total dc losses, what is the efficiency?

L13 Dﬁl_gn a zener diode regulator as in Fig. 1-9 for a nominal 5.5-V output. with
maximum and minimum load currents of 30 and 5 mA, respectively. Assume an

Mput voltage of 20 V £10%, resistor tolerances +1%, and +5% zener voltage
tolerance,

[assuming Bmax equals twice the nominal value of 130 (at I. = 100 mA) of
Fig. 1-14D] or I ;maxy = 130 — I iy = 130 — 0.4 = 130 mA. i

Thus, power dissipated in the zener diode is V./, 5, =(11)(0.13)=
W, which would exceed the [-W dissipation rating of the IN4741.

Such a calculation showing that a tentative design is not workable
great value, for it demonstrates that a design that seems easily adequate
nominal components and nominal voltages may not work at all for worst-¢;
components and voltages. Such worst-case calculations are essential in po
supply designs in which exceeding power dissipation ratings for limit values
components and voltages is the most frequent cause of failure. 1

In the above example, there are numerous ways to get around the
problem. A 10-W zener could, of course, be used in a brute-force soluti
smaller TOS5-type transistor could be used as an emitter follower or **Darlin
driver between the zener and the high-current output stage. This could pro
even permit use of a smaller 400-mW zener diode. Also use of a preregula
source for V1 as shown in Fig. 1-11 is possible, since zener-current changes
then result only from maximum and minimum values of 8.

Dissipation in the output transistor should be calculated and is (¥
— Vo iaiiny — View) Limax) Watts.

PROBLEMS

I.11In a series-pass regulator, as in Fig. 1-1 for 15-V output, with raw dc inpuf
tolerance of =10%, what must the nominal input voltage be for safe series-p
operation at 10% low-line voltage?

With such nominal voltage what are the low, nominal, and high in
voltages? What are the efficiencies at low. nominal, and high input voltages
Consider only losses across the series-pass element. N

At 2 A output, what are the internal dissipations at high, nominal, a
low input voltages?

1.2 What are the corresponding values for a series-pass power supply with an
voltage of 5 V and an output current of 10 A?

1.3 What are the corresponding values for a series-pass supply with an output vol
of 30 V and an output current of 6 A?

1.4 Repeat the above calculations for all three supplies for minimum voltage
the series-pass element of 3 V at 10% low-line voltage and input-voltage 1€
ance of =10%. _

1.5 Repeat for 4-V minimum voltage across the series-pass element at 109 low=ti8
voltage and +=10% line-voltage tolerances.

- What is the value of R1 to maintain § mA minimum zener current as-
b Ing ”':1 % tolerance on R1 and +5% on the zener diode? What is the maximum
ITent into the zener and its maximum dissipation?




2
Basic Square-Wave Power
Converters, Regulators

2.0 Introduction

A large variety of high-power dc/dc power converters and vo
regulators with efficiencies up to 80-90% is made possible by the availabili
two major components, These are fast-switching, high-current, high-
transistors and transformer core materials with low losses at high frequen
and at high flux densities.

Such power converters can be operated as driven square-wave
amplifiers or self-oscillating square-wave generators. Full-wave or bridge rectif
after the secondaries convert the square-wave power to dc. The basic ci
either a two-transistor push-pull, four-transistor bridge. or two-transisto
capacitor half bridge.

This chapter discusses the basic converters themselves. In the fol
chapter various block diagram schemes for regulating the dc output are pres

2.1 Driven Push-Pull Converters
2.1.1 Basic Circuit

The basic and most frequently used circuit for such power conve
is shown in Fig. 2-1. It is a two-transistor push—pull power amplifier drivi
load via the center-tapped primary of the transformer T1. The secondary
coupled alternately into each half primary by alternately switching on Q1 and

The waveforms of Fig. 2-1 show some of the significant features O
circuit. It is seen that square waves of voltage or current applied alterna
the bases yield square waves of voltage and current at each collector.
current flows in each transistor only on alternate half cycles when the V
across the transistor itself is only about 1 V. Power dissipation during an
half cycle is thus low. During the “‘off” half cycle, the collector voltage is
twice the dc supply voltage [actually V. + (V. — 1) |. However, the CUITGI“:
hence, transistor dissipation are zero throughout the entire “off " half cycle.
following are some of the features that will demonstrate the usefulness
circuit.
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Fig. 2-1. A square-wave-driven converter.

2.1.2 Generation of Multiple-Output Voltage from a Single
de Source

The ¢

35

Ircuit converts the de voltage from the prime dc power source to
~-Wave power at the transformer primary. One or more transformer
Tes may then be used to generate any other dc voltage higher or lower
Ko S“PP])' voltage. Secondaries, followed by rectifiers, can generate
; Er Negative dc output voltage of any desired magnitude.
soﬁﬁt 36 secondary voltage lt_ms generated is completely independent as
g C voltage level. The dlffercn.l voltages may have one common tie

_ground™) and can be positive or negative with respect to that
» The different dc output voltages may be stacked in series or may be
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stacked with either output terminal, above or below any other dc voltage in
system.

Thus, from one dc prime voltage source, all the necessary dec v
for running a complex system can be generated. This can include, for exz
the usual +5-V supply for driving logic circuitry, the usual =30 V or so for |
netic-deflection cathode ray tube (CRT) sweep circuits, the normal £15 Y
operational amplifiers, and the various analog supply voltages ranging fmmﬁ
about 30 V, positive or negative. The customary high voltages for CRT guns
also be generated: 15,000-25,000 V for acceleration and 400-4.000 Vv
focusing electrodes, grid bias supplies, and heater supplies.

2.1.3 Converter Efficiencies

The circuit is very efficient primarily because power is taken from
and delivered to the transformer primary only when the transistors are on and
at their collector saturation voltage (V. a0) of 1 V or less. Thus, in each
cycle, for a primary current /,, the power taken from Vg, is Vi1, the p
delivered to the transformer primary is (¥ — Veeian)!, = (Voo — 1)I,. Thas,
to the transformer primary, the efficiency is ;

Py Wau—Dly _Ve-—1
Pin Vdcfv Vr]c

Since each transistor conducts only one-half of the time per cycle, its p
dissipation is 1(/,/2); and this is a small fraction of the generated square-
power.

If. for the moment. transformer and transistor ac switching losses
neglected, the efficiency from the source Vg, to the output at ¥, (Fig. 2-1) ¢
calculated as follows:

To produce an output voltage, V,, the peak flat-topped secondary ve
must be ¥, +~ V,;. where ¥, is the rectifier diode drop, which for a large
current is about 1 V. Then Py, = V4l , = V4 (N /N, )1, where

Vn+ Vﬂ

i V{.‘Ptsall

_Vat1
T Ve —1

Then Py= [V«l,)(-g—:)

= [Vd,f,.)(’:::ct Il)

o (V:“_‘ ])(VDI., +1,)

o .V: & 1)“"‘1 "](_' # ll'_) " (V.:LE 1)(%7:_])(”“)
s

Equation 2-1 is plotted in Fig. 2-2 at a number of commonly used output vol

5 V —a serious drawback since +5 V is often so used at high current and P
levels for computer logic circuits.

: = : ~ Where T
for various dc supply voltages. It is seen that efficiency falls very steeply at  and
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Fig. 2-2. Efficiency versus rectified output voltage for various dc supply
voltages in a dc/dc converter neglecting transformer and transistor ac
switching losses.

The rapid falloff in efficiency at 5 V is due, of course, to the 1-V rectifier
drop needed to supply the 5-V load [the term V,/(V, + 1) of Eq. 2-1]. By the
use of newly available “Schottky™ rectifier diodes, which have only about 0.5
rather than 1.0 V forward drop up to 20 A. efficiency at 5 V can be increased by
about 8%, This comes about because the term ¥,/(V, + 1) of Eq. 2-1 becomes
Vol(V, +0.5) = 5/5.5 = 0.91, rather than 0.83.

The efficiency calculated from Eq. 2-1 does not take into account the
transformer core hysteresis losses nor resistive losses (copper) losses in the pri-
mary and secondary windings, With high-frequency transformer core materials
currently available, ““core” losses are generally no more than 1% up to the highest
frequency in general use, about 20-50 kHz. Proper design can also keep copper
1085 10 2% or less. Thus, with transformer losses taken into account, efficiency
Will be about 3% less than that calculated from Eq. 2-1.

It is also not strictly true that current flows only when the voltage at the
transistor collector has fallen to 1 V. Because of the finite rise and fall times of
'Fﬂk'ctur voltage and current, there is an overlap of high voltage and current at
€ach collector voltage transition. The consequent spike of power dissipation has
a dllrfllion that depends on the transistor switching speed. With currently available

18tors, this spike has a width of about 0.25-2.0 psec. The average dissipation
Veraged over a full cycle) resulting from these spikes of “overlap” dissipation is

Pow= ["_}_J(rl f i dr)

Vet 4,

‘ is the sum of the transistor “on” plus “off” times or switching period
T fot 1S the duration of overlap of high voltage and current. In usual cases, the
~ " 38¢ dissipation during the overlap time may be 10 to as high as 50 times the



38 Power Supply, Power Converter Design

dc dissipation of (/,)(1). But duty cycle 1,/ T may range from about 1/10 at
highest frequency of 50 kHz down to 1/100 at the lowermost frequency of

5 kHz. The duration of the spikes of high dissipation is sufficiently low that g :

the average, not the peak, is important, As a rough rule of thumb, it can
sumed that the average overlap dissipation is equal to but, at worse, IS no m
than twice the dc dissipation. At 15-40 kHz, as a close approximation, if

sistor ac losses are assumed equal to dc losses, efficiency due to transistor log

only is

E= e D¥e® (2-1AY

Then, overall efficiency, including output rectifier losses, and a transform er

efficiency of E,, is

E= [‘ Vdr' = l)l’ thrlz[l"n!(l'/rr+ ]]] El'r (2"1 .’_?"f‘-

And, as discussed above, transformer losses can be kept to a maximum of
(E,, = 97%) up to frequencies of 15-40 kHz.

2.1.4 Filtering of Square-Wave Voltages

Figure 2-1 shows the transformer primary and secondary voltages
square waveforms. This is a decided advantage if the secondary voltage is to
rectified and filtered. Since the secondary waveforms are flat topped, the ou
beyond the rectifier diode will be flat topped and have a dc level of one dio
drop or about 1 V below the peak secondary voltage of (N/N,)(Vy. — 1).
is seen in Fig. 2-3. If the collector rise and fall times were infinitely steep, as@
diode ceased conducting at the end of one half cycle, the other diode would s
conducting. As shown in Fig. 2-3, voltage waveforms have finite rise and |
times, and there is a voltage notch going down to zero at the cathode of :
rectifier diode. For collector voltage rise and fall times of 1, the width of the
at the base is 2r. In currently available transistors, the notch is generally un
1 usec,

Thus, the filter capacity at the output of the rectifier diode of Fig.

can be very small, since it must supply the total output load current only for a time

2t. Since the output voltages must not change appreciably during the time 2t
the load current is assumed to be constant, then the size of the filter capacito

i il | il

=\‘,‘p’}'[v,c—|l

N k.

N
v .. v,=m—‘}wt—n
(A o/

/ V Nl

(&)
Fig. 2-3. (A) Secondary voltages for converter of Fig. 2-1. (B) Rectifier
output voltage showing commutation notch.
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= / i d current, ¢ is the collec-

d from C,= 1,(20)/AV,, where [, is the loa :
can bc calilu;:}[rﬁmes‘_ and AV, is the permissible voltage droop during the notch.
il 5.V. 5-A output in which the permissible droop is, say, 0.1 V, the

‘l'h“si;;grﬁlat;r capacitor for collector rise and fall times of 0.5 usec is C, = (5)(1
requ

5 50 F‘ - M
E 1c'%)m'].‘ll1i~; is atonsidembly smaller capacitor than the one required for filtering
- 5 in which the filter capacitor must supply total load current for almost
’ﬁnw;:; ;;ycle between peaks of the rectified half sine wave. For 60 Hz supply
a

frequency, this time is 8,333 psec.
2.1.5 Input-Output Voltage Relationship

The circuit of Fig. 2-1 isalways driven hard enuugh at' the base to ;atura?e
the collector. In saturation, most transistors used in lt}is (Err'cult configuration ‘zlll
have a collector saturation voltage unt_:ler 1 V. Assuming lt. is 1 V and the rectifier
diodes also have a 1-V drop, the rectified output voltage is

Vn e [_Vd.l.' A 1](‘,\,’3‘!‘;\"") Ty 1 15 th“-Ns}hr:lJ T (N!'{‘JVPJ i 1
In gﬂlefﬁl, Vﬂl.‘ ('V.n”\::'-, > 1> (N""r 'NF)
Then, V, = V(NI N,)

Thus, a given percentage change in Vy, will cause the same percentage
change in V,. If V,, is constant and ripple free, V, is constant and r_1pple free.
Any low-frequency ripple on V', will appear with the same percentage ripple (and,
of course, at the same ripple frequency) at the rectified outputs.

The circuit thus has the valuable feature that, if V. is regulated .and
ripple free, all the multiple secondary rectified outputs are regulated against
line-voltage changes to the same percentage and are also ripple free. Output
voltage will then change only with load changes. But, as will be seen below, the
output impedance after each rectified output is very low, and large load changes
will result in small output voltage changes.

2.1.6 Output Impedance

With a constant or preregulated dc input, voltage from a converter such
asin Fig. 2-1 will change somewhat with load-current changes. The output change
A, for a load change A/, and output impedance R, is AV, = Al, (R,) = AL(R,
TR, +R,). The three components of R, are: R, the diode impedance or s!npc of
its VI curve; R, the impedance due to the transistor collector saturation re-
Sistance; and R, the impedance due to resistance in the primary and secondary
Windings.

.. R, is the sum of the secondary winding resistance plus that of the
Primary reflected by the square of the turns ratio into the secondary. By proper
:&qufomer design in most cases, this is small enough to be neglected in com-
.Pal'lson with R, and R,

] R, is the collector saturation resistance, (slope of the transistor V-1,
SUIVe below the saturation knee) reflected by the turns ratio squared into the
se€ondary. For most transistors used in converters, R, will be in the range of
."o.'.l“'t-o Ohm. Transistors with higher values of R, will generally be high-voltage
= 8. These would ordinarily be selected only if the dc input voltage is large —
LOVEr 100 V or o, Since such converters most often are used to produce lower
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voltages of —5 to +30 V, the step-down turns ratio is high, and the i
reflected into the secondary is low. In most cases, collector saturation resis
reflected into secondaries can be kept down to 0.005-0.01 ohm.

The diode rectifier impedance, R, is a function of the diode
capacity and operating point on its V-, curve. This can be seen in the
of Fig. 2-4 for some high-speed rectifier diodes of various current ranges.
diodes are obtainable with reverse voltage ratings from 50 to 600 V. The
pedance ranges from 0.1 ohm at the 1-A current level to 0.01 ohm at the
30-A points. y

Thus, by proper choice of transistors and rectifier diodes, total oy
impedance (R;+ R,;) seen looking back into a secondary can be kept in the
of 0.01-0.10 ohm. Then, in a converter such as in Fig. 2-1, operating with
stant or preregulated dc input voltage, load-current changes of 5 A :
about 20 A will cause output voltage changes of only about 0.05 V.

This is often a constant enough voltage, and hence, by preregulati
dc input to a converter and choosing high-current, low-impedance re;
diodes for each secondary, further regulation after the secondaries is unnecessars

2.1.7 High-Frequency Operation

Almost the first decision to be made in designing a square-wave
verter is the choice of operating frequency. When such converters first ¢
widespread use, operating frequencies of 5-10 kHz were generally chos
higher frequencies, up to 20-50 kHz, have distinct advantages. The two
elements in the converter—the power transformer and output filter capacits
become much smaller at higher frequencies. It will be shown in Chap. 8 th
maximum available load power from a given transformer is proportional
operating frequency. Thus, for a given load power, doubling the operatin
quency will roughly halve the volume of the transformer. d

In Sect. 2.1.4 it was pointed out that the size of the output filter capa
depends on the rise and fall times of collector voltage waveforms. The h
frequency transistors used with higher-frequency converters have faster
rise and fall times. Voltage notches at the secondary are thus narrower and
smaller capacitors for the same filtering.

There is a further nonelectrical advantage in going to frequencies
10 kHz. Despite the most elaborate precautions, converters operating belo®
kHz will generate an audible hum that generally can be heard at a distant
10-20 ft. For equipment with operators in the vicinity for long periods of
e.g., in a computer room, this is a distracting and an absolutely prohibitive
back. Operating frequency should be above about 18 kHz to avoid the 2
hum problem.

Currently, new designs are being done at 20-50 kHz. This is now.
sible because of the current availability of high-current, high-voltage tran!
having low turn-on, turn-off, and storage times. Thus, there are presently
able transistors with a maximum current rating of 10 A and a voltage 4

Fig. 2-4. Fast-switching rectifier diodes with low output impedance.
(A) IN3879 series, 6-A diodes. (B) IN3889 series, 12-A diodes.
(C) 1IN3899 series, 20-A diodes. (D) 1N3909 series, 30-A diodes.
(Courtesy Motorola, Inc.)
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400 V. By operating at high forward and reverse input (forward and re
input currents one-tenth the output current), turn-on and turn-off times ¢
kept down to 0.5 usec each. Storage times can be kept down to 1 usec bf"
reverse input drive by circuit tricks preventing transistor saturation. J
As discussed in Sect. 2.1.3, there will be an overlap of high vg
and current during these relatively slow turn-on, turn-off, and storage ¢

Table 2-1. Three Major Classes of Magnetic Alloys for
Tape-Wound Cores

Material composition Equivalent trade names

79% nickel-17% iron Square Permalloy 80
Square Permalloy
4-79 Permalloy

To keep efficiency high, this “overlap” dissipation must last for as Square Mu 79
fraction of a half cycle as possible. Generally, the sum of rise, fall, and s ! ;
. € s » @ 5095 nickel-50% Square Orthonol
times should be permitted to be no more than 10% of the half periods, il i qul:;;ax !
T/2=10(r, + &, + t,) or T = 200t + 1, + .). And for the abovementioned Orthonik
sistors, whose sum of rise, fall, and storage times is 2 psec, the maximum Hipernik V
quency at which reasonably good efficiency is possible is g 2% silicon-97% iron Magnesil
1 1 ! -4 Selectron
e et S S :
f=r=axioe > kH: Hypersil
Microsil

At 50 kHz, with the same high-voltage-high-current overlap, the
cycle of the spike of “overlap” dissipation is higher, and the average in
dissipation is greater. If the thermal design is good enough, transistors v
sum of rise, fall, and storage times is 2 usec can be used up to 50 kHz |
reduced efficiency is acceptable—but 50 kHz is about an upper limit. Hi
frequency operation is possible for low-power converters in which low effici
is no serious drawback.

The metallic alloys have higher maximum usable dc flux density than
the ceramic ferrites. From the fundamental magnetic relationships, it is well
known that higher-peak, magnetic-flux densities permit smaller transformer
cores, It would then be thought that metal-tape cores would be a preferable
choice, since they would result in smaller transformers, but core losses increase
greatly with peak magnetic-flux density, and generally at frequencies above
5 kHz, to keep core losses acceptably low, operation must be limited to a peak
flux density considerably below the maximum dec value.

This can be seen in Fig. 2-5, in which losses of various core materials
at different frequencies for two usual peak flux densities are compared.’ Tt is
seen in Fig. 2-5 that at 10 kHz and 2,000 G Square Permalloy, the lowest-loss
metal tape, has losses comparable to that of a typical, low-loss ferrite, Ferroxcube
3C8. Although Square Permalloy has a maximum usable dc flux density of about
6,400 G, at 4,000 G, above 10 kHz, its losses are already almost three times that
B_fthe ferrite at 2,000 G. At 6,400 G, the }-mil Square Permalloy has losses about
SEVen times that of the ferrite at 2.000 G.

~ Itcan also be seen that at 5 kHz, Square Permalloy can be used at 4,000
:_g-lwnce.l!'ue flux density of the ferrite —and thus would permit a smaller trans-
s:::r This would be at about twice the loss of the ferrite in watts per pound.
ieo the metal-tape core has about twice the density of the ferrite (8.7 g/cc as
ﬁe’f‘_‘?::d t0 4.7 for feml;s). losses for the same power output would be four
; 8reat as for a ferrite core.

. - £ Figure 2-5 thus shows tape-wound cores have their prime application

N . kHz. Further useful data on tape-wound cores can be obtained from
- Varlous manufacturers.?

1
Dam_‘“"n“)‘ of Magnetics, Inc. (Bulletin TWC-300R) and Ferroxcube Cor-
. Poration (Bulletin “Linear Ferrite Materials and Components”).

Cagnetics.._ Inc., Bulletin TWC-300R, “Tape Wound Cores.” Arnold Engineering
9., Bulletin TC 1018, “Tape Wound Cores.”

2.1.8 Transformer Core-Material Selection

The selection of transformer core-material is made mainly on the basi
minimum core dissipation, volume, and cost for a given operating frequency. C
dissipation consists of eddy current and hysteresis losses with the former dome
nating at higher frequencies. Eddy current losses can be reduced by goi
thinner “laminations’ in metallic cores or using core material with high e
resistivity, such as ferrites. The latter have high resistivity because they &
metallic but ceramic ferromagnetic mixtures of nicke!l oxide and nickel, zi
manganese oxide,

Metal-Tape-Wound Cores

“Laminations’ in the high-frequency metallic cores are not
flat sections stacked side by side as in lower-frequency power transfi
The “lamination” consists of a continuous thin metallic tape, oxide co:
its surface and wound in an annular segment around a toroidal bobbin.
tape-wound cores for power-transformer applications are available i
thicknesses of 3, 1, 2, and 4 mils, with the thinner tape cores generally being mOfe
expensive. g

Core losses increase with frequency, peak magnetic flux density:
lamination thickness. For frequencies abcve 5 kHz, core losses gen
dictate tape thickness of 2 mils or less. '

There are three major classes of metallic alloys used: 79% nick
iron; 50% nickel-50% iron; and 3% silicon-97% iron. These classes are ' 1"
various manufacturers under their own trade names. Table 2-1 shows
identical materials from some different suppliers.
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£ :‘ ' Ferrite Cores
Eé E é § § § g § § § § § § § §§ As mentioned above, ferrites are ceramic ferromagnetic mixtures of
_'*_: S & ST < F Tt . xide and zinc, nickel, or manganese oxides. The raw-powdered oxides
= I iron © ed in the proper proportions, pressed into various shapes, and fired in
‘ :::c:‘:: in a kiln. Vario}‘Js shapes are possible; toroids, cup cores, U-U, U-1,
u - = ‘ " E-E, and E-I are usual. . _ , _
=2 = S A ' = In addition to their low losses at high frequencies, ferrites have the
““ . ik 5 tage that they are low in cost. Their low cost arises primarily from their
= g ad:m;:.l:.roc:es&'. manufacturing methods. Each core need not be handled and
‘E N s = E :b:icaleﬂ individually. Transformer assembly is also easier and less expensive
T | = 3 8 8|928| 2 2 Sleadlims than with tape-wound toroidal cores because many of the shapes—cup cores,
_“:: 1 = U-U, U-1. or E-E—can have their coils prewound on bobbins that are then
'::: ".E assembled with the core. This is less expensive than the use of the special winding
S I | P W T 8 machines necessary for tcrqidal cores. The wxdf: variety o_f avallal?le shapes fmd
E g 2 I R e = 3‘ b= 5_ : sizes also offers greater latitude in core selcgtlon for optimum size, mounting,
S§~ q assembly means, and shape factor to fit available odd-shaped space. Ferrites
% & . generally have a lower curie temperalure (temperature above which the material
§ ?‘f W g loses its magnetic properties). Ferriltes for power transformer _appiicalicm gen-
%5 ] @ v g Huws) @ o | lians 3 erally have curie temperatures no higher than abOL!I 200°C. This contrasts with
®2 7 SNA = == S curie temperatures of about 450-700°C for the various tape-wound metal cores.
& But the lower curie temperatures of ferrites are rarely drawbacks for trans-
1_.2,‘ bl formers with outont nower of 3 kW or less. for total transformer losses can be
= = 2 = to a maximum of 1% of the output power. With so little internal dissipation,
S0 5 SRRSO CL oo g w & R[E g § transformer thermal impedance can easily be designed to have no more than
= b temperature rise between its interior and exterior.
S Core losses in milliwatts per cubic centimeter as a function of flux
A - al various frequencies are shown in Fig. 2-6 for a typical low-loss
E & % o g (Ferroxcube 3C8). With a method for selecting a given core geometry
S 3 MM, a volume for a desired output power, Fig. 2-6 is valuable in cal-
g transformer core losses. This will be taken up in detail in Chap. 8.
3 2.1.9 Converter Transistor Selection
‘é & Tl.xe major parameters involved in selecting the transistors for the con-
1E. :C § 2= § § § %S g § § Fig. 2-1 are maximum collector-emitter voltage (V,,, or V,,,); maximum
§Ev3ig &8 & SleeF| B & o exi current; minimum current gain (g or /) at maximum load current;
£ é&g = ETAN LT ing speed (collector current rise, fall, and storage times); maximum power
3 10N or junction-to-case thermal resistance; and collector voltage second-
= lown ratings.
N Collector Voltage Rating
§ &S ) P In the circuit of Fig. 2-1 it is seen that the voltage across one half
317 Tolelpf|BE88 ,.8,28,23% When its transistor is on is V. — V,yuuq = Vi — 1 = V... During the “on™
B 2 gaﬁg'}agi 6995 E—M-Eig" Eg th de — Perisat) de ¥ de g
22 S SEZEZEE g E|EEZ E S g & € collector end of the winding is negative relative to the center tap.
X8 gl ZASE S ‘g{ COQ G5 g ,;','E ce ASsuming equal positive and negative half cycles, during the “off” half
eE E T E E |EBERIE E B O|EEE ¢ collector end of the winding must go as far above the center tap as it
Bk = o b sl o, e below it during the ““on” half cycle.

' f!j;l:mwae Corp., Saugerties, N.Y., “'Ferroxcube Linear Ferrites.” Magnetics,
~ pc» Butler, Pa., “Ferrite Core Catalog FC208. Stackpole Carbon, St. Marys,
Ceromag Bulletin 59. Allen Bradley, Milwaukee, Wisc., “Ferrite Cores.”
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Fig. 2-6. Core losses versus frequency in Ferroxcube 3C8 material.
(Courtesy Ferroxcube Corp.) y

This comes about from the fundamental magnetic relation fora
eAt = (NAAB)107*. For during the “on" half cycle when the voltage &
the half winding is negative, "

T2 e
j e dt :

has a negative volt-second area. Then

1 e .'
.ﬁB. == -_'\?; J." edt

-

is a negative flux change from its starting point. During the next “off hﬁ
the flux AB, must be equal and opposite to the flux change in the “on
cycle. For, otherwise, after a full cycle, there would be a net flux chang
after a few full cycles, the core would move into positive or negative satur
Thus, since the volt-second areas must be equal and opposite if
nate half cycles, the voltage at the collector end of the winding is as far
V4e during the “off” time as it had been below it during the “on™ time. !
in the two-transistor converter of Fig. 2-1, the transistor must have a coll
emitter voltage rating of at least 2V, 4
The voltage ratings must also consider tolerance on the supply
which is generally +10%. Further, because of leakage inductance in the
former and wiring inductance in the collector leads, there is usually an A
voltage spike at the positive-going edge of the collector voltage waVi
(Fig. 8-17). A safe design should allow an additional 20% for the spike..
for a nominal supply voltage of V., the maximum voltage the msistOl';,.
subjected to is 1.2(2) (1.1V4.) = 2.64V,,. i
For safe worst-case designs, the transistor vendor’s maximum
rating should be derated to account for temperature effects, production
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on the input voltage line, and generally unpredictable transient effects
1s

#clrgl;z lworst-case design practice is to assume the maximum safe voltage

is only 509% of the vendors’ specified maximum value. It is not always
E W hould be relaxed to is 80% of the vendor’s maximum voltage
% Then, 264V = 0.BV . (max vendar spec) OF

to find transistors with adequate current rating, switching speed, and
_le rating permitting 50% derating. If derating factors must be relaxed,

the most they S

{;.

(2-2)

— ;
l”rrlmax vendor rating) — 3.3V detnobm)

BE If the input dc is preregulated, the =10% allowance for inp_ut variation
s upnecessary. Then. the vendor's maximum collector voltage rating need be
only 3V : . I
. It can be predicted with a great degree of certainty tha.u over a large
:.’Wﬁgn run, if the criteria that ¥, max vendor specr = 3.3Vd,[“?m;. is not afiher,:d
to, fuilure rates will be high and exact failure modes will be difficult to pinpoint

M&e of random voltage transient effects.

= The collector-emitter voltage rating appropriate to the base circuit
should be used in the above. When the base impedance in the “off " state is It_)w
(e y 50 ohms or less) it is the vendors’ ¥, rating that pertains. With

|||j-.‘-ﬁ;_h" base impedances in the “off” state (generally above 100 ohms), the

“applicable rating is V... which may be only about 70-80% of the V,,, r:':tting.
' For intermediate base impedances (generally 50 ohms), the pertinent maximum

pllector-emitter voltage rating is V,,,, which if not quoted by the vendor can
be assumed midway between V., and V.

Maximum Collector Current Ratings

Lo In the square-wave converter, Fig. 2-1, there may be a ngmber of
secondaries of turn ratios N,,, N,g, Ny, . ... Each, after rectification, will supply
de load currents of I,,, I,,, I,5,.... The total load current reflected into
the primary is
i
Loty = (NG IND Ly + (NIND Ly + (NN g +- -+ (2=3)

‘s The total current in each half primary is this total reflected load current
WS some small transformer magnetizing or coercive current. Magnetizing
fent may be calculated from the fundamental magnetic relation:
- 1L %‘N;J!m
i B 0L,
. Here, H_is the peak coercive force in oersteds (about 0.6 for 3C8
e, 0.1 for 17% nickel-79% iron alloys, and about 0.3 Oe for 50% nickel-50%
L 410YS): N, is the number of primary turns; L, is the transformer magnetic
in centimeters; and I, is the magnetizing current in amperes. Gen-
o ¢ Magnetizing current will be under 2% of the load current reflected
¢ Pimary and most often can be neglected.
_This total current reflected into the primary flows, of course, in each
o Only on alternate half cycles. Thus, although the average current per
.. 'S Only half the above total, the transistor maximum current rating
© Sufficiently high so that adequate gain is available at the peak current
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of Eq. 2-3. Transistor power dissipation is calculated, of course, on t =T DE'u'ICE‘:LQ%.CI / /
of the peak current flowing at a 50% duty cycle in each transistor., ] L Titml =0 vr /-1
y, DEVICES OF
Minimum Current Gain and Input Drive il Tj(max)= 200°C
Generally, at this stage, the maximum current in the transistor j - /
(as calculated in the previous paragraphs) and a transistor has been ¢ 1 — : ()’ 4
From its data sheets, a minimum transistor current gain (8 or A, ) is _ ) L - ’//'
the base drive current must be designed to yield at least a waorst 2 , /!
current of /,ax)/Bmin- Actual input current will generally be greater L R //
calculated value to ensure safe transistor saturation and fast turn =t Fla: 249, Trariitor Blliite seiie ver:
Transistor turn-on speeds are usually quoted for 1./1,, of 10 (h;. = 10); 10 sitmn'sislor junction temperature
the base input drive circuit should be designed to yield a worst-cage for npn transistors of T = 175
L imax/ 10. and 200°C and a power rating great-
. R L \ i 70 % 60 80 100 120 140 160 180 200 er than 1 W, (From Mil Handbook
Maximum Power Dissipation and Transistor Junction Ten ' ‘I.I 0 JUNCTION TEMPERATURE 1°C) 217A)

Each transistor carries current of the magnitude calculated in
vious section for one-half the time in each full cycle. It carries this ¢
saturation at a collector-to-emitter voltage drop referred to as ¥
magnitude of V., is given in the transistor's data sheet as a function
rent. Veosa can also be read from the V,~f, curves, as in Fig. 2-8A
collector-emitter voltage below the knee in the curves. _

To ensure the collector is in saturation, the base drive for
collector current must be equal to or greater than that shown on the ¥,
for the minimum g transistor. Generally, supplying a base current of [,
will ensure saturation, since hj, to the knee for usable output currents is
greater than 10. Figure 2-8A shows that Veesar) i under 1 V up to cur
8 A. Although V,, .., is current dependent, for an initial approximation o
dissipation, it is usually taken as | V. Thus, for a 509% duty cycle, each i J I
dissipates a power of [ Tetmax(1)]/2 watts. A guide to what may be gained by derating b.clowi these maximum values

But, as discussed in Sects. 2.1.3 and 2.1,7, there is a momen: ined from the empirical failure rates quoted in Mil Handbook 217A and
of high current and voltage during turnon and turnoff, The exact PoOW duced in Fig. 2-7. Here it is seen that for a device whose absolute m«iuu
during switching is calculated by integrating the voltage current product Junction temperature is 200°C, failure rates will be two faﬂurcs_per mil ion
the switching time. The exact waveform during switching is generally at 200°C. This can be reduced to one failure per rmlhafl hOl:ll‘S :f. aperatwnI
dictable. The overlap during current turnon is usually negligible; during °d 10 130°C. In general, because of the usual approximations in therma
it can be appreciable but will vary from transistor to transistor beca fions, the uncertainty in ac “overlap” losses arising from variations in
tions in storage and turn-off times. OF switching speed, maximum permissible power dl‘ssma‘uon as calculated

Thus, an exact knowledge of overlap dissipation is only ava Eg. 2-4 should be such as to yield a maximum transistor junction tempera-
oscilloscope waveforms of the specific circuit. But for an initial esti Of 135-150°C. Commercial equipment designs can operate closer to the
be assumed to be equal to the dc dissipation: P,. = P, = [ (D]/2 : i Values of 175 or 200°C, but military or high-reliability designs should
can be kept down to this value, L ~=cled to 135 or even 105°C if feasible.

Thus, total dc and overlap losses per transistor are 2 [(Luma
! .naxy In Watts for /, in amperes. The maximum permissible power
is not unique to the transistor. It depends on the transistor’s thermal It
and its heat sink design. This will be considered in detail in Chap. 4. In
it is of greater significance to consider maximum permissible junction |
ture. In the thermal design, transistor case temperature will be know
the maximum junction temperature is given by

Tjinans = Tf_-asn[mul T+ 0 PD g

T easeimay 18 the maximum case temperature in °C, 6,. is the “therr_na] re-
ace” in °C per watt (between 1 and 3°C!wa_tt fur rfmst.TOZ% type trans:stur_s).
d PD,, is the maximum transistor power dissipation in watts in the specific
tion (= [, as above), : ' :

From this relation, once it is decided what the maximum _|.unct10n tem-
ure (7 qx) shall be, maximum permissible power dissipation is c:alculated.
the decision on T ,,,, is based on what is considered a safe derqt ing below
at the physics of the transistor junctions can tolerate. For most silicon troan-
the absolute maximum junction temperature is either 175 or 200°C.
rates strongly depend on how close continuous operation is to these
mum device temperatures.

i Transistor Switching Speeds

The overlap of high voltages and currents during turn-on and turn-off
S discussed in Sects. 2.1.3 and 2.1.7. The resulting high-power dissipa-
this overlap time could be equal to or many times more than the dc
% during the “off" times, depending on the overlap duty cycle. In
/5 the guideline was suggested that the sum of rise, fall, and storage
N0 more than 10% of the half cycle.
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: ! “PULSE DURATION= 20 mac d schemes are shown in Fig. 2-9. Figure 2-9A borrows
I./Ty =10 (2N6249) Bi2n6250H 1 1+ = = Two often-use SC : o :
g s ‘.‘2:‘“‘? ¥ H£ ECOLLECTOR SuPPLY vOLTAGE (Veg) s, Ptor logic technology. Diodes D1, D2, and D3 are silicon diodes.
E RS R [ CASE TEMPERATURE (Tl <259 . ccingistor is two diode drops or about 1.2 V below the
¢ EEHEEE E3seeazaasaine =R ey he base of any "o llector is only one diode drop below A and, hence
z K THE T = S0 I he “‘on” collecto! ? ?
E e 1 7 e e =i A But t e : i with re-
: H S e i 2 0.6 V positive (reverse biased and, hence, out of saturation) wit
E 2 E o ".. Tt stc base. . e :
gr FRH Jgfb B = i = : tm;fssuming an 0.8-V base-emitter drop in the “on™ transistor, and an
ey e S IE e S drop in diodes D1, D2, and D3 when they are forward biased, the col-
-l sses sases sases o FHDIV | o S ) i [:nmgr potential in the “on" state is V;, + Vi, + Vi, — Vs = 0.8+ 2(0.6)
il st _;‘*—;,[F?":f\%"' E EfEEs 43'01 4 V. This is somewhat higher than the normal saturated collector-
£ R 02= s pos - increases transistor dissipation. But the higher permissible
g o siee vl = B voltage and inc " fiset the di
3 T e SEEEE ; Bt  mating frequency and decreased “overlap” losses more than offset the dis-
e S i, R i e of higher dc dissipation. Dissipation can be reduced somewhat by
-] 1] I8 3 - . s .
COLLECTOR CURRENT (1.)—a COLLECTOR CURRENT (I,)e— small resistors in series with D3, Diode D3 must have a reverse voltage rating
LA} (B) 1 o
of at least 2V,.. ] A
~ofat Figucr; 2-9B is a Darlington connection and works in almost the same
: : ; ion i igh-power output
PULSE DURATION= 20 asec R FULSE DURATION= 20 psec ; manner as Fig. 2-9A in that it prevents Satul'atl.()n i e hlg P . tlpil t
REPETITION RATE=500 Hz : REPETITION RATE=500 Hz 0. . ist Q2 are lower-power, high-frequency transistors tha
COLLECTOR SUPPLY VOLTAGE (Vecl=200 v ¥ transistor Ql. Transistors
v cc Hin = COLLECTOR SUPPLY VOLTAGE (Veq)=200 ra o PP - : 02-04 V
CASE TEMPERATURE [Toysp) = 2570 .”quf"r CASE TEMPERATURE (T.qyq) 128%¢ | are saturated in the “on” state. In saturation, their collectors B O
- R b i LA ‘positive relative to their emitters. Since the collector-base potential of the Q1
e R T o e L 16T A (2N6251) ~ A = & . i i i s
= !'.' EEEEEE [ SR power transistors Is the same as the collector-emitter potential of the Q2 drivers,
iRl By s SR st st £ = s Vee
-~ I 1§27 ranad bl e |IT-J I nrese :-.- ; ‘:
u Qe i S . =
z i ersees T = T i
: Sinssi mus A: Ii = o ’:i s saie B :r i b
EO_:‘: 11 ¥ ‘ Ftia & % 5 i N : E
s S ?  HHEEEHE = Wy
T e e e e ] st HE
) 2 a 3 ] 0 [} ] r 6 e &
COLLECTOR CURRENT (I)—a COLLECTOR CURRENT (Id— W
e 10 7
i =
Fig. 2-8. Characteristics of a typical high-power. high-voltage fast- 1 (8]
switching transistor: 2N6251 family. (A) Collector-to-emitter satura- : ]
tion voltage versus collector current. (B) Rise time characteristic. Ve
(C) Tum-off characteristic, (D) Storage time characteristic. (Courtesy
RCA Corp.)
1 @ 02
. 2 i al Qi
Rise, fall, and storage times strongly depend on forward- and ré
base drives. This is seen dramatically in Fig. 2-8B, which shows sWi
times for a typical high-speed transistor family, the 2N6251. It is seen
2-8B that the longest of the delay times is the storage time and that this ~
reduced considerably by reverse-base currents (7 +2), which are equal to i —%
than the forward-base (/,,) drives. The reverse-base drives are transient: (B)

need Iasf only for the indicated. storage times. Chapter 8 .will discuss St Fig. 2.9, (A) The use of diode feedback to prevent saturation and to
the circuit tricks available for achieving large reverse-base drives. fease storage time is shown. (B) In a Darlington circuit, output

Storage time can also be reduced considerably by circuit tricks tha S g"-‘”slm Q1 are kept from saturating by drivers Q2, which dc'f’am'
the transistor out of saturation—defined as a forward-biased base-10-¢0 m;;g;’m PRneE time 1. Sl low, Shcc Q2 tagamry Rip SR
junction. ¢ E
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Fig. 2-10. (A) Second breakdown characterized by collector-emitter
short results from high-current density at localized spots. (B) In for-
ward-biased second breakdown, the transverse gradient causes high-
current density at the periphery of the emitter.

the collector of Q2 in the “on" state is also 0.2-0.4 V positive with
to its base, i.e.. the condition for nonsaturation.

Q2 transistors do saturate and have relatively long storage
these are low-power transistors that generally have much higher freq
sponse and lower storage times than the power transistors, if they are pel
to saturate. With the circuits of Fig. 2-9, relatively low-speed power (i
can be used in dc/dc converters at frequencies in the range of 25-50 kHz.

Second-Breakdown Ratings

Second breakdown in a transistor is a sudden drop in the voltage
the collector-to-base junction as shown in Fig. 2-10A. It can commen
where in the / -V, plane and ends up with a low impedance or shorted col
to-base junction. Current after breakdown is limited only by the source
and external load impedance. If the supply voltage is not removed or fus
collector-load impedance or transistor collector-base junction generally
Once the transistor has even momentarily entered second breakdown,
permanently damaged.

Second breakdown is caused by a nonuniform current distr
across the collector-base junction. It occurs when the collector currentis_..
or channeled into areas much smaller than the total collector-base Ju
area. This gives rise to local hot spots at which the temperature is high €
to destroy the transistor. A

The maximum average power dissipation rating of a trausistﬂrl;sl*
on a uniform current distribution across the collector-base junction and,
a uniform temperature distribulicgusSoeaoaasoR i i i

Emitter)

Emm fations opposite the more positive emitter periphery than opposite its
o At sufficiently high total current and voltage, this emitter-edge-concen-

b
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Fig. 2-11. Forward-biased safe area limit curve for a typical high-
speed transistor. (Courtesy RCA Corp.)

Forward-Biased Second Breakdown The physical basis for current

-':""'}‘Sins can t_:e seen in Fig. 2-10B. In an npn transistor, the positive base-
.@"{nﬂ potential (about 0.7 V) is introduced at the base tab and causes the

Sitter periphery closest to the base to be more positive than its center. This
£0mes about because of the voltage drop in the resistance of the base material.
Thus, collector current (electrons injected into the base from the n-type
Crossing the base-collector junction will channel down to greater con-

; u‘:lﬁrenl will result in local hot spots sufficient to destroy the transistor,
Ough the total power dissipation may be below the specified maximum
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antee that operation is always inside the /,, limit boundaries. But, in sg
cumstances. secondaries of square-wave converters have capacitive '
initial turnon, until the capacitors are charged, the transistors may not s
down to 1 V and operation can be outside the limit curves.

A second manner in which operation may be outside the limit g
is possible even without large-load capacitance. In Fig. 2-1, it is seen th
voltage at an “off "’ collector stays high and no current flows until the
in the opposite transistor ceases. This high (2V,.) voltage is ideally g
coincident with zero current.

But if the off-turning transistor has storage delay and the on-tu
one is driven positive at its base, simultaneous conduction can occur
psec of storage delay in the off-turning transistor. The “high” collee
not be able to move down until the opposite transistor comes out of
Thus, there can be a voltage of 2V, coincident with ], .y, for 1-5 psec
transistor about to turn on. This can exceed the [, limit curve in the upps
right-hand corner of Fig. 2-11C and result in transistor failure.

U
EMITTER
REGION
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AEGION

COLLECTOR
REGICN
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Reverse-Biased Second Breakdown Second breakdown can
occur with a reverse-biased base-emitter junction. But as can be seen
2-12A, with a reverse-biased junction the emitter center is more posi
its periphery, since the periphery is closer to the negatively biased base.

Thus, if any current crossed the collector-base junction, it Wol
focused down in greater concentration opposite the emitter center, sin
center is more positive than the edge. Now, with a reverse-biased base,
ordinarily would prevent collector current from flowing. But if the co
were inductive, energy would be stored in it during the “on” time. Du
“off " time, the inductive kick wouid cause the collector potential to me
positive until it reached the normal V,,, avalanche breakdown voltage
in Fig. 2-12B along the locus DEF. Now the energy stored in the i
during the “on’ time is dissipated in the transistor at a potential of ¥4,

Despite the reverse-base bias, current will flow and this stored €
will focus down to the most positive point of the emitter —its center. Al
the area of the emitter center is less than its periphery, the current density 22 Dri :
emitter center in reverse bias is greater than at the periphery in fos i ven Bridge Converters

Now, if sufficient energy has been stored in the inductor d Fi
“on” time, this energy or current, focused into a very narrow central :
area, can cause local hot spots of temperature high enough to destroy !
sistor.

[E)

Fig. 2-12. (A) In reverse-biased second breakdown, current concen-
trates at the center of the emitter. (B) At turnoff with an inductive load,
reverse-biased second breakdown occurs if (1/2)(L{;) is too large.

. .Si!?ce E,, depends on the actual reverse bias that focuses the collector
Current, it is quoted in the vendor’s data sheets at a standard reverse bias—
Usually —4 V through a 50-ohm series resistor.

_The two-transistor push-pull converter of Fig. 2-1 is an efficient,
'_' way of converting one dc prime power voltage source to a higher or
°F Voltage —or to a multiplicity of dc voltages.

Iﬂ_ Sect. 2.1.9 it was pointed out that at a minimum, the transistor
. fat"ig must be at least twice the dc input voltage. For a safe worst-case
ould be t;“; l{IPuI source has _a +=10% tolerance. the transistor voltage rating

Wl; times the normal input voltage.
30 Vut‘h;he dc supply voltage is in l'he range of the usual battery outputs
“-'Un?:n rg 15 no problem in selecting transistors of adequate switching
; U rating, and voltage rating. Such dc/dc converters are frequently
: ::z;':l)ll-wave rectified | 15-V ac line. The peak dc voltage at the rec-
e ut (.’.4)1 115) = 161 V (less about a 2-V silicon bridge-rectifier
v fo.r i Snnmum. the .1n\'eF1er voltage rating would have to be 2(160)
orst-case design, it would have to be (3.3) (160) = 528 V.

Vendors rate their transistors to avoid this reverse-biased
breakdown in terms of a joule rating: the enexgy (E,) stored in an
collector load that would be enough to destroy the transistor. This &
joules is equal to the energy stored in the inductance in the collector 10:
level of collector current just prior to turnoff. This stored energy is:

Ew=HL)NI})

where E,, is in joules, /, is in amperes, and L, is in henrys. For a given &
inductance (transformer leakage inductance if the collector load is “‘e_ E
of a transformer), this limits the peak collector current just prior t0 ¢
If 1, is fixed, this limits the maximum permissible collector inductance.

tput
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Fig. 2-13. In the bridge converter, maximum voltage stress on any
transistor is V.., as contrasted to 2V, in the two-transistor converter
of Fig. 2-1.

Fig. 2-14. In the half-bridge inverter. too, maximum voltage stress on
either transistor is V.. rather than 2V, as in the circuit of Fig. 2-1.

Currently, there are not many types available with adequate sw ~ and, hence, is somewhat more economical, but with rapidly falling transistor
speed, current ratings, and voltage ratings above 450 V, and devices hay -ﬁees. even this advantage is not always offered. Generally, the two capacitors
proper voltage ratings are generally expensive.

“occupy a larger volume than the two transistors they replace. thus further
An alternative to the two-transistor push-pull circuit is the b

‘reducing the half-bridge advantage.
verter of Fig. 2-13. Here, on alternate half cycles, diagonally opposite t For the case in which the transistors are expensive, the half bridge is
Q1 and Q2 or Q3 and Q4. are on simultaneously. The transformer prima n used., particularly in low-power inverters. The midpoint of the capacitors
up its hysteresis loop on one half cycle with a voltage V.. across itin one

[ES Up to an average potential of V./2. Peak primary voltage is thus V.2
In the next half cycle, it moves down its hysteresis loop with a reversed compared to Vo for the full bridge. Thus, for the same secondary output
of V.. volts.

ver, the primary current and. hence. inverter current are twice those in the
So the most voltage any transistor is subjected to is V., volts, ra bridge.

2V, as for the two-transistor push-pull converter. The price paid for - The value of the bridge capacitors is calculated from the known primary
cost and space of four rather than two transistors, but the added reliab nt and operating frequency. Thus, for a total output power of P, (including
than makes up for this disadvantage, since the smaller the fraction of 1 nsiormer [osses) primary current is I, = P,/(V../2). Then for an operating
rated voltage the maximum voltage stress actually is, the greater the eacy of f,, the half period is 1/2,. The transformer primary is fed effectively
is. Thus, in the two-circuit types, to operate off the same supply voltag M Cl and C2 in parallel. When QI is on, current flows through the primary
same fraction of maximum voltage stress, the two-transistor conve node A, replenishing the charge lost by both capacitors in the half cycle when
devices with twice the maximum voltage rating as the four-transistor

‘“3 on and drew current out of node A. The voltage change across the
very few transistor types with maximum voltage ratings of over 500 V tors, for C, =C, =C, is then

a two-transistor converter safe worst-case design is not easy to acl

nominal dc input voltages 160 V or more.

It should be noted that. if two transistors in series, such as Q1
or Q2 and Q4, are on simultaneously, this presents a direct short circuit @
the voltage supply and can destroy the transistors. Simultaneous €0 '
Q1-Q3 or Q2-Q4 results when there is storage delay in the off-turning
Circuit tricks to cope with this problem will be considered in Chap. 8.

AV=—_!"A"=[__ P ] G)= i
Cuar  LF/2XC1+C2)] \2f)  2V.[f.C

l’e"kﬂ'le tase chapge in dc voltage across the capacitors is the same as the
8¢ Change in rectified output voltage. Thus, for a percentage output

. :a Vn

y — 100AV _ 100P,/2V, £,C_ 100P,

{ L 7R T = (2-5)
2.3 Driven Half-Bridge Converters . el Veel2 Vif.C
A magnitude of C for output rippl i
ple percentage V,
The advantage of reducing the applied voltage across the 100P K i f
transistor from 2V.. to V.. is also offered by the half-bridge conve e el 2-SA
2-14. The half bridge replaces two of the inverter transistors by two € ViV, —A)
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g

24  Square-Wave Oscillator Converters al v
2.4.1 Relative Merits of Driven and Square-Wave Oscillator

Converters

In previous sections, the power converter was discussed as ane
driven square-wave power amplifier. Transformer design is such as to
magnetic core well below saturation at the top of its hysteresis loop. This
high efficiency as core losses increase greatly with magnetic flux density, F
it is often an advantage to have the operating frequency synchronous and
in phase to some external system frequency, such as a computer clock or |
zontal line rate in a video display. Then any noise pulses generated at
voltage transitions of the square wave are locked at unique times and can
easily be tolerated. '

In the driven converter, peak magnetic-field intensities in the co
operating frequency are fixed by the design and will not vary as cirel
rameters change.

If lower efficiency and a not too well-determined and nons
frequency are acceptable, then operating the converter as a square-v

oscillator is very economical. The earliest power converters were in fact B (GAUSS]
as square-wave power oscillators whose transformer characteristics and — <+
voltages fixed the operating frequency. ® 1 B (E)
In the following sections, the fundamentals of square-wa &
oscillators will be considered. N A
@ ®
2.4.2 Si.llgle-Tra]]sfﬂI‘me]', Square-wa\fe POWEI‘ Oscﬂlﬂtﬂ' : \\ e HIOERSTEDS!
Converter (Often Referred to as a Royer Oscillator?)
The basic circuit is shown in Fig. 2-15A. Its input base drive N e
from a feedback winding on the main power transformer rather than fi @\ B
ternal source. The heart of the circuit is the square magnetic hysts S e t_é,i ______ I
transformer core, which determines the operating frequency. A typl RO ma

hysteresis loop is shown in Fig. 2-15B. Core materials commonly us (8)
metallic cores discussed in Sect. 2.1.8. Ferrite cores whose hysteresis
not as square are also usable but yield slower rise and fall times, thus
more overlap dissipation.

Circuit operation is as follows: Consider one of the transistors,
to be on and in saturation. It is initially turned on by current from ¥ fio
R1 and base winding N ;; to its base. It is held on for the balance of the
cycle, by the positive voltage induced in the base winding N, by tral
coupling to the primary N ,;. An opposite polarity voltage induced in
the Q1 “on” time holds Q2 off. During the Q1 “on” time, the voltage
on the primary N,, is V.. — Voeav = V.. — 1. This voltage feeds pow R
loads via secondaries N, and N, and sufficien! power to the base Ve Lo its dot end. Observing the dot orientation of N;,. it is seen that its Q1
keep the transistor on and in saturation at a current level equal to the end {nondot) is positive relative to the end feeding R1-D1 and is of the
the secondary load currents reflected into the primary., : ' Polarity to turn Q1 on. Since QI is in saturation, the voltage across

The voltage polarity at windings N,, and NV,, must be as ing e Vo = Vee — L. Then the voltage induced across N,, is (N,,/
Fig. 2-15A by the dot notation. The significance of the dot notation = 1) and the base current of Q1 is

WulNWV . — 1)V, — Vi

R,

Fig. 2-15. (A) A single-transformer, square-wave oscillator converter.

(B) Locus of operation on the square hysteresis loop of the T1 trans-
former core.

' one wmdmg the dotted end is at any time, say, positive relative to its non-

ed end, in all other windings dotted ends are simultaneously positive relative

I nondotted ends. Of course, when any one dotted end is negative relative

Mndo-tted end, all other dotted ends are simultaneously negative with re-
their own nondotted ends.,

S, if Q1 is on, it is in saturation and the nondot end of N, is positive

+G. H. Royer: A Switching Transistor, AC to DC Converter. A/EE Trdi
July 1955.
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The value of R, is chosen small enough to saturate transistor Q1 at its g
B and maximum load current.

Again observing the dot orientation, it is seen that the base ends
and N, are always of opposite polarity. Hence, as long as Q1 is driven on’
induced voltage from the primary, Q2 is held off and vice versa. y

Now Q1 remains on as long as there is a voltage induced in N,
former coupling to the primary N,,. This “on” time is fixed by the tra
and the supply voltage in a manner determined by the fundamental '
relationship

This is simply another way of stating that at E the slope of the hysteresis
or core permeability and, hence, primary impedance have fallen to zero. The

o across the primary thus falls to zero and the collector of Q1 is forced up
.. Since the voltage across N, collapses, so also does the voltage across
1 ﬂ-c

These waveforms are shown in Fig. 2-16. Now, as the voltages across
collector and base windings collapse to zero, the current from R1, which has
_en diverted into the base of Q1, is partially diverted into the base of Q2, turning
sially on. Current in Q2, because of the direction of N,, windings, represents
tive coercive force (in the hysteresis loop of Fig. 2-15B itis the current in the
nd plane). The core operating point moves to F and as current tends to
~ase in the negative coercive force direction, the core is again in a region of
 permeability, and voltage can be sustained across the primary N,; with the
dot end of N . negative.

With a high impedance in the Q2 collector, it starts to fall in potential
s current increases. And as voltage starts to appear across N, by transformer
n it appears across N, also. This provides additional drive to the base of Q2
ond that from R1 and drives the collector Q2 negative even more rapidly.
process continues regeneratively and ends up with the collector of Q2 in
ation with (V. — 1) across N ,.

Since N,, and N, are wound in the same direction around the trans-
r core, low voltage at the collector end of N,, (nondot end) represents an
ite polarity voltage from the case of low voltage at the collector end of NV,
end). Thus, in Eq. 2-7, Q1 is on when dB/dt is positive, and Q2 is on when
is negative. Hence, as Q2 turns on, core flux density starts falling linearly
m +8,,., with the same dB/d! it had when Q1 was on.

Now flux moves down along the path FGH and at —B,,,, the same col-

V,= N,A(dBld)107* volts

Here, V, is the instantaneous primary voltage in volts, N, is the
of primary turns, 4, is the transformer core area in square centime
dB/dt is the instantaneous rate of change of magnetic flux density in.
second. As long as QI is in saturation, there is a constant voltage ¥, -
= V/,.— | across the primary and

dB = (V«‘ . Vl*n:'(ilml:un4 i = (Vrr == 1)10”

di N, A, o NpA,
Since V,. — 1 is constant, Eq. 2-6 dictates a constant dB/dt
Fig. 2-16B. Thus, if the transformer core starts at, say, point B (=—Bg,
hysteresis loop of Fig. 2-15B, it moves linearly up in flux density along
BCD at a rate given by Eq. 2-7. When it reaches +8,,., at E, since
no further dB/dt, there can be no voltage across the primary (as in
Eq. 2-6) and, hence, no voltage across the secondary.

Voo FiVg A Lt ¢ of Q2 base drive occurs as the transformer core saturates in the negative
o 1. The same flipover to partially turning Q1 on occurs and then a full
L i ative turnon which saturates Q1 again. The core now starts moving up the

Veefson = +1 > | o 81§ loop along BCD again.
+8 S G“»--PJF-'"TS N HYSTERESIS LOCP OF FIG. 258 This process continues with the transformer moving cyclically over its
ma1 NS hysteresis loop —from —B,., t0 +By., on one half cycle, then down from
© | ©) E(ERE‘I;LUE lD'ENTLT E:;Bmu on the next. Since dB/dt is linear, the half period can be obtained

v 2 :
~Bmar ™ ® @ aT o Nphe " [i:1) 7 and is

(ABN,4,)10-*

Vet (e =1 — ! = Va2l . AT = _'}___p_l}__ (2-8)
e celsatd
Voo _
<4 [- hu=wmx. dT= T.(z
Veglsat) =+ ! y icl
| 5 M . T (28 _‘NI' A “0_3 sec
N e Xl Tyl o) AU 860
¥ | T _(h ] =l : g Vfﬂ' == Vrn’mm (2-9)
I ""Nbi’lm“';'l'wt: o

'. : o). Ating frequency in hertz is
1 ! ol
7 =/ Mg } |
=My~

I [ 1 VNbZ \Nﬂ '| uEC
R

Ve — Vr'rlsan)lod
4B N, A,

f

(2-10)

-l
7

the pri .
e Primary turns N, and the core area A, are fixed, the square-wave

Fig. 2-16. Critical voltages and flux loci in a square-wave oscillator con' i
ncy depends only on V..., V.0, and By, but B, is a function

using a power transformer with a square hysteresis loop core (Fig. 2-15).
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i i T N e S N R (A) 3B7 ferrite and (B) 3C8 ferrite. (Cour-
i A H (OERSTEDS) tesy Ferroxcube Corp.)
-0 LA)
HYSTERESIS CURVE
Fig. 2-17. Percent change in maximum flux density with temperature
for commonly used tape-wound cores. (Courtesy Magnetics, Inc.) 3000
—1" | 25°C
: e : 4000 —
of the transformer core material alone and is fairly independent of tem Py
(Figs. 2-17 and 2-18). For the usual core V, >> V,, o and ¥V pap = . XY —=
for a large range of collector currents and temperatures. Then to a close /’ !’
: 777
mation oy,
f= (V. — 10" Hz 4
4B N, A, 1000
And for constant V.., frequency will be constant, although not synchroi /
any system frequency. =& 0 & h 8 @ 28 36 91218
The square-wave power oscillator is thus a simple, self-contain H (OERSTEDS)
power converter. It obviates the need for a separate base drive circuit, (8)

usually required at the input of a driven square-wave power amplifier.
| : s drops to zero, causing a steep rise in collector current. Although core
on greatly reduces the collector-to-base winding coupling and removes
drive, the “on" collector remains partly on until the stored base charge
SWept out. There is thus a low-impedance path directly from V... to ground
R the saturated primary and the collector of the “off” transistor that is
off slowly.
) 'This is shown in Fig. 2-19, The collector current spike at the end of each
“Ung half cycle can be many times the value just prior to core saturation.
% It occurs mostly at the low collector-to-emitter saturation voltage, it
S during the slowly rising collector voltage at the end of the storage time.

2.4.3 Two-Transformer, Square-Wave Power Oscillator®

The idealized waveforms of Fig. 2-16 do not show a significant €
of the single-transformer, square-wave oscillator. This drawback arises
fact that a fundamental part of the design permils the transformer core’
momentarily at the end of each conducting half cycle. This fixes the ent
half period. At the instant of saturation, the transformer primary 1mpe

#J. L. Jensen: An Improved Square Wave Oscillator Circuit. Tra
Vol. CT4-#3, September 1957,
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Fig. 2-19. In a single-transformer. square-wave oscillator, high col-

BASE DRIVE

LM %N—| Yol

lector current spikes occur at end of each conducting half cycle as the _tl y . I Moz
core saturates. y N "2 ;
iy p2 v
't jird
. : ; . { bl ) y K |
This results in a spike of transistor power dissipation, which can be a Q2 =
USRS

fraction of the total transistor dissipation. For sufficiently long storage and
times, and a high duty cycle resulting from high frequency operation, the
cause transistor failure.
The two-transformer, square-wave oscillator, which has no
current collector spike, is shown in Fig. 2-20. In this, the Jensen circuit
current spike is avoided by not permitting the main power transfor
satorate. It is designed as a linear transformer with a core area and n
primary turns such that in a half period the total flux excursion is safely
2By (Fig. 2-15B). Since the core does not saturate, the impedance at
lector throughout each half cycle remains high—the parallel impedan
transformer magnetizing inductance and secondary impedance as ref
the primary.
However, transformer T1 has a square hysteresis loop core
mitted to saturate and determine the half period in much the same
saturating power transformer of Fig. 2-15A.
The circuit has a number of significant advantages. First, sin
not saturate, there is no high current spike at the end of each condu
cycle, efficiency is improved, and possibly destructive stresses on
transistors are avoided. _
Second, the total flux excursion in T2 can be reduced to a cons
lower value than saturation flux density. Since core losses vary
B8, (Figs. 2-5 and 2-6), operating T2 at a peak flux density of one-half
tion value will reduce core losses by a factor of three. Since T1 has a muc
core because it must supply the much lower base currents, its core
insignificant.
A final advantage of the two-transformer circuit is that adjus
R, affords a simple means for varying the operating frequency, The cil
as follows:
Positive feedback to maintain oscillations is from the output
via Ry, and the primary of T1 to the T1 secondary and back into the
bases. The polarity of T1 windings is as shown by the dots in Fig. 2=
Q1 is off, Q2 on, the collector end of R, is at 2V, the collector end
Vcetsap OF about +1 V. From the dot orientation, the dot end of N5 is
supplies enough current via R,, to keep Q2 om and in saturation,
assumed.

L Ny =Nez: Ry =Rpp

Fig. 2-20. A two-transformer, square-wave converter that avoids high-
current spikes of Fig. 2-19. T2 is not permitted to saturate; frequency
is determined by saturating transformer T1.

There is a unigue voltage across N, that drives it between the negativ‘e
positive saturation flux densities (—8 pa, @nd +B na, of Fig. 2-15B). This
voltage (V,,,) can be set at any desired value by choice of secondary
t and turns ratio in T1 and the value of R ;,. With a unique voltage across
1 and the primary turns and core area of T1 chosen, the half period is fixed by
fundamental magnetic relation of Eq. 2-6. The half period is given by Eq. 2-9

il
s=

i -8
ZBm,f‘l\‘ W) 10 o

I!‘ npl
Ay is the core area of T1 and V,,, is the selected voltage across N,;.
The circuit of Fig. 2- 15 does not show one essential feature, a means to
the oscillator and swing it past “‘dead center,” the point where one transistor
Just turned off and the other must be switched on. Without such a “start”
e, the oscillations may never commence at initial application of V.. at high
current or low temperature where transistor gain is low, or the circuit
_ hang up and stop oscillating at the end of one conducting half cycle. There
“mﬂt? of such starting circuits. Their merits and drawbacks will be dis-
In detail in Chap. 8.

Design Procedures for Two-Transformer, Square-Wave Oscillators

A complete design procedure for the circuit of Fig. 2-17 must include
_ﬁ selecting specific magnetic core sizes and core materials for T1 and
S Will be only touched on here but treated in more detail in Chap. 8. The
P design choices are as follows:
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¢ Current Base drive must be sufficient to saturate the
ors for the minimum transistor gain Ay and the maximum value of col-
t I... Thus, the minimum base current ?ou]fi be .';..=_I,kam,,. For
; ﬂm-en s, and collector currents in such applications, minimum values of
mmmorﬁ)—ﬁﬂ are obtainable. Faster turnon is achieved by using higher
: :;in given by the above relation. Transistor data sheets usjua.lly quote
dm'twd at a base drive one-tenth of the collector current. This ensures a
= ?:1 even with worst-case transistors and degraded . .
" Saturating Transformer Secondary VqltageiCurrems Base-tq-emnh?r
aves for a large range of base currents sufficient to saturate the transistor will
+ 02 V. If in Fig. 2-20 the voltage drop across Ry, is made large com-
t; 0.9 V. the = 0.2 V ambiguity due to transistor and temperature vana-
will not change the base current significantly. Thus, at ]‘.he base current of
10, ¥,y is chosen about 3V,, or about 3(0.9) = 2.7 V. This makes V,,, = 2.7
0.9 = 3.6 V, or rounded upward, 4.0 V. -
' AtV 0f 4 V. Ve 0f 09 V. and ¥y of 3.1 V. a change of 0.2 Vin Vi
sld cause a change in base current of only 0.2/3.1 or 6.5%; this is adequately

Operating Frequency This must be the first decision. Hig
quencies result in smaller transformers but in lower efficiencies because of
lap™ switching losses discussed in Sects. 2.1.3, 2.1.7, and 2.1.9. A gogq
promise is 20-25 kHz with present-day transistors.

Qutput Transformer Primary Turns From Sect. 2.1.8 and Fig.
has been determined that ferrite cores are most efficient above 10 kHz,
for low-loss power application (Ferroxcube 3C8 or Magnetics, Inc., ) m
have saturation flux density at 100°C of about 2,500 G. To keep core los
and ensure T2 does not saturate, its core is operated at a maximum flux ¢
of 1,500 G. It can be seen from Fig. 2-6 that for Ferroxcube 3C8 core lo
1,500 G. and 20 kHz are only 26 mW/cc.

Then, from Eq. 2-8, for operating frequency of £, (period =

N = WLAT)10"

L AM
Here, AB is the total permitted flux excursion in gauss (from —1,500 to+

in a AT of a half period with a core area of 4. in centimeters, Then for ¥
= Veewa = Ve — 1,

[nverter Bas

Thus, for a nominal ¥, of 3.1 V, the value of Ry, is
¥ — IXT,{2)107*

Nos =71 (1,500) Ry = 3,'110 = i—’ ohms  (for /. in amperes) (2-16)
(Ve — I(T,)10°¢ o 2 B
L= e 300)4, M Vo 0f 4 V, the reverse base voltage when a secondary half goes negative,is —4

This is sufficiently safe, since most power transistors can take a reverse base
tage of 5-7 V.

Saturating Transformer Primary Voltage, Current, and Feedback Re-
we The design is completed with a choice of Ry, N, and a T1 core with
cific area such as to cause the operating frequency to be that selected above.
The voltage across N, will be chosen first. There is considerable free-
in its choice. Once it is chosen, since V. is 4 V, the turns ratio Vg /Vas is
The primary current is also fixed, since the base current selected is Ieq1o.
Va1 and 1., are fixed, and the voltage across Ry, and Ny, in series is 2V,
eesan = 2V,.. — 1, R,, may be determined.

The voltage across N, should not be taken as too large a fraction of
e~ L. Forif V,,, is >> ¥, ,» When the primary of T1 saturates, only the small
of R, will be bridged from collector to collector. Then the high-current
€ attempted to avoid will occur again.

Although there is much latitude in V. it is usually chosen so that the
Voltage across R, and N,, = 2V, — 1) is shared equally between these

Total Collector Current Generally, output voltages and maxi
currents at each output are fixed by the design requirements. Re
drops for a large range of currents will be 0.9 V. Since dc (Fig. 2-20)
voltage with square-wave drive is one rectifier diode drop below the peaks
ary voltages, each secondary voltage is known, ie.. V,, =(V,; +0.9),
+0.9), etc. Since V,,, = V,, — 1, this fixes the tumns ratio for each secon
with N, fixed by Eq. 2-12, the number of turns on each secondary is det

Now the total collector current due to loads alone is the sum ©
known secondary currents reflected by the turns ratio into the primary.

‘N N,
l!-:a(_l_)+!(__§_)
1 ll an ﬂ‘sz +
The total collector current is the above sum of the reflected load ¢
the transformer’s magnetizing current, which is given from the fun
magnetic relation:

_4nNylw 5. Thus, the transformer turns ratio is
it _ Nt Noy = Voot [V r = (Ve — 1)/4 2-17)
where H. is the coercive force in oersteds, N, is the number of prima

the current in Ry, is (neglecting primary magnetizing current)
(N \(1
= ()
Rey LN,.\ 10

8 I 0.81
L A ot (2-18)
fro (ZV.-,C—I)(IO) Wee— |

I, is the magnetizing current in amperes, and L, is the mean magnetic
path in centimeters.

Once a core is selected, L. and H. may be obtained from data s
I can be calculated, In most cases, I, will be less than 5% of the total
load current and can be neglected. Nevertheless, total collector current

lc.r:Icl. +Im
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And

R (ZVrr_' 1};2 it (ZVcr = 1}2
081/ (W — 1) 1.61

where R, is in ohms, I, in amperes, and V,, in volts.

Saturating Transformer Core Selection and Turns C alculation
primary turns can now be calculated and a core selected. From the
magnetic relation of Eq. 2-6,

VAT o
N,,IA,_(—M )m

1

where ¥V, is the voltage across primary = 2V, — 1)/2 V, AT is the |
of selected frequency (= 1/2f, sec), and AR is twice the saturation
of the selected core material (= 2B, gauss). Then

: Wee—1\(1Y{_1
M= (55) ) () o

{2V, —1)10*
8/ Bmax
for f, in hertz, B, in gauss. From Eq. 2-20. once a core has been sele

a known area 4. in square centimeters, Ny may be calculated. And finall
Eq. 2-17, N., may be calculated,

or N, A, = turns/sq cm

Squure-Wave Power Converters, Regulators
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1-21. By controlling the fraction of a l}alf cycle that eac
:slg.on. average output voltage at C and D is controlled. The LC filter
produces a ripple-free output at F.
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down to zero, of width (/2 — T,,). To smooth out this square wave .of
LC filter and free-wheeling diode is added as in Fig. 1-4B and was dis-
ed in Sect. 1.2.1. This is shown in Fig. 2-23. .

As discussed in Sect. 1.2.1, the purpose of free-wheeling diode Dy, is
ide a path for the current in L1 to flow out to the load when m*:ither con-
er transistor is on. The inductive kick at the input end of L1 drives it negative
ut 1 V below ground causing diode D,,, tolatch in. This permits the current

2.5 Half-Cycle, Width-Modulated Converters

In the de/dc converter of Fig. 2-1, each transistor is on for af
cycle and the output voltage is

Vo=Fg— Veewan) (No/Ny) =V,

For Veetsan = Va=1, Vo= (Vqa— I)UVJ‘VDJ_ 1

Thus, the average dc output voltage depends only on V. and the |
Referring to Fig. 2-3B, the output filter need only filter out the r
of width (¢, + 1,) between half cycles.

An extremely useful modification (Fig. 2-21) of the con
dc/de converter is obtained by modulating the duration of each transiste
time to some fraction of a haif cycle, From Fig. 2-22, it is seen
“on” time of Ty, half period of T/2, the output voltage after the
series of pulses of amplitude

Vo=W4— Vcr(sall)[NJNp) —Va
= (Vm- s I}{N:J’NF} 7l

The pulses come at half-period intervals and are of width T on: Thelt
voltage is then

Vdcfm‘z! = [Tnnlr(sz]] [(Vde i ])thr&!Nr) i ]]

Thus, for a fixed ¥4 and turns ratio, the average or dc ou ; .
can be set to any desired value less than (Ve — 1)(NIN,)— 1 by simp
the ratio of T,,/(T/2). The voltage after the rectifier will have a square

' e (S s MY
7 S I R T O

ron
iy SRR Wuc“'llr:-‘p‘|
HD_EI:LI_H "®
_.._wm—ll-l%]
T +H "‘"(\“o:_'l(:‘:l|
D_EEEI—EI:” "o
2 _-—|_v°c-|l:%)

— e g 8 |
e

&' 2-22. Significant waveforms in the half-cycle, width-modulated
SOnVerter of Fig. 2-21.
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2.5.1 Half-Cycle, Width-Modulated Converter Regulator

The addition of a negative-feedback loop to the cin_:uit of F_ig. 2-21

in @ very useful voltage regulator. This is shown in Fig. 2-24 In which

qve-feedback loop is closed around the dc output from one secondary —

the secondary whose output must be most tightly controlled and which
e highest output current requirement.

; 74, a fraction of the output is sampled and compared in a
. ge V,. The amplified difference or dc
Itage is used o control the fraction of a half cycle during which each
.rter is on. As dc input voltage decreases, Or load current increases, tending
~rease output Vois the difference amplifier yields an output voltage change
each inverter’s “on” time sufficiently to maintain a constant
line increase or load current decrease that would tend to
decrease in transistor “on” time and. hence, a con-
(A) within the feedback loop, the output ¥, is

ieor to a reference volta

Fig. 2-23. A free-wheeling diode at the secondary output of the half 4
cycle, width-modulated inverter. P :
4 WSES

the output causes a
yoltage. For sufficient gain

R1+R2 j N,
Esi= '_'_Ez_-— ¥i= (_ﬁ;) [[Vdr = Vietsan) (_I\'Tj) i Vm} (2-21)

thus regulated against changes in Fae Veewsan OF ¥m
hanges due to IR drop changes in L1 are, of course,
the sampling resistor chain R1, R2 senses output

flowing in L1 during the “on" time to continue flowing out to the load and
the current drawn from C|1 and hence reduces its size.

Actually, examination of Fig. 2-23 will show diode D g, is not
If it is removed, the inductive kick at the front end of L1 will cause re
D1 to latch in and serve the same purpose. The inductive current
two half secondaries—each in series with its rectifier diode durint 5
time. Ths, iode D, can be dispensed with. I i is etained, i reduces hanges). Any load ¢
tion in D1 and the secondary windings. 3 ieated: for as

. 1,

_ The output Vo, is

2.5.2 Half-Cycle, Width-Modulated Regulator Advantages

The width-controlled converter of regulator has all the advantages of
nonmodulated converter enumerated in Sect. 2.1. In brief, these advantages
from the ability to generate multiple, independent, low-impedance output
s from a single prime voltage source. In the conventional converter all
‘outpul voltages are proportional 10 the dc input voltage. To keep all output
s independent of line input voltages, the input voltage must be preregulated
nonwidth-modulated conventional converter.
Since all output voltages have low output impedances, this does offer

Vae

0 L
Vol
N L K . e .
sl i satisfactory way of keeping a multiplicity of voltages constant, i.e., by
5 _Pm'egt‘llating the dc input to a conventional converter. This, however,
Nai| o1 12 ires handling the main power twice —once in the preregulator and once again
o e nonwidth-modulated converter. With internal losses in both these elements.
e lefficiency is lowered.
i — : _ In the .width-modulaled converter regulators, the output voltage Fa
D7 H-CONTROLLED! ';fl‘é;;;m‘ A o " ed against line input changes. Any other dc output voltages obtained
DRIVE AMPLIFIER | | CONTROLLER R 3 lhe&ne”“‘mdanes on the same power transformer are, hence, also regu latec
T DIFFERENCE ey 'fh'ﬂﬂSES. since the duty cycle Ten/(T/2) is varied to such a way &
SYMMETRICAL AMPLIFIER il independent of V4. Thus, any other secondary output voltage sucl
SQUARE -WAVE N ‘m 1S given by
INPUT : 1
01 on 6 mtw:h 3 LYLT N {
V‘ﬁ o ??n;) [(the iy Vre\salr] (ﬁg) o vd] (2_22
T - i 4
| 2o = - *}q 2-21
H £
_T_m.: Va

Fig. 2-24. A half-cycle, width-modulated voltage regulator. 8B .-V NN —V
c cedsat) sV p D1
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(Vﬂc 7. Vce{satl“.Ntl!Nﬂ) T Vm
d V=V, - _E:
s i A {Vr]r. - Vce{sm}(Nm'NpJ == Vm

In most cases, the first term of either numerator or denominator in th B "
much greater than ¥p,. Then Vo, = (No/Ny)(V.). And since Vo ist .V constant 10 =
against changes in V., so is V.

dor's maximum value?
It should be noted that there will be a slight interaction bety

: " ing from a dc input of 105 V = 1% and general-
. dc converter operating ]
‘madd +15Vatl A, and =30 V at 6 A, Assuming 1-V

voltages. Thus, in Fig. 2-24, a load current change, say, an increase in ats of +5 V at 5 A,
still keep ¥, constant because of the negative feedback. A current

diode and transistor saturation voltage drops, what is the peak transistor
cause a slight increase in diode (D1) drop and the IR drop in L1. Thi

by the sampling resistors as an output voltage drop and consequently T,
Eq. 2-21 must increase to keep the output constant. Since T, /( T/2)i
Eq. 2-22 also, ¥,, will increase.

Since load current in ¥;, has not changed, the increase in duty
not accompanied as in ¥, by an increased drop in the diodes or the ing
Thus, an increase or decrease in load current from ¥, results in i
decreases, respectively, of the output voltage of any slaved secondar;
Vee. With low diode and inductor impedances, this effect is generally
0.1 or 0.2 V. Output voltages of the slaved secondaries as Vo will, of
vary with load-current changes in those secondaries, since there is
around them. However, with the easily attainable low-output imped
by high-current rectifier diodes (Sect. 2.1.6) the effect can be kept t
0.1-0.2 V. which is adequate for many purposes,

+20% turn-off spike, derating to 80% of the vendor's

- voltage tolerances,

' ting? ) _
R Eor;dn%he nominal rating be assuming a preregulated input of

9% assuming again turn-off spike of +20%, derating to 80%

CT

i j i f istor with 15 W dissipation,
1 is the maximum junction temperature of a transis or Y ;
i um case temperature, and a thermal resistance of 2°C per watt’
mwx]m is the maximum permissible tr_ansislor disﬁsiaation at 100°C case
serature if maximum junction temperature is to be 175°C?
wme a fransistor with a reverse-bias, secumfl-breakfio\.\fn stored energy
of 2.5 mJ. With an inductive load of 50 puH in a swﬂchmg_mode applu;fa;
what is the maximum permissible collector curre.nt just prior to turnoft?
der the half-bridge converter of Fig. 2-14 operating from a7300-V supgly
at 100 W output power with a converter frequency of 25 ksz. What
ors are required to keep a S0-kHz ripple at the output down to 2% peak

I a de/de converter as in Fig. 2-1. Under fault conditions, assume the::e
a 1.000-gsec time interval during which current can flow wtyle there is
across the device. What current will cause the transistor to go into second
e AR ) i a?single-lransislor square-wave oscillator as in Fig. 2-15A. With a
: input voltage of 160 V, a maximum flux density of 7.50‘? G (Square
loy 80 type wound core) what must be the product of (primary turns)
area in centimeters) for an oscillator frequency of 10 kHz?

me a two-transformer square-wave oscillator as in Fig. 2-20. The output
r T2 uses the 4229 ferrite-cup core of Fig. 8-2. Assume a frequency
3 kHz =10% and a constant supply voltage of 105 V. :

~ a. How many turns must there be per half primary to avoid exceeding a
peak flux density of 1,500 G at the lowest frequency?

2.1 Considering only dc losses in the rectifier diode and inverter transis
the efficiency of a converter generating 5, 10, 15, 20, 25. 30, and 100 o
the following source voltages: +12, +30, +90, and +100?

2.2 At 30-V input and 5-V output, what is a converter efficiency using
rectifiers with 0.5-V forward drop? Consider only dc losses in
and transistors. Under the same. conditions, what is efficiency at 10
and 5-V output?

2.3 A filter capacitor at the output of a dc/de converter is required to fi 'b. At 3 V per turn, what would be the peak flux density at 25 kHz?
commutation notch whose base width is 2 usec. At output voltages - €. Assuming a 1-V drop in the rectifier diode, how many turns would be
and 30 V, what is the size of required filter capacity for ripple 0 . - required for an output of 5 V with 35 turns per half primary?
and 1% of output voltages for load currents of 1 A, 5 A, and 10 A? ' ~d. With 25 A of output current at the 5-V output point, what is the peak

2.4 Using IN3879 rectifier diode in a dc/dc square-wave converter, 4 collector current (neglecting magnetizing current)?
primary drive voltage remained constant, what would the dc output €At a base overdrive factor of 10, what is the base current in Q1 or Q27
Jjunction temperature of 25°C, be for a load change from 0.5 to 3.0 A? L Assuming 8 v peak to peak (e¢nd to center tap) at the secondary of T1,
5 A? What are the diode forward voltages at 0.5, 1, 3, and 5§ A? ¥ ~ What is the value of base current resistor Ry ?
corresponding voltage drops at 100°C junction temperature? ; RS Assuming half the peak collector-to-collector voltage appears across

What are forward voltage drops of the IN3889 12-A type Primary of T2, what is the primary/secondary turns ratio, T1 pri-
3.and 5 A at 150°C junction temperature? - Mary current, and value of the feedback resistor R,?

2.5 What are total core losses for Ferroxcube cores 1F10, 144T500, 4229, fh':Assunﬁng Square Permalloy 80 core material (saturation flux density,
(Figs. 8-1, 8-2, and 8-6) operated at peak flux densities of 1,500, 7,500 G) for the T1 core. what is the product of (primary turns) (core
2,500 G and at 10, 20, and 30 kHz using 3C8 material? _ ; .

2.6 What nominal voltage rating should a transistor in the push—pull inV

- @rea) for 25 kH; operating frequency?
of Fig. 2-1 with nominal input voltage of 30 V have assuming =10%
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ters will take up detailed circuit design of the individual build-

uent chap A
ir organization into complete power supply systems.

 plocks and the
General Classes of Regulating Systems

3

Building Block Assembly
Compound Regulating
Systems

Older types of voltage regulators whose prime input was an ac line
had a simple standard block diagram. These were composed of a 60-Hz
transformer having one or multiple secondaries, each followed by a full-
or bridze rectifier and a series-pass regulator. The poor efficiency of t_he
nass regulator (especially at low voltages as seen in Fig. 1-3), the size
weight of the input power transformer, and the size of the large filter capacx_lnr
»d ahead of the series-pass regulator made this a reliable but bulky device.
Generally, such older-type voltage regulators had load power densities
t load power per cubic inch of volume) that ranged from 0.2 to 0.4 W/cubic
Efficiencies, taking power transformers and rectifier losses and filter
effects into account, were considerably lower than indicated in Fig. 1-3.
were usually in the region of 25-40% for supplies whose greatest output
- was at voltages in the range of 5-25 V.
With the types of regulator systems possible with the aforementioned
ding blocks, load power densities of 1-2 W or sometimes up to 4 W/cubic
h are possible. Efficiencies generally range in the region of 65-80% and can
e 95%.
The regulator systems considered herein generally contain a dc/dc
e converter as the central element and can be grouped into six distinct
s as shown in Figs. 3-1 to 3-6.

Prime power for these supplies is the ac power line, which may be 50-,
.. or 400-Hz and single- or three-phase. None of these six classes requires a
ky line frequency power transformer. There is thus an immediate space and
it saving. By rectifying directly off the ac power line, the supplies work
well at 50, 60, or 400 Hz. This is an important consideration in military
lions, since often the prime power source is a mobile or aircratt 40u-Hz
or, but frequently the same power supplies are to be used in fixed in-
iliations or depots where only 60 Hz is available. Independence of line power
ncy is important also when commercial equipment is to be sold without
¢ cither in the 60-Hz American or 50-Hz European market.
| The six classes of power supply systems shown in Figs. 3-1 to 3-6
still identifiable as having essentially the same block diagram when the
power is dc —usually 28 V as in aircraft, submarine, missile, or spacecraft
!.yslems. At the lower dc input, some block diagrams become preferable.
€ Six classes of regulating systems will be discussed in the following sections.

3.0 Introduction

In the previous chapters, the basic building blocks of mod
supply systems were presented. The most useful of these building '
the series-switch step-down switching regulator (Fig. 1-5), the
step-up regulator (Fig. 1-6B), the dc/dc square-wave converter (
2-13), the half-cycle, width-modulated inverter (Fig. 2-24), and the
regulator (Fig. 1-1).

The usual power supply or power supply system is com
multiplicity of output voltages each having its own output current
and line and load regulation. The prime power source may be 50-,
ac and single- or three-phase in a delta or wye configuration. The sup
required to work at only a single-line frequency, say, 50. 60, or
may be required to work equally well at all these frequencies with 1
change. Further, the supply may be required to work from either a 11
or 220-V ac line voltage with either no circuit change or a simple i
change.

All these requirements can be met with different co
permutations of the above basic building blocks. Systems can be
standard electrically and mechanically configured building blocks
only a minimum custom circuit change to fit a large variety of 2
Or, more usually, each building block is custom designed electrically
ically for each different use, and the building-block concept is still
devising the optimum block diagram for a power supply system.

There is generally a large variety of objectives in choosing
tive combinations of the basic building blocks. The usual objec
maximize efficiency and to minimize volume or weight, and, of ct : .
Ease of maintenance, repair, and fault diagnosis can be achieved by
electrical and mechanical modularization of the basic building blocks.

In this chapter it will be shown how the basic building blo¢
previous chapters may be assembled in various combinations to acit
of the above objectives. The treatment here will involve block dia

3.1.1 Preregulator-Driven dc/ac Converter with Open-Loop
Secondary Outputs

. This, as seen in Fig. 3-1, is made up of a dc/ac square-wave converter
: a_dc preregulator, which is fed from a rectifier and filter directly off the

°r line. Rectifiers and filters after each of the dc/ac converter secondaries
desired voltages at low output impedance. There is no feedback after
Ut 1o the dc/ac converter.
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3.2, Preregulated converter with one output feedback and slaved
The preregulator may be the series-switch step-down swis additional outputs.
of Sect. 1.2, the shunt-switch step-up regulator of Sect. 1.3, the |
width-modulated inverter of Sect. 2.5, or the series-pass regulator of

The dc preregulator produces a constant dc output voltage,
of ac line or load variations. Since the square-wave ac output from
converter is proportional to the dc input voltage, its output is as consi
dc input. Because the ac output is square wave, it is easily filtered a
output after rectification remains only one diode drop below the peak.
square wave. ‘

For sufficiently high base drive of the converter transistors,
in saturation and the output impedance after rectification is very
cussed in Sect. 2.1.6. The rectified dc output changes only slightly
current, since the rectifier diode drops and the inverter collector
voltage are relatively constant with current,

With a preregulator output that can easily be kept cons! it
for ac line changes of -10% output, dc voltages in Fig. 3-1 will
cantly only with changes in load current. Such output voltage ¢
kept to within =0.15 V because of the low output impedance of
diodes. This is sufficiently constant for many applications.

This system is simple, requires relatively few components,
many relatively constant outputs with only one feedback loop. Tl
loop has few phase-shifting components (usually a single LC or RC
and is, hence, easy to stabilize against oscillations. j

As discussed above, rectification takes place directly off
input, and thus the supply works equally well at 50, 60, or 400 Hz. .
ripple output from the line rectifier-filter combination is greatest at
line frequency, the detailed circuit design of the preregulator mu
cope with the largest amplitude ripple at the lowest line frequency.

Now the feedback operates to keep V,, constant for changes in ac input
In doing this, it must keep the output voltage fmm‘ lhe_ preregulator
since the only way V,, can remain constant as the 11!1&': input changes
keep the dc input to the dejac converter constant. And with constant dc
‘to the dc/ac converter, all other secondary volt,ages_ from the conv_ertcr
onstant for line changes alone, since they are proportional to the dc input

i i V,, is kept constant at any
Thus, using only a single feedback loop, ¥, _
od voltage level for both line and load changes. And all other rectified outputs
V5 etc. (“slaved” outputs), are kept constant for line changes and rela-

‘constant for load changes.
Slaved Output Absolute dc Voltage Levels

The scheme of Fig. 3-2 has the drawback that the absolute dc voltage

the output cannot be set too accurately because the number of turns on
condary winding in a toroidal or U-U core can be increased or decreased
eps of one.' Thus, if N, and N, are the secondary turns of the ¥, alnd
outputs and V,,, and ¥y, are the rectifier diode drops for these respective
then:

Via= (‘N-\Jni"\rul)( Vor + Vi) — Von (3-1

It will be seen in Sect. 8.8.1 that in the majority of cases, for inverter
ave frequencies of 5-30 kHz, the number of volts per turn on any
ranges between | and 3. Thus, any slaved square-wave secondary
® (before the rectifiers) can change only in increments of 1-3 V, and from
Litis seen that any slaved dc output voltage depends on its own rectifier
3.1.2 Preregulator-Driven dc/ac Converter with Rectifie i :‘ drop and also on the drop in the rectifier diode (V,) inside the feed-
Secondary Feedback (Fig. 3-2) \

Here the building block configuration is the same as in
the feedback to the preregulator is taken from one of the rectified ot
dc/ac square-wave converter. The output from which feedback 1S
one which must be kept most constant in voltage. This usually is tf
supply in computer-type systems. With sufficient gain in the feed!
output from which feedback is taken can be as constant as des
required line and load variations.

Now the V,, output voltage can be set as accurately as desired by select-
mon of the output voltage to be fed back to the preregulator. This sets

Iput voltage from the preregulator to give exactly the desired output
1t also fixes the dc output voltage at any secondary according to Eq.
Tesulting output is not what is desired, changing the number of turns

0 E cores or cup cores, a half turn is possible with a wire linking the entire
SEMer leg and only one leg (in the E-E core) or half the periphery (in a cup core).
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on any winding by 1 will change its output by the 1-3 V/turn charg
the transformer. The worst case, of course, is when a desired outpy
level falls exactly between voltage levels resulting from one-turn cha
secondary. Thus, the most any slave output can be from any de
one-half the volts-per-turn characteristic of the transformer or us;
V. In the E-E or cup core, in which a half turn is possible, the
parture from a desired voltage is half this amount.

Hence, when a specific voltage level is significant (say, as
computer logic), this is a significant drawback for the slave outpul
the 5-V output can be used as the V,, feedback point, it can be set
most other cases, an exact dc output level is not as important as having
changes around a not too critical absolute level. As has been indic
output changes on the slaves can be kept to=0.15 V for +10% line
a large range of load changes.

FEEDBACK

SERIES-SWITCHING

OR
SERIES-PASS
POSTREGULATOR

RECTIFIERS
AND
FILTER

Va!

FEEDBACK

defoc
CONVERTER
WITH
MULTIFLE
SECCNCARIES

SERIES-SWITCHING

RECTIFIERS
AND
FILTER

RECTIFIERS
AND
FILTER

QR
SERIES-PASS
POSTREGULATOR

FEEDBACK

TESSWITCHNG
rectiriers | PEVES '
AND
FILTER

R
SERIES-PASS
POSTREGULATOR

T ient R " g Fig. 3-3. Unregulated input converier with postregulated outputs.
ransient Response 't
An additional shortcoming of the scheme shown in Fig. 3-2is
poorer transient response to line or load changes than the scheme
Fig. 3-1. This arises from the fact that the feedback loop is around mg
shifting elements in Fig. 3-2. There is an LC phase shift (for s
preregulator) or an RC phase shift (for a series-pass preregulator)
regulator switching block. )
The rectifier-filter after the dc/ac converter causes less pha
a given frequency than the preregulator filter. This is because the-'g
verter output is square wave, which requires only a capacitor or an
provide adequate filtering.
Despite the low phase shift of the second filter, at any givi
the total phase shift is the sum of shift due to each filter alone.
quency at which the total shift around the loop is 180° is lower in
loop of Fig. 3-2 than in the single-filter loop of Fig. 3-1. So to avoid
at the frequency at which the phase shift is —180°, a phase-corre
usually must be added within the loop. This may further reduce the
response before feedback. :
The end result is that the frequency response after feedback
cantly lower in Fig. 3-2 than it is in Fig. 3-1. Step changes in line
erally cause abrupt changes in output voltages with an exponential
steady-state value. Because of the poorer frequency response of
initial step change in output will be larger and its recovery time (o'
longer than the scheme of Fig. 3-1.
Exact values of the initial step changes in output and recove
be calculated only after the filter characteristics are specified.

1 nsient response is better than the scheme in Fig._3.—2‘
"fx;ﬁdﬁgiﬁcﬂ;ﬁ;ﬁncommsés fewer (generally over one) phase-shifting
sents. The scheme is usable mainly for low output power {ﬂullpul rcurrenl
about 0.5 A), with series-pass postregulators 01'I f{)r relatively few (under
ut voltages with switching postreguialors. : .
-SGP?;:;O;?GC[“ ccg)nverter is operated off the unreg‘u]ated line rectifier,
ified dc outputs will have the same percentage chang.e in average dF output
e as the ac line voltage. Thus, a = 10% change in ac line voltage w1|} result

0% change in average dc output from any rectifier. Furth.er, the recuﬁe_d dc
voltage will have a certain percentage ripple dependent on its filter capacitors

tput current. The rectified dc after the dc/ac converter will have the same
tage ripple. .

Thaus, if the postregulators are series-pass elements, which must have no
1-2 V across them at all times, the average value of the dc }foltage at
ac rectifier outputs at nominal line voltage must be suﬂicient]y.hlgh so that
W ac (say, —10%) line voltage and at the bottom of the ripple triangle, there
fill 2 V across the series-pass element. Then, if the rectifier output voltage
al ac input is set sufficiently high to meet this condition, a problem arises
high ac input, since now, the nominal voltage having been_set‘high
s0 that at 10% low line the dc input is not too low, at 10% h!gh input
§ considerably more than 2 V across the series-pass element. This results
poor efficiency at high line voltage, since the efficiency is Vol Vinmax»
Hence, series-pass elements in the scheme of Fig. 3-3 are _usab}e only
ively low output currents when the poor efficiency results in still ade-
4 iely low internal dissipation: 1,(V pmax — Vo)
3.1.3 Unregulated dc/ac Converter with Postregulators .scheme of Fig. 3-3 is more attractive when Lhe: postreg;ﬂi:{?::hﬁe
Following Secondary Rectification (Fig. 3-3) vitch s_tep-dqwtl or shunt-switch step-up regulamrs. Since such s A %
efficiency is independent of the raw dc input (output of the rectiher
Here the dc/ac square-wave converter is operated directly
rectifier. For multiple output voltages, the dc/ac converter (Fig. 2=

wing the dcjac converter), there is no disadvantage in permitting high
: al input to the postregulator.

has multiple secondaries, each followed by its own rectifier and either

(Fig. 1-1) or switching regulator (Fig. 1-5 or 1-6B). Such a scheme P

 Urther, since the switching regulator regulates again§t line frequency
’1‘_3 mput just as well as it does against slow variations in the average dc
good line and load regulation and independent absolute dc voltage §

sulting from ac line variations within its =10% tolerance), it can per-
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mit larger amplitude input ripple. This permits the use of a smaller filter.
at the output of the ac line rectifier than if series-pass postregulators
Since this line filter capacitor generally occupies a large fraction
power supply space, it is desirable to minimize its size. &

The main disadvantage of the scheme of Fig. 3-3 is, of
extravagant use of components. It uses one series-pass or switch
and one feedback loop for each output voltage, but up to three op
this is not a significant drawback. The feedback control circuitry
instances be identical for each output, and, for a large range of ou
the series-pass or switching regulator transistor and its associated Ciry
the same for each output. Thus, each output voltage can be gene
module that is electrically and mechanically identical. The only dif
resistor sampling network determining the exact output voltage.

of jow-level circuits for driving four rather than two power transistors.
gs. 3-1 and 3-2, the preregulator usually steps down the
Jine voltage to somewhere around the range of 100-125 V. Since this
‘regulated. it will remain constant for a 10% line voltage variation. T‘hus,
' nsistor inverter is usable in these configurations, since the maximum
the collectors are subjected to is twice 100 or twice 125 V. Even adding
nike, the maximum voltage rating needed w?th a pn?regulator output of
s only 300 V. There are many trans_istors available with such voltage rat-
| all the other required characteristics.

hemes of Fi

3.1.4 Preregulator-Driven Converter with Postregulation Following
. gecondary Rectification (Fig. 3-4A)

With additional feedback regulation following the rectifiers after the
« converter, the scheme in Fig. 3-4A provides better regulatioln than that of
. 3-1. In Fig. 3-1 the feedback around the preregulator provided constant
voltage to the dc/ac converter and, hence, its output voltages did not change
¢ line changes. But the converter output voltage was not regulated against
rent changes. Only the low output impedance resulting from the low-
ce silicon rectifiers and the square-wave ac (Sect. 2.1.6) made the
de output relatively independent of load-current changes.
It was indicated in Sect. 3.1.1 that output voltage changes with load
kept constant to £0.15 V. But in cases in which this is not good enough,
egulation of Fig. 3-4A results in both line and load regulation adequate
many needs. The price paid, of course. is the added space, dissipation,
, and cost of the added circuitry of the postregulators.
The added circuitry can be relatively simple and inexpensive. The
and fewest-component regulator is the series-pass type (Sect. 1.1). Its
drawback is the low efficiency when its input voltage is highest. How-
Wwith the preregulator ahead of the dc/ac converter, all dc outputs following
IWerter secondary rectification can be constant to =0.15 V for line and load
Thus, transformer secondary turns can be chosen to vield a voltage
L1.0-2 V greater than the desired postregulator voltage. This is sufficient to
- Series-pass transistor above the knee of its V-, characteristic (Figs.
“‘_‘“! 1-14C) and still adequate to keep the +0.15-V change at the post-
input from getting through to its output. With even moderate gain in the
I, its output change with load-current changes and £0.15-V input
Will be negligible.
At Was shown in Sect. 1.1 that series-pass efficiency is ¥V imax-
!kuls of 5 and 15 V, efficiencies with dc input voltages a safe and regu-
¥ above the output are 5/7 = 71% and 15/17 = 88%, respectively.
‘-.-l-‘f the larger component count of a switching postregulator (Sect. 1.2)
© even higher efficiencies can be achieved. For any voltage output,
Witl_:- the switching regulator can be as high as ¥,/(V, + 1) (Sect. 1.2.1).
Yield switching efficiencies at 5 and 15 V of 5/6 = 83% and 15/16
“Uvely, at frequencies under 10 kHz. At higher frequencies (in the
= 20 kHz), ac losses in the switching postregulators become significant
approaches V,/(V, + 2), which is identical to that of the series-pass
a preregulated input 2 V above the output. In this case, the switch-
or offers no advantage over the series-pass type.

Selection of dcfac Converter Type

Use of the raw, unregulated dc to drive the dc/ac converter |
choice of the type of converter used. In the schemes of Figs. 3-1 ;
which a step-down preregulator is interposed between the rectified
and the dc/ac converter, the dc voltage to the converter could be |
trary low value, and there is no problem of finding transistors with ad
collector voltage ratings. .

Now in Sect. 2.1.9, the maximum collector voltage rating
transistor push-pull inverter was discussed, It was shown that the
V..o (V. if the transistor base-emitter impedance is 100 ohms or I
base-emitter junction is reverse biased in the off state) should be
nominal dc supply voltage. This includes allowances for the off col
to be twice the dc supply voltage, a tolerance of £10% on the dc sup|
a turn-off spike of =20%, and derating the manufacturer’s voltage
of his maximum allowable value.

In Fig. 3-3, the filter after the line rectifier is usually a sim
filter. The peak voltage at the output of the rectifier is then a 2-V drqp
rectifier) below the peak of the ac sine wave. For a nominal ac in
115 V, the peak dc output is 1.41(V ) — 2 Vaode= (1.41)(115)—2=
if the transistor rating as discussed above is 10 be 3.3(V,.). then a |
a rating of (3.3)(160) or 528 V is required.

The choice of transistors with a voltage rating equal to or
528 V is not very large. The device must have the voltage rating and
current rating corresponding to the resulting input power. Further. it
adequate switching speed and a sufficiently high current gain (8)
corresponding to the maximum input power.

Although there are some transistors meeting the above
the selection at lower V.., or ¥, is much greater, If the inverter
transistor bridge of Fig. 2-13. the maximum collector voltage need
to the maximum supply voltage —not twice that value. Thus, the bric
of Fig. 2-13 requires transistors with V., ratings of 528/2 or 264 v
528. A large number of transistors having the other required cha
available if the maximum voltage required is 264 V rather than 52

The price paid for the lower-voltage bridge inverter circuit is
the extra cost and space of the additional two transistors as well as the

L1
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ased. Without the preregulator, either very high voltage transistors or a
o bridge inverter must be used.
The main advantage of the scheme of Fig. 3{-4A arises in the case in
» some of the outputs need be regulated against line input changes and can
e output changes of +0.15 V for load changes alone. In this case, a post-
+or can be used for that output (or possibly two outputs), where output volt-
st be extremely constant. In the outputs in which load changes of +0.15 are
able, the postregulators can be omitted completely. The preregulators and
put impedance seen looking back into the rectified secondary outputs will
outputs constant to +0.15 V without further regulation.

AND
FILT

RECTIFIERS

ER

Multiple Output Voltages from Single Rectified Secondary
(Fig. 3-4B)

.. - The schemes of Figs. 3-3 and 3-4 can be used with only one transformer

cecoereal ; wdary winding and one .ﬁlter capacitor to generate a multiplicity of different
=0 1t voltages at high efficiency as shown in Fig. 3-4B.

swrrcu " This becomes possible by the use of switching postregulators. The single

POSTREGULATOR dec output voltage is made higher (at least 10%) than highest dc output

"02=|.I§g.| i .. Then each switching postregulator is operated at its own ratio of closed-

‘open-switch time (Sect. 1.2) to yield the required separate output voltages.

FEEDBACK ; . : i
3  obviously would not be possible with series-pass postregulators, since the

defoc
rectipiens | | e cowveree | |
AND B WITH

FILTER PREREGULATORY "7l gngLe

SECONDARY

RECTIFIER
AND

FILTER

Fig. 3-4. (A) Preregulated converter with postregulated outputs.
With switching postregulators, a single secondary-rectified filter &

supply all postregulators.

The two-feedback-loop scheme of Fig. 3-4A is much eask
against oscillation than that of Fig. 3-2, since each separate loop is
pair of phase-shifting elements —either a single LC or RC network
need to add components to tailor the phase shift frequency
thus the total delay through the entire circuit will be less than in

transient response will be better.

Figure 3-4A is preferable to Fig. 3-3 if series-pass post
used. The unregulated dc voltage to the output regulators of Fig.
series-pass regulators unusable except for low-output currents.

If output switching regulators are used at all outputs, the sci
3-4A with its preregulator has little advantage over Fig. 3-3, ﬁﬂf
regulator can give adeguately constant voltage without preregulation é
and parts count of the preregulator can be saved. One advantage as
Sect. 3.1.3 is that with a preregulator a two-transistor push-pull dcfa

output voltage node would have the largest voltage drop across its series-

‘element and, hence, a low efficiency. Also, this is possible only ifall the out-
' e a common output terminal. The diode rectifiers and transformer
dary winding must, of course, have a current rating adequate to carry the
all output currents,

3.1.5 Half-Cycle, Width-Modulated Inverter with Rectified
Endny Feedback and Line-Only Regulated Slave Outputs
. 3-5

This is the scheme of Sects. 2.5, 2.5.1, 2.5.2, and Fig. 2-24. Its charac-
s and advantages are fully discussed in those sections. Here it is sufficient
Dut that it is competitive with Fig. 3-2. It provides one well-regulated
V,) and slave outputs that are regulated against line input changes. Qut-
changes due to load-current change are small because of the low out-

SWITCHING
S0STREGULATOR |J

T
"nl“{"’;i) i

SWTCHING i
POSTREGULATOR

T,

FEEDBACK

- RECTIFIERS

INPUT AND Vgl
FILTER
HALF-CYCLE
i

RECTIFIERS WIDTH-MOOULATED RECTIFIERS

o aND INVERTER AND b Vo2
ER FILTER WITH MULTIPLE FILTER

SECONDARIES

RECTIFIERS
AND L Vo3

::Ill. 3-8, Half-cycle, width-modulated inverter with slaved and line-
H¥regulated outputs,
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The chief advantage of Fig. 3-5 over Fig. 3-2 is higher
faster transient response. The higher efficiency results because the
is handled only once; in Fig. 3-2 it is handled with some significa
preregulator and again in the dc/ac converter. The faster response
the fact that feedback in Fig. 3-5 is over fewer phase-shifting ele;

FEEDBACK

RECTIFIERS
AND Uy

3 FILTER

; HALF-CYCLE
Flg. 3.._2_ BECTIFIERS WiEg:;?gJULME[ RECTIFIERS SERIES-PASS
: : - : aND IV ) anD Ao y
As was pointed out in Sect. 3.1.3, one disadvantage of e e e FLTER REGULATOR 2

the use of an unregulated line voltage (115 V) rectified dc vol SECONDARIES

inverter narrows the choice of transistor and inverter types, If a t RECTIFIERS series-eass | .
push-pull inverter is used (Fig. 2-24), the transistors must have | g ResuLATOR [P Vo3

greater than 528 V. If higher voltage types are not available, the
of Fig. 2-13 must be used, since, in the “off’" state, transistors in
verter must withstand only the maximum dc supply voltage. not doi
as in two-transistor push-pull inverters.

3.1.6 Half-Cycle, Width-Modulated Inverter with Re
Secondary Feedback and Postregulated Slave Outputs

Here V,, is regulated against both line and load variati
outputs are regulated against line changes only directly after rectif
as discussed in Sect. 3.1.2, these outputs can be changed only in
or 2 V, depending on the volts per turn characteristic of the transfoi
ing the postregulators, both load and line regulation is obtained at
puts also. \

Further, since the dc input to the slaved postregulators is.
lated against line changes, series-pass postregulators can be used For a silicon bridge rectifier driven directly off the ac line into a capaci-
high efficiencies. Transformer secondary windings can be fixed to gi lter with no limiting resistor, the peak output voltage at the capacitor is
after rectification that is only 2 V (or in some cases | V) above th: - er diode drops below the peak ac line voltage, or for 115 V nominal
voltage. Efficiency is then V,/(V, + 2) and the simple, low-com| :
series-pass regulator becomes possible. '

3-6. Half-cycle, width-modulated inverter with postregulators at
slaved outputs for better load regulation.

Efficiency of “Off-the-Line” Series-Pass Regulator

It was shown in Sect. 1.1.1 that the minimum efficiency of the series-
fator occurs at its maximum dc input voltage (maximum ac line voltage
Oase) and is giveﬂ b!‘ Elnin s Vv-I'Vl'Nimaxi-
Now a series-pass regulator fed from the rectified ac line voltage must
]n-.mminnl dc voltage sufficiently high so that at the minimum ac line voltage
ed 10% below nominal), the input voltage at the bottom of the ripple
ple is still safely above the output voltage by about 2 V so that the series-pass
is out of saturation.

= 1.41(115)—2
=160 V

V= rectifier diode drop=1YV,

I there is a small rectifier surge current limiting resistor after the bridge
; dmp in this resistor should be taken into account.

t will be shown in Chap. 5. Fig. 5.5, that at 60 Hz. the peak-to-peak
fpple Voltage at the capacitive filter output is about 8 V peak to peak
apacity of 1,000 uF per dc ampere of load current. Then at a nominal
of 115 V, the dc voltage at the capacitor output (for 1,000 uF/ampere)

3.2 Building Block Combinations of Preregulated de/d
Converters with Open-Loop Secondary Outputs

3.2.1 Series-Pass Preregulator Implementation of Fig.

The scheme of Fig. 3-1 can be implemented with acce]
with a series-pass preregulator (as in Fig. 3-7) because of its rela
put voltage. Although efficiency would be higher with a switching
the simplicity and lower component count of the series-pass egU
preferable in some applications,

One major drawback to low efficiency is. of course, that i
get rid of the internally generated heat and limit the temperature ri
acceptably low temperature rise with high internal dissipation may
volume heat sinks or forced-air convection cooling. Both of these
result in low-power densities (output watts per cubic inch). Where |
ties of 0.5 W/cubic inch or less are acceptable or at output powers U
the relatively low efficiency of the series-pass preregulator may not b
drawback. Efficiency of the scheme of Fig. 3-1 implemented with
preregulator can be calculated as shown in the following section.

160 — V"mllt'- peak to peak

= 160—%=+156V

: ‘I’g;*;e_ ripple triangle is at (160 — 8) or 152 V at nominal line voltage
. mus: b:136 V at 10% low-line voltage. Thus, the series-pass regu-
A no higher than 2 V below this or at +134 V to avoid pass
“fation. To allow for drop in a filter-capacitor surge-limiting resistor,
PSS regulator output about 5 V lower than this, or at +129 V.
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MAY: +172 Ve Total System Efficiency for Scheme of Fig. 3-1 with
NOM: + (56 V CONSTANT Series-Pass Preregulator
s v i 4140V +izEy ¢ Fie. 37 is
"~ ciency of Fig. 3-
INEUE | FEEDBACK | Total ef d 4 :
’ E = Input rectifier efficiency
di : ”
i RECTIFIERS |1 | o mies.pass J’& ONVERTER % Series-pass regulator .efﬁr:ler.lcy . ;
F'"T"-q u ;“‘E A PREREGULATOR [ :'JT“;P % dc/de Converter efficiency. including output rectifiers
i i ‘ SEcLorl.nllEmzs % Efficiency of 0.92 due to miscellaneous low-level losses

of 8%
= (0.99)(0.75)(0.79)(0.92) = 53.9%

Thermal Significance of Overall Efficiency

By itself, an efficiency number conveys little information. To appreciate
ccance. it must be translated into internal dissipation and then into the
area and volume of the heat sink required to keep the heat sink and semi-
or junction temperature rise to acceptable levels.

Thermal calculations will be covered in detail in Chap. 4. Here, some
e calculations will be done to show the significance of the above-calculated
y of 53.9%.

Assume load powers of 50, 100, 300, and 500 W, respectively. For
the calculated input power is P /efficiency and internal dissipation is
P,. Then for a reasonably acceptable maximum heat sink temperature
of 50°C, the required thermal resistance of the heat sink is 50/internal
on (°C temperature rise per watt of power dissipation). These data are
nin columns 1 through 5 of Table 3-1.

Now, by jumping ahead to Chap. 4, the heat sink volume required to
¢ the thermal resistance of column 5 in Table 3-1 at the power levels of
4 in Table 3-1 may be calculated. This can be read from Fig. 4-11 if the
thermal resistance normalized to a 10-W power level is known.

- The normalized 10-W thermal resistance can be calculated from Fig.
13 follows. In Fig. 4-8, the ratio of thermal resistance at any power level,
0 its value at a 1-W power level is read as #p/8, (column 6). Also from Fig.
e ratio of thermal resistance at a 10-W power level to its resistance at a
POWET level is read as 6,,/6, (column 7). Then the ratio of thermal resistance
OWer level P to its resistance at 10-W levels is calculated as

8, _6,/8,
By, 6,416,

|

@ EFF = 99% -wim— FFF =75% —wa— FFF=79% —
(ASSUMING MOST QUTPUT

POWER AT 5-V LEVEL)

ESTIMATED TOTAL LOW-LEVEL CONTROL ANOD DRIVE LCSSES =8%

Fig, 3-7. Series-pass preregulator implementation of Fig. 3-1.
efficiency is 54% with most of the output power at a 5-V level.

For a 10% high ac line voltage, the dc output to the series-
will be 10% above its value at nominal line voltage orat (1.1)(156)=
series-pass regulator efficiency at maximum line is

Vm"VInl'maxl = 129)"72 - 75%
DC/DC Converter Efficiency

Converter efficiency for an input of ¥4 and an output of
Eqg. 2-1B as

E=[(Vge = DIV4 FIV(V, + D]Eq

Transformer hysteresis losses for a ferrite can be obtained from Fi
loss 3C8 (Ferroxcube) material once a specific core and its opera ti
are selected. For currently used 20 kHz operating frequency and
flux density, hysteresis loss is only 25 mW/cc of core material. It
Chap. 7 that with such low losses per cubic centimeter, a core &
500 W of output power will have hysteresis losses of under 0.25%

Transformer copper losses can only be estimated when
designed. In general, at output power levels of up to 500 W, co
be kept down to under 2.5%. Thus, rounded-up transformer ¢
teresis losses are 2.5% + 0.25% = 3% for a transformer emcie

Thus, in Fig. 3-7, for ¥, of 129 V, V, of 5 V (assume most ot t
power is at a 5-V level), the inverter efficiency is 9

E = (128/129)%(5/6)(0.97) = 79%
Input Rectifier Diode Efficiency

Earlier in this section it was calculated that the average 6¢3
the rectifier is 172 V at 10% high line voltage. A bridge rectifier with!
diode drops at 1 V each will yield a rectifier efficiency of 1000172/

(or column 8)

ally, 1o achieve the thermal resistance of column § at the power levels of
4, the normalized 10-W thermal resistance is 6,/(8,/6,,) or column

1 8, as shown in column 9.

Now from Fig. 4-11, at this equivalent 10-W power level thermal re-

the volume of the required heat sink is read and shown in column 10

This is the required heat sink volume at the power levels of column 4 in
g o ‘}Chieve the thermal resistances of column 5 in Table 3-1. At the
on O_f column 4, the heat sink volumes of column 10 will result in
~ @HTe rise for those heat sinks, It can be seen that significantly large
Volumes are required to keep the temperature rise to 50°C.
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88 Power Supply, Power Converter Design
A frequent goal in modern power supply design is to achieve an overall
: A"dmsity of 1 W of load power per cubic inch or better, It can be seen
VT q}-l that this is just about achievable up to load powers of 100 W. For
= E _§ E fE &R ﬁ § 3 :ond power with 70 cu. in. required for the heat sink alone, everything
g 2H & e packaged in 30 cu. in. Generally, the size of the input and outplft
itors and the size of the power transformer (even at 20 kHz) make this
-
: .
= 2 sible. o s
g B vy e Thus, for load powers of 100 W or more, better efficiencies than 53.9%
z |= <2 223G od if packaging densities of 1 W/cubic inch are to be achieved.
E g " Generally, above 100 W of load power a more efficient building block
E sing switching rather than a series-pass preregulator would be used.
g ajel SRR in most systems requiring dissipation of over 75 W of power in a box
E - =ls| 53533 8 a packaging density of 1 W/cubic inch. forced-air convection cooling
& i used. This can drop the heat sink volume required for a given thermal
z s le8cee by a factor of 3-5. And in the usual case. the space for the blower or
£ 4 Sl :-; :; g g i '.ing the forced air is not allotted to the power supply but is part of the
‘E i em volume. On this basis, power suppl:{ packagin:ng densities of 1 and qp
R Yoo : bic inch are possible. With water cooling, densities of up to 4 W/cubic
2 e Sl€1 2383 feasible.
4
# g by ~ 3.2.2Series-Switch Step-Down Preregulator Implementation
$5| |Bspif g Fle. : | _
23 3 ¥ p g‘é 8 This is shown in Fig. 3-8. It was seen in Sect. 1.2.1 that the efficiency of
éf vilce.8 34 Qg. =||= ; ZRRE -switch step-down converter/regulator (Fig. 1-4) is F,/(V, + 2) and is
EE E-—EE&J;—"’*E‘* i wdent of the input voltage.
" g TLERS The series-pass preregulator designed in Sect. 3.2.1 to implement the
2 E aTh- ‘of Fig. 3-1 has an efficiency of V,/V im0 It wWas seen in Sect. 3.2.1
SE f  nominal ac line voltage of 115 V, the output voltage must be 129 V to
& = 4° ating the series-pass transistor at the bottom of the ripple triangle at
o =S - .
i
g |+ S3af 238§
S 2 Bos 2 WA 4172 Ve RECTIFIERS
< = NOM: + 155 ¥ CONSTANT AND Vo
E MIN: 4140 § +JIF0- FILTER
3 v SR T oo @)= FEEDBACK |
I & ; P g -~ | & |I
2 A £ 3? 2 it RECTIFIERS It SERIES-SWITCH L EoERTER RECTIFIERS
5 AND STEP-DOWN WITH AND H Vo2
g FILTER PREREGULATOR MULTIPLE FILTER
= - ' SECONDARIES
- B it o o
4 | o o & i | |
phe 2= vwneawn
2 E RECTIFIERS
) ‘ _ AND L}
" [ FILTER
ET{ Zle S EFF = 99% w EFF=98% —=le—— EFF=79% — =
L S.3/g888 { ASSUMING MOST QUTPUT
2 § | L e o POWER AT 5.V LEVEL)
87 I TMATED TOTAL Low-LEVEL CONTROL AND DAIVE LOSSES = 8%

3“8_’ Seri?s-switch preregulator implementation of Fig. 3-1. Over-
REy 15 70% for most of the output power at a 5-V level.




90 Power Supply, Power Converter Design Compound Regulating Systems 91
a 10% low-line voltage. Then at a 10% high-line voltage, dc input volta Table 3-2.
and efficiency at this line voltage is 129/172 or 75%. But the serie
down regulator with its efficiency of V,/(V, +2) (Eq. 1-2A) achieves m e Y _ 4 5 5A 5B -
efficiency than this. Since obviously the highest values of V¥, vield Eficiency  Input Internal Heat sink a
efficiency. what are the criteria for selecting V,? These can be se =E power  dissipation  resistance® 5 Equivalent  Heat sink
4 s g i (%) (watts) (warts) (°Clwatr)  ty at J0 Wi volume$
Since V, = V,(T./T) in the step-down regulator (Sect. |
switch time is T,=T — T, =T — (V,/V,)T =[1— (V,/V,,)]T. Tk 70 71 21 2.38 0.89 2.67 13
approaches unity, the open-switch time rapidly approaches zero. But 0 ;f; ]ii .;1{;;, :::-:; é{:g 1:3
switch time cannot be made indefinitely small —it is limited by the sto ;g 714 04 0.23 0.63 0.37 200
in the transistor. Thus, for a storage time of 2 usec and a switching S
. . : g - jse of S0°C.
40 Hsec (25 kH Z}. lhe maximum value Of Vufj Viu 15 I-. 1 r' mm“mtﬁm ;;E:'L:r levels of column 4 o thermal resistance at 10-W power level as read from Fig. 4-8

ol thermal resistance at 10-W powes level = column S/column SA)
heat sink volume for $0°C tempemature rise (from column 5B and Fig. 4-11).

V, T, 2x 107°

—0 1— e =

Ve T 40 x 10°®
Thus. the highest possible value of V, is 95% of the mini
V... Now it has been shown in Sect. 3.2.1 that for an off-the-line re
ac input of 115 V £=10%, with a filter capacitor of 1,000 wF/ampere
rent, the bottom of the ripple triangle is at 136 V. Then the highest:
put voltage in this step-down switching regulator is (0.95)(136) = 129
At this output voltage, the series-switch step-down regulator

is V,J(V, + 2) = 129/131 = 98.5%, as compared to a minimum effic
for a series-pass regulator generating 129 V.
But in a practical case, such an “off-the-ac” line step-do
generates an output voltage somewhat less than the above-calcu
This is feasible, since the step-down regulator efficiency does not fall
cantly with lower-output voltage. The lower-output voltage is chosen |
is often specified that a 10% negative-going transient shall not get thre
output. It is usually assumed that at the bottom of this negative-
the minimum open-switch time is no less than 10% of the period to
tions in transistor storage time. Then

VlVi=1—TJT=1-0.1=0.9

0.95

Thermal Significance of Improved Efficiency

This is a significant savings in internal dissipation and makes possible
r supplies with load power densities of 1 W/cubic inch at relatively high
powers without the use of forced-air cooling. The values of Table 3-1,
ced with a total system efficiency of 70%, are shown in Table 3-2.

1t can be seen in Table 3-2 that a load power density of 1 W/cubic inch
ble up to 500 W of output power without the need for forced-air cooling.
r a power level of 500 W and at a power density of 1 W/cubic inch, the
nissible power supply volume is 500 cu in. With 200 cu in. for the heat
, there remains for all the components, hardware, printed circuit boards,
ing, an amount 500 — 200 or 300 cu in. This would generally be adequate
a 500-W power supply at a switching frequency of 20 kHz.

Shunt-Switch Step-Up Preregulator Implementation of Fig. 3-1

The scheme of Fig. 3-1, implemented with shunt-switch step-up pre-
of Fig. 1-6B, offers no advantage in efficiency but generates less noise

the input rectifier and, hence, requires a smaller rfi filter to keep noise off
And with a —10% transient, the bottom of the ripple lines

(0.9)(136) = 127 V. Then for V,V,, = 0.9, maximum regulated ou
(0.9)(127)=110 V.

And at this regulated output from the step-down regulator.
is still ¥,/(V, +2)= 110/112 = 98.2%. At 10% high ac input, the dci
regulator from the line rectifier is (1.1)(156) = 172 V (Sect. 3.2.1). A
and 110 V output, the switching regulator efficiency is still the same /(¥
98.2%. But note that a series-pass regulator with an input of 172 and a
110 V would have an efficiency of only 64%. Thus, assume & SWI
down regulator following the line rectifier. At an output voltage of
rounded off efficiency is 98%.

Now the scheme of Fig. 3-1 implemented with a series-pass P
of 75% efficiency had a total efficiency of 53.9% (Sect. 3.2.1 and Fig.
all other efficiencies remaining equal, the same scheme implemented in
a series-switch step-down regulator of 98% efficiency will have a
efficiency of 53.9 X 98/75 = 70.4%.

It was shown in Sect, 1.3.1 that the efficiency of the step-up regulator
Yin ‘*‘ 2). Efficiency is thus a minimum at minimum dc input voltage. In
1, it was _shuwn that for a nominal ac line voltage of 115 V, the minimum
5 low ac input is + 156 V. Minimum efficiency of the step-up regulatoris,
6/158 = 98.7%. This is practically equal to the efficiency of the step-
ator Ciflculaled in Sect. 3.2.2, and, hence, overall system efficiency
: same, ie., 70%.
Output voltage of the step-up regulator should be slightly more (10%)
Fﬂ,‘k de output from the line rectifier at maximum line voltage. Thus, for
! aC input, this would be (1.1)(1.1)(1.41)(115)= 196 or about 200 V.
i lmn Can easily keep the output dc at 200 V for line variations of
tes the rectifier ripple.
::“fo-transistﬂr dc/ac converter, as discussed in Sect. 2.1.9, the off
: bjected to twice the dc plus about a 20% spike at transistor turnoff
“ormer leakage inductance. This maximum voltage stress at transistor
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turnoff is (1.2)(2)(200) = 480 V. With a 20% derating below the mg
voltage rating, the transistor should have a V,,,, (ensure low base i
reverse bias at turnoff) of 480/0.8, or 600 V.

If transistors with this voltage rating and adequate current ap
speed ratings are not available, the bridge dc/dc converter of Se
used, since it requires transistors having only half the voltage rating
transistor push-pull converter. It should be noted that the losses
transistor bridge converter are twice that of the two-transistor
transformer primary current is equal in the two designs, in the b
half cycle, this same current flows through two transistors in series

324 width-Modulated Inverter Preregulator Implementation

of Fig. 3-1
This configuration is shown in Fig. 3-9 and is discussed in Sect. 3.1.5.
_modulated converter is the half-cycle. width-modulated, double-ended
of Sect. 2.5. The single-ended, transformer-coupled energy storage
. _modulated inverter of Sect. 1.4 is generally usable only at low-power
'« because of the unidirectional primary current that requires a large trans-
ith an air gap to prevent its saturation.
' The half-cycle, width-modulated inverter has very much the same circuit
through one as in the two-transistor converter. tion as that of a dc/dc converter. The only exception is that the duration
The advantage of the step-up regulator becomes apparent fro s half cycle is width modulated and, hence, dc transistor losses are
forms of the current flow in the input rectifiers. Current waveforms are dis ' T,,/(T/2)]. where T,,/(T/2) is the fraction of a half cycle that each
in detail in Chap. 9, Sect. 9.5.1, and are shown in Fig. 9-30, e is on. These lesser losses than for the conventional converter are
Here it will only be noted that (referring to Fig. 1-6B) the curren by the additional low-level losses in the width control circuitry.
from the dc source through L1 can be made to have a very small ac .~ Thus, in Fig. 3-9, assuming 3% transformer losses, the efficiency of the
by making L1 sufficiently large. cle, width-modulated inverter from the input rectifier output to the output
When S1 is closed, the current in L1 flows through S1; whe r output is from Eq. 2- 1B (this does not include low-level control and drive
the same current flows through D1. When S1 in Fig. 1-6B is closed, |
across L1is ¥;,, and the change in current drawn from V,,, during T,
time, is <Al =V, T./L1. For L1 sufficiently large, +A/ can be m
desired. It usually is made 10-20% of the average current from V,
open (for a time T,), potential across L1 is (V, — V,,), and the ¢
creases by the same amount that it increased when S1 was closed

(Vn_ Hn)Tu o
L1 d

E=[(Vee — NV¥a] [V, IV, + 1)](0.97)
= (155/156)*(5/6)(0.97) = 79%

including, as in Sect. 3.2.1, an input rectifier diode efficiency of 99% and
ncy of 92% due to miscellaneous low-level control circuit losses, the
ency of Fig. 3-9 is (0.99)(0.79)(0.92) = 72%.

This is only slightly better than the 70% calculated in Sect. 3.2.2 for a
h step-down preregulator driving a conventional dc/dc converter.
T component count for the width-modulated inverter configuration plus
mewhat better efficiency results in significant advantages over the series-
step-down preregulator scheme. It should be noted that, with unregulated
flilied dc input to the width-modulated inverter, transistors with voltage
=°§:$Ut 535 V (Sect. 2.2) are required or the bridge inverter of Fig. 2-12

—Al = +Al
The ac component of current drawn from ¥, is thusat
peak-to-peak current of amplitude, V,7,./L,,. which is generally
of the average dc current from V,,. -
In contrast, the series-switch step-down converter/regula
takes a train of chopped current pulses from I;,. These current pu
zero when S1 is open for a time 7,. For a time T, that S1 is closed
peak amplitude about equal to the average output current. Their fast |
times result in troublesome internal crosstalk. _ :
: This chopped current drawn from ¥/, results also in mor B :;:, ig: i e ‘L
signals on the ac line. The series step-down converter requires @ : ! INFUT MIN: 140 4 AND ¥,
than the shunt step-up converter. In some instances, the lesser rfi pr R
deciding factor in selecting the shunt step-up converter over the se

FEEDBACK

HALF-CYCLE
RECTIFIERS
AND

RECTIFIERS ] | | WicTH-McouLATED
Comyerier. : WITH MOLTILE i
An additional advantage of the step-up converter is that ' | SECONDARIES
effects result from the most common failure mode —a shorted S1 ‘ ; RECTIFIERS
power transistor whose normal failure mode is the shorted conditi | - b ARRE i
down converter of Fig. 1-5, a shorted S1 results in ¥, rising to Fju
voltage can result in failures of the dc/ac comverter transistors, 0 ——— e — >

loads for the step-down converter in Fig. 3-1. If the preregulator
the shunt step-up regulator of Fig. 1-6, a shorted S1 reduces ¥/, t0 2
put voltage is lost, of course, but shorting of S1 does not cause failure
converter transistors.

EST e
TIMATED TOTAL LOW-LEVEL CONTROL AND DRIVE LOSSES =8%

"M‘._Half":?‘f]& width-modulated inverter implementation of Fig.
efficiency is 729% for most of the output power at a 5-V
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E = Series-switch step-down regulator efficiency
% dec/de Converter efficiency (A to B)
x Input bridge rectifier efficiency
« Low-level control and drive circuit loss efficiency

= (0.71)(0.91)(0.99)(0.92) = 59%

33 Building Block Combinations of Preregulated Co
with Rectified Secondary Feedback (Fig. 3-2)

These are the combinations of Fig. 3-2 whose advan
comings were discussed in Sect. 3.1.2. The configuration of Fig
plemented either with a series-pass preregulator as described in S
series-switch step-down preregulator described in Sect. 3.2.2, or the
step-up preregulator of Sect. 3.2.3.

The efficiency with any of these preregulators will be i
corresponding configurations of Fig. 3-1, in which the feedback v ? ¥
preregulator output rather than around one of the rectified secondaries '
dc/ac converter (i.e., 54% for the series-pass preregulator, 70% for ;
step-down or shunt-switch step-up preregulator). Since feedback
is around one of the outputs—V,,, that output will be very stable for.
changes. As discussed in Sect. 3.1.2, load changes in the V,; outpu
output voltage changes in the other outputs because of changing
diode drops. And, as discussed in the same section. transient resp
because of the single feedback loop around two or more phase-
Since the output filter in a switching regulator is a LC circuit rath
circuit as in a series-pass regulator, implementing Fig. 3-2 with
step-down or shunt-switch step-up Regulator will result in pe
response than with a series-pass preregulator. But, of course, the
lower overall efficiency.

3.4.2 Series-Pass Postregulator Implementation of Fig. 3-3

The much lower efficiency of the series-pass regulator, especially at 5 V
makes it almost prohibitive to implement Fig. 3-3 with this elernen_l.
-rtheless, for the sake of completeness, the efficiency of such a scheme is
ed. The scheme analyzed is that of Fig. 3-10 with a series-pass output
tor replacing the series-switch regulator.
~ To prevent input ripple from getting through to the output, the voltage
e bottom of the input ripple triangle at 10% low ac input must be no less than
above the output. Now it will be shown in Chap. 5 (Fig. 5.5) that for §0 Hz.
 phase, an input filter capacitor of 1,000 pF/ampere of load current yields a
peak ripple of 8 V. This, for the rectified input in Fig. 3-10, 1s a per-
ge ripple of £4/156 or +2.5%.
Such a filter capacitor at the input supply voltage of the dc/dc converter
310 will thus vield a rectified output ripple of =2.5%. So if the voltage
bottom of the ripple triangle is to be 2 V above the output of 5 V. the dc
e must be set 2.5% above that or at 1.025(5 +2)=7.2 V.
Then if the rectified dc at the dc/de converter output is to be +7.2 V at
_ Tow line, it is (1.1)(1.1)(7.2) = 8.7 V at +10% high ac line voltage. Series
34  Building Block Combinations of Unregulated de/d ator efficiency at high ac line is then 5/8.7 = 57%.

Converter with Postregulated Secondary Outp

As indicated in Fig. 3-3 the postregulators can be either SQUARE-WAVE

series-switch step-down regulators. Shunt step-up postregulators ::g;égg%innw_
used. Efficiencies may be estimated as follows. Lg LI.T\?;E FEEDBACK
3.4.1 Series-Switch Step-Down Implementation of Fig. WA +72Vg || RECTFIERS | | SERIES-swiTCH
ig. 3-10 NOM: + 156 V \rH AN LY STEP-DOWN Vgl

(Fig. 3-10) iy bty | Fier POSTREGULATOR

In Sect. 1.2.1, it was shown that a series-switch step-¢ INFUT @®— UL
efficiency is V,/(V, + 2). Assume (for the worstcase) all the output p ‘ &

V. 1t matters little whether there is only one or there are many ou recTirieRs by dcf;':,}fq—gg pecTiFiers | | SERIES-SWITCH
For the same total output power, efficiency will not change much :-ﬁggn i :Iu]; PLE ™ :IMEEE %ﬁﬁﬂ'ﬂm Vo2
level control circuits dissipation for three output voltages is mat | | ceconnaries
different from that of a single output. Then the efficiency of the : 3 FEEDBACK
regulators is V,/(V, + 2)=5/7T=T71%. VA

: UNREGUL ATED ?

Now assume the dc/ac converter produces an output of INPUT VOLTAGE L :%cunnms = E;E;E?)oswwrh ) vx
secondary rectification. This will be chopped down to 5 V in the ou ; FILTER | PosTREGULATCR | |
regulator, Then from Eq. 2-18, assuming a nominal 154 V input. t | g I
verter efficiency (assuming 3% loss in the power transformer) IS i REFF =90% =le EFF =%0% e EFF=TI% —

¥ [FOR 156 V INPLT e ®
+20 V OUTPUT) I

E=[(Vac — DIV P [V, (Vo + D]OST)
= (155/156)*(20/21)(0.97) = 91%

&5. lm =20V
- ED TOTAL LOW-LEVEL CONTROL AND DRIVE LOSSES=8% 0 e

r Fig. 310, Series-switch step-down output regulator implementation of

Then for an input bridge rectifier efficiency of 99% and lo :l'm.’d3~3. Overall efficiency is 59% for most of output power at 5-V

and drive circuit losses of 8%, the total system efficiency of Fig. 3-

s
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Now in Fig. 3-10, if the dc/dc converter were designed FEEDBACK
mum output voltage of B.7 V, its efficiency (from Eq. 2-1B) is .
MAY: +172 Vge RECTFIERS | | sepies-pnss
E = [(Vge— DIVa I [V,/(V, + 2)](0.97) ooy bishrandd g A POSTREGULATGR [+ Yol
s =140V ,
= (155/156)(8.7/10.7)(0.97) = 78% or
: : : ol @ FEEDRACK / FEEDSACK
Then total system efficiency of Fig. 3-10 with the series-switch | L ik S
lator output replaced by a series-pass device is: g5 |1 | SERIES-SWITCH _L CONVEATER RECTIFIERS 7
N e [y eson Hhy e e e
E = Series-pass regulator efficiency FILTER | PrerecuLATOR | | :Edé_o:‘% - £
X de/dc Converter efficiency | : ctensden
x Input bridge rectifier efficiency | |
X Low-level control and drive circuit loss effic ‘ RECTIFIERS | | senies.pass
= (0.57)(0.78)(0.99)(0.92) | fier || PosTREGULAToR [ ) Y63
= 40% ‘ |
EFF=99% == EFF =98% == — EFF =T79% >la— EFF=83% —»|

It is obvious from the discussion in Sect. 3.2.1 and Table
this low efficiency, at a load power of about 50 W. the heat sink vol
to keep the heat sink temperature rise to 50°C will be about 60 cu
much volume allotted to the heat sink alone, load power density
inch is obviously not attainable.

Thus, the scheme of Fig. 3-3 implemented with series
regulators is only feasible at low output powers for cases in whi
densities of less than 0.5 W/cubic inch are acceptable or in wh
convection cooling is available.

ATED TOTAL LOW-LEVEL CONTROL AND DRIVE LOSSES = 8%

Fig. 3-11. Implementation of Fig. 3-4A with a series-switch step-down
preregulator and series-pass postregulators. Overall efficiency is 59%
for most of the output power at a 5-V level with a preregulated 6-V
input.

High-current transistors, such as the 2N3771 class, have saturation
low 1.0 V at currents up to 12 A (Fig. 1-13C). Such a transistor can be
D a series-pass configuration after the preregulated dc/dc converter and
| safely with its dc input only 1 V above the output. In this case, series-
iency to ¥,/(V, + 1) = 5/6 = 83% for 5 V of output.

_'How in Fig. 3-11, assume the series-switch step-down preregulator
(as discussed in Sect. 3.2.2) 110 V as an input for the dc/dc converter,
verter efficiency as given by Eq. 2-1B is

E= [(Vdc = lldec]2[VoHVa + ”]E

3% transformer losses,

E = (109/110)%(5/6)0.97) = 79%

es-switch step-dewn converter efficiency is (from Eq. 1-2A)
E=V.i(v,+2)=110/112 = 98%

35 Building Block Combinations of Preregulated di
Converters with Postregulated Secondary Outputs
(Fig. 3-4) il

This has been discussed in some detail in Sect. 3.1.4. It i
used with a series-switch step-down preregulator regulating th
voltage down to about 110 V where its efficiency is 98% (Sect. 3.2.2).
be used with the shunt-switch step-up regulator providing a '
at about the same efficiency (Sect. 3.2.3). '

But, as discussed in Sect. 3.2.3, with 200 V to the dc/ac co
verter transistors with V., ratings of 600 V should be used to alle
spikes at inverter turnoff resulting from transformer leakage
600-V rating also permits a 20% derating of the vendors maximum VO
If such high voltage transistors are not available at the required
switching speed ratings. the four-transistor bridge inverter of Fig. 2-138
used.

{ m_:}'sfor 99% input rectifier efficiency, and 8% low-level control and
Ses, total system efficiency of Fig. 3-11 is

E = E(Output series-pass regulator)

X E(de/dec Converter— 110 V input, 6 V output)

X E(Series-switch step-down regulator— 156 V input,

110 V output)

X E(Input bridge rectifier efficiency)

X E(Efficiency due to low-level control, drive losses)
= (0.83)(0.79)(0.98)(0.99)(0.92)
= 59%

3.5.1 Series-Switch Step-Down Preregulator with Se
Postregulator Implementation of Fig. 3-4 (Fig. 3-11)

With preregulated input to the dc/ac converter, the converter
voltage can be designed to be a safe 2 V above the desired series
voltage. It will remain constant at that value for line and load \
hence, even at maximum ac line voltage. the series-pass efficiency
VIV iuumax- i for a 5-V output, 5/7 or 71%.



lating Systems 99
98 Power Supply, Power Converter Design Compound Regulating Sy

It is obvious that the low efficiency at the 5-V outputis primap i 5
sible for the lower overall efficiency. In most cases, it is not quite true thay -—,
the output power is at a 5-V level. In those cases, the scheme of Fig, 3- . bl
implemented with about 65-68% efficiency. ' b 1/2 —+] L P
\ FEEDBACK k™ 772 Y0

3.5.2 Series-Switch Step-Down Preregulator with

% o R !
Step-Down Postregulator Implementation of Fig. 3-4 b ’ o
A ¥ : HALF-CYCLE FILTER !
It was noted in Sect. 3.5.1 that with preregulated dc input vol| 1§ RECTIFIERS , WIBE:}NE?ULATED - FEEDBACK |
i s transi its setting regulator i LINE AN oL
a 2N3771 series-pas sistor permits setting regu input only putee [ | uree | ;‘EE}SJD“PMS e W

its output. Thus, at 5 V output, efficiency V,/(V,+ 1)= 5/6 or B3%, B
1.2.1, it has been shown that the series-switch step-down regulator (co
only dc and ac power transistor losses) has an efficiency of V,/(V, +
= 71%. From an efficiency viewpoint, there is thus no advantage to b
using the series-switch step-down postregulator in the configuration ¢
which has preregulated input to the dc/ac converter.

POSTREGULATOR _Lv?
u_—[‘r_:gl !
i W 2R

— =

| AND
FILTER

FEEDBACK

SWITCHING
POSTREGULATOR

. o 3 vy ={ Sty
'. LU e
3.6  Building Block Combinations of Half-Cycle, Width- M
Modulated Inverters with Line-Omnly-Regulated Slay
Outputs (Figs. 3-5 and 3-12)

FEEDBACK

3.12, Half-cycle, width-modulated inverter with a feed-
around the main output. Switching postregulators,
‘with its own duty cycle, permits a single secondary
lter to be used for a multiplicity of outputs.

SWITCHING
POSTREGULATOR

Tal
"I03=‘{ %] V)

This configuration was discussed in Sect. 3.2.6 as a version
regulated schemes of Fig. 3-2 in which the preregulator function an:
converter function are combined into the one half-cycle, width-n
verter. It is shown in Sect. 3.2.4 that this combination has an overal
of 72% when most of its output power is at a 5-V level.

instances, as in Fig. 3-12, in which a single-transformer secondary-
filter combination provides input for a multiplicity of switching regu-
each with its own duty cycle and output voltages, there might be an
The space saving offered by use of a single-transformer secondary-
r-filter might in some applications outweigh the higher component count
e switching postregulators. The single-secondary, rectifier-filter is possible,
e, only with switching postregulators, since series-pass postregulators
te with large voltage drops and consequently high dissipation across
-output-voltage series-pass elements.

Efficiency of configurations such as in Fig. 3-12 can be as high as 72%
¥ith most of the output power at the 5-V level.

37  Building Block Combinations of Half-Cycle, Width-"
Modulated Inverters with Postregulated Slave Out
(Fig. 3-6)

3.7.1 Series-Pass Postregulators

This was shown in Fig. 3-6 and discussed in Sect. 3.1.6. OV
efficiency depends on how the output power is divided between ¥
5-V output) and V,,. V,;. If most of the output power is in the V,
5 V output, the efficiency is close to the same 72% discussed in Sect.
series-pass postregulators here serve to provide better load regulation i
changes in the output at V,,, V,, resulting from load changes in ¥,

The efficiency or internal losses of a system such as in
series-pass postregulators may be compared to the one in Fig. 3=
voltages and current outputs at V,,;, V., ¥, in both systems, the sch
3-6 has losses exceeding those in Fig. 3-5 by only (1){(/,, +1,5).
course, because the preregulated inputs to V/,,, V,, permit their d¢
only 1 V above their corresponding outputs. Overall system el
generally range between 65 and 72%.

3.7.2 Series-Switch Step-Down Postregulators (Fig. 3-12

With only a 1-2 V drop across the series-pass postregula
use of more complex switching postregulators might be thought po

- DC Prime Power Systems

All of the block diagram combinations of Fig. 3-1 to 3-6 following the
“filter block are usable when the prime power is dc. In the schemes of
10 3-6, the rectified dc is nominally +156 V. In systems in which the
is d, it is usually at a level of +28 or +30 V for aircraft, missile,
OF submarine power systems. In occasional applications in vehicles,
er de voltage is at a 12-V level.

ency figures calculated in Sects. 3.2 to 3.7 will change with lower
Losses will drop 1-3% because input rectifiers and surge current-
MOrS are eliminated. And the high dc voltage of 156 V (172 V
_-“S\I]h'ng from rectifying the ac line directly, often forces the use of a
8tor bridge inverter because of inadequate voltage ratings of transistors
m""""’D-tl'al'lsistor inverters. Losses in the four-transistor inverters are,
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of course, twice that in the two-transistor configuration. Thus, with .
in a de prime power system. this problem does not arise —two-tran W:oeses,
with their lower losses are always usable. 3
But with lower dc input, the first building block in most of
tions of Fig. 3-1 to 3-6 will operate with greater losses at the lower ing
Thus. a series-pass first building block has an efficiency of ¥, /¥, am 4
output voltage 2 V below the lowest input (90% of nominal input) and g
input of 110% of nominal input. Then for a dc prime power source
=10%, a series-pass regulator putting out [(0.9)(28) — 2] or 23 ¥
efficiency at maximum line of 23/(1.1)(28) = 23/31 = 74%.
Now (Sect. 3.2.1) a series-pass regulator operating off the
ac line voltage can generate an output voltage no higher than+134 !
the bottom of a 2-V ripple triangle at 90% of ac input voltage). A
voltage, dc input is 172 V and efficiency is 134/172 or 78%.
[t has been shown (Sect. 1.2.1) that the efficiency of a
step-down regulator at 20 kHz or higher is V,/(V, + 2). Thus, if such
were used to generate the above output voltages from the same soi
from 28 £10% and +134 from 156 =10%). the former would have
of 23/25 or 92%, the latter 134/136 or 98%.
The dc/dc converter operating off lower dc input voltages a
efficiencies. Equation 2-1B gives converter efficiency as

E= [[Vdr = IHVdr]z[Voi"("‘a nE 1]]60

Thus, a converter operating off a preregulated 23 V with 3% trans
and generating an output of 5 V has an efficiency of i

E = (22/23)45/6)0.97) = 73.9%

rating off preregulated 134 V, generating the same 5 V with 3% trans-
the converter efficiency is

E = (133/134)*(5/6)(0.97) = 79.6%

One advantage in operating off a dc prime power source is the savings, of
in the size of the input filter capacitor needed to yield adequately low
It will be shown in Chap. 5, Fig. 5-5, that at 60 Hz in a single-phase,
vave rectifier, to achieve a peak-to-peak ripple voltage of 8 V requires a
capacitor of 1,000 wFfampere of load current out of the filter. Input filter
citors can in some cases account foras much as 25% of the volume of a power
E Further, in designing a series-pass regulator to run off a source with
voltage, allowance must be made to ensure that the bottom of the ripple

is safely above the output voltage. An 8-V peak-to-peak ripple adds
her 4 V across the series-pass element and increases its dissipation by

Prime Power Systems with 400-Hz Line Frequency

Somewhat more freedom of choice in a block diagram is available when
me power source is 400 Hz. This is because of the relatively small size of
Hz power transformers and the smaller filter capacitors required to
adequately low ripple. Use of a 400-Hz transformer whose size is no longer
ve provides dc isolation from the ac and often obviates the need for a
¢ converter. The weight of a 400-Hz transformer is roughly 0.01 Ib/watt as
ared to about 0.06 1b/watt for 60-Hz units. Some of the possible block dia-
1 combinations that become attractive with 400-Hz input power are described

FEEDBACK next two sections.
) SERIES-SWITCH i +ﬁ*.; A 3.9.1 Transformer-Isolated Series-Switch Step-Down
= STEF-DOWN o1 =#57 0 :
umizgz;u._kza REGULATOR i Regulators (Fig. 3-13)
400 ™ ’ FEEDBACK _ This scheme competes with the one in Fig. 3-10. In Fig. 3-13, with most
L i \ output power at a 5-V level, the series-switch efficiency is V,/(V, + 2)
p—— I RECTIFERS W SERIES SWITCH e = T71%. With 20 V nominal output from the rectified secondary and a 1-V
INPUT FILTER b | REGULATOR dl'?p. the rectifier-filter element has an efficiency of 95%. Assuming
: _ in the 400-Hz input transformer and 8% low-level drive and control
FEEDBACK : Ses, the total system efficiency of Fig. 3-13 is (0.71)(0.95)(0.95)(0.92)
SERIES-SWTCH E
9 E'[E;ELE:?I{E — Vo3 g;hﬂ scheme of Fig. 3-10 required a dc/ac converter to supply line-
_ --Mlﬂput lo_lhe separate output switching regulators. Its resulting effi-
ERE N | S -|'| s g \ECL. 3.4.1) is 58%. It probably requires a four-transistor bridge rather
; T | By ASSuMInG HOST : m{‘mslm push-pull inverter because of voltage rating considerations
i o V LEVEL) s drops its efficiency down to 56% because of the 1-V drop and ac
ESTIMATED LOW-LEVEL CONTROL AND DRIVE LOSSES=68% 'él‘:us:sifh dc losses) in four rather than two transistors.

ficans 400 Hz is available, the scheme of Fig. 3-13 with a low-weight
o, ormer is more efficient and has fewer components than the scheme

Fig. 3-13. With 400 Hz input power, the low weight and volume
input power transformer becomes attractive. Overall system €
of 59% is easily possible.
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3.9.2 Power Transformer-Rectifier-Driven Series-Pass

RECTIFIERS
Preregula.tor w_lth a dc/dc Converter with Open-Loop o —— oo H Vol
Secondaries (Fig. 3-14) mﬁ‘:{[}:\ufﬁ L 2y
The configuration is competitive with that of Fig. 3-7. In [ RECTIFIERS] [ oppies_pass e e H Va2

400-Hz line transformer has been added. At about 0.01 Ib/watt, it is &Q:@ [ ;*I"‘L{:[H PREREGULATOR MULTIPLE ALTER |7

nificant in size and weight. SELONDARIES
It is shown in Chap. 5, Fig. 5-5, that at 60 Hz, a filter capa W By

@ F Joutput ampere (output from the filter) yields a peak-to-peak e FILTER

8 V. Then, at 400 Hz, the same-sized filter capacitor could be used

drop the peak-to-peak ripple (60/400)(8) or about 1 V. mmm"l SERIES-SWITCH s
With this negligible ripple, the transformer secondary vo ?INLQEP g}%‘;f}r‘;: P04

chosen to yield a rectified output voltage only 2 V above that ofthe 1 : {

regulator at low ac line input. If, as in Fig. 3-7, a series-pass output
is selected, the rectified output at low ac line voltage is +131 V, at nos
putitis (1.1)(131) or 144 V, and at high line. it is (1.1)(144) or 158

Series-pass regulator efficiency at high line is 129/158 or
compares with 75% in Fig. 3-7 in which the dc input to the regulatc
higher to cope with the 8-V peak-to-peak ripple voltage. Now
efficiency after the series-pass regulator as in Fig. 3-7 and again
low-level control and drive circuit losses. Assume again 95% power
efficiency and 99% rectifier efficiency (1-V rectifier drop, 140-V n
for an efficiency of 139/140 = 99%). Overall efficiency of the s
3-14 is then (0.95)(0.99)(0.82)(0.79)(0.92) = 56%. This compares {0
the scheme of Fig. 3-7. But despite the insignificant gain in efficiency
in Fig. 3-14 has some advantages over the one in Fig. 3-7. It is sti
from input of the dc/ac converter to outputs, and thus outputs will
about =0.1 V with load changes and a significant amount with line

The chief advantage of the transformer of Fig. 3-14 is thi
secondary windings can be provided. These are often necessary as

Fig. 3-15. A combination of Figs. 3-13 and 3- 4. V,,, coming through
a second secondary, minimizes loading on the dc/ac converter and
series-pass preregulator.

: control and drive circuitry. Also, leakage inductance in the transformer re-
es the transient current pulse drawn by the filter capacitor at turnon.

y Possibly, as in Fig. 3-15, a second secondary winding can be used and
-d to serve as an unregulated dc source fora series-switch step-down regu-
whenever the open-loop regulation is insufficient. Although one of !he
op outputs could also provide such a source, its power would be.commg
the dc/ac converter and possibly force the use of the larger inverter
ors.

Generally, 400-Hz line-derived power is less expensive in components,
s. and power dissipation than power that first must come through a dc/ac
Looked at another way, Fig. 3-15 is really a combination of Fig. 3-13
=14, in which one secondary provides Fig. 3-13-type outputs and another

ary branches out to provide Fig. 3-14-type outputs.

Vgt +158 | i
Vnom +144 > RIPPLE =1V /P e 5 4
400 k2 Vot +13 Vo= +129v RECC are the nominal, peak, and minimum dc output voltages from an off-the-
DR -1 {f FEEDBACK / FILTER e rectifier whose ac input is single-phase 220 V =10%, 60 Hz? What
/ B

-to-peak ripple assuming a filter capacitance of 2,000 pF/load ampere?
. 3.1, what is the magnitude of the filter capacitor at 50, 100, 200, and

| I‘ de hre ;

RECTIFIERS 1 5 CONVERTER RECTIFIERS
AND 2y WiTH AND i S
ik of rectifier output power?

FILTER NULTIPLE FILTER

400 Hz
INPUT

- RECTIFIERS Pass regulator in the scheme of Fig. 3-7, with the input of Prob. 31

AND She maximum regulated output voltage? What is the efficiency at maxi-

= AMpuL at this output? What is the efficiency at a regulated output of 225 V?

L | I ‘ ‘ l ) Me as in Fig. 3-7, with an ac input of 115+%, a series-pass output of
=95% = |=E=99% = |- f= - E=T70% {18 singl 2 ;i X

£ . :=Iazz?::|5& (ASSUMING MOST QUTPUT il € output of 5 V, 3% transformer losses, and line rectifier efficiency

FONER AT 5-V LEVEL) L are the efficiencies and internal dissipations for output powers

and 200 W assuming 5% control and drive circuit losses?
_‘4* What would the total system efficiency be if the series-pass regulator

; ed by a series-switch step-down regulator producing the same 105
the dc/ac converter?

Fig. 3-14, With 400 Hz input, an input transformer is attractive. Ope
loop secondaries from an ac/dc converter with a series-pass prer
lator input gives adequate regulation and overall system efficiency
56%.
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3.6 In Prob. 3.5, what would the internal dissipations be for output pow
100, and 200 W? y
3.71In Prob. 3.6, what are the required heat sink thermal resistances f
temperature rises of 30°C at output powers of 50, 100, and 200
the normalized 10-W thermal resistance and the corresponding heat sin|
What is the available volume for everything but the heat sink to
power densities of 1 W/cubic inch?

3.8 In the scheme of Fig. 3-9, with only two outputs of 30 V. and assum

input rectifier efficiency, 97% transformer efficiency, transistor ac lg
to dc losses, and 95% low-level losses, what are the efficiencies an
dissipations for 10 A of output current from each of the 30-V outputs?
3.9 In the scheme of Fig. 3-10, with only two outputs of 15 V at 2 A

dc/ac converter designed to give 30 V output to the input of the step-do N

ing regulator, what is the efficiency and internal dissipation?

Assume 5% low-level control and drive circuit losses and 39

former losses in the dc/ac converter.

3.10 In the block diagram of Fig. 3-11, assume one 5-V output at § At

outputs at | A, and two 30-V outputs at 10 A each, What is
a. Total series-pass dissipation assuming preregulator keeps s
inputs a constant 1 V above the outputs.

b. Total output rectifier losses at | V forward drop per rectifier.

R

c. Total load power.

d. Total power delivered by converter transformer secondary.

e. Transformer losses assuming 98% transformer efficiency.
f. Total power input to transformer primary.

g. Primary current. |
h. Total converter transistor losses assuming ac losses equal
i. Total input power to dc/dc converter.

J. Switching preregulator efficiency.

k. Input power to preregulator switch.
I. Switch losses in preregulator (total ac + dc).

m. Average input current to preregulator switch.

n. Input rectifier losses assuming a bridge rectifier.

0. Total input power from ac line not counting low-level

circuit losses.

p. Low-level and control circuit losses assuming 5% of input
q. Total input power.
r. Overall efficiency.

4
Elements of Thermal Design

Introduction

Electronics designers achieve satisfactory power supply circuit designs

) a combination of paper and pencil analysis and breadboarding to pick up the

subtle and unpredictable transient, spiking, and ac waveform problems.
e circuit designers, however, pay insufficient attention to the thermal design
kaging. Even with a successful, working breadboard, the majority of
with a fully packaged supply is very often the result of an inadequate
design. .

In this chapter, the elements of thermal design will be taken up. Analysis
t be rigorous, since exact temperature predictions within a supply can be
“only by complex computer analysis. By the relatively simple analysis
d herein, critical temperatures can be calculated to within approxi-
Sto 10°C.

~ Maximum Permissible Temperature and
Temperature Deratings

The first task in a thermal analysis is to set goals as to what the maxi-
nissible temperatures will be for various components in order to prevent
Strophic failures and achieve long-time reliability.
The majority of problems arise with semiconductor elements. Manu-
maximum junction temperatures must be adequately derated to allow
emperature calculations, overlooking the worst combinations of
It and high device voltage. which causes highest power dissipation
kg_-he“ temperature, Often, the worst combinations of voltage and
Are unknown at the start of a power supply design because the system
; lnt firmly established the dynamic load current versus time profile.
100 temperatures must be derated not only to avoid catastrophic
lting from greatly exceeding the manufacturer’'s maximum ratings
there is a statistical probability of failures occurring even if
ratings are not exceeded. This probability of failure

105
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depends strongly on how close to the maximum permissible junction:
the devices operate.

This failure rate or number of failures per 10** hr is given
of operating junction temperature in tables such as the Mil and
(Fig. 2-7). From such tables, device temperatures, and the total m
vices of various types, a decision can be made as to how much to
the manufacturer's maximum specified junction temperature in 0
a total system’s mean time between failures (MTBF) requirement. T
seen as follows. .

Consider a power supply or system having N,, transistors o
N,, transistors of type T2, N, resistors, N, diodes, N, capacitor
magnetic elements (inductors or transformers). Then from the afo
Mil Handbook 217A, the number of failures per million hours is
function of their operating temperatures. If these failures per million
respectively Nyii» Nyeas Nyo» Nyas Nye, and Ny, then the total number
in the entire power supply per million hours is

Nuat = NuNpey + NeNygg + NoNpe + NgNgg+ NN,

The MTBF, which has specified limits for almost all mili
reliability commercial equipment, is then given by
108

J\’ todal

This is poor design practice and, in equipment in which failures and
+ ns are costly i dollars and perhaps lives, cannot be tolerated. There is
B0 . wide concensus as to what constitutes reliable maximum silicon
‘“_ ::ympcmtures. but a faily common practice is 10 ‘Ijmit t!w worst-case
device junction temperatures to 135-150°C for *“*high-reliability”’ com-
: jpment, 125-135°C for conventional military equipment, and 105°C
oljable military or space equipment.

Temperature Calculations and Thermal Resistance Concept

A large variety of temperature calculations can be simplified and per-
d using the concept of “thermal resistance™ as shown in Fig. 4-1.

In this concept, the path of heat flow or power is known or approxi-
d and is taken as analogous 10 current in an electrical circuit. Various
.| resistance elements in the heat-flow path are taken analogous to elec-
resistance.

Temperature drop or gradient across an element is analogous to voltage
across aresistor. Then, just as voltage drop is calculated by

¥ (volts) = [/ (amperes)] [R (ohms)]

femperature gradient across an element of thermal resistance 6, through
h a power P is flowing, calculated by

AT (°C) = [P (watts)] [ (°C/watt)] (4-1)

The actual value of thermal resistance of an element is a complex
! n of the heat-flow path through it and is accurately calculable only if the

In general, it will be found this is not the limiting cntenon i -heat—ﬂow path is known. In contrast, if a voltage is applied across the ends
junction temperature. It will be found —especially when the number j wire of length L, area A, electrical resistivity p, its resistance is easily
and diodes is small —that MTBF requirements can usually be met ted as R = p(L/A). This is so, of course, because the ends of the wire are

temperatures quite close to the vendor's maximum specified va tential surfaces and current flow path is along the wire.
for silicon devices.' In the heat-flow situation, if, say, there is a metal chassis with a number

It is rather the unpredictable circuit and operaling mode dissipating transistors distributed at random over it and cooling it by
that dictate a lower temperature. Things like odd load or line i lates at one end of the chassis, the problem is one of heat flow in three
voltage and current overlap at turnoff of switching devices, second ns and not easily solvable without simplifying approximations.
component parameter tolerances building up, and uncertainty in Th‘ problem is very similar to the calculation of currents and voltage:
calculations make it necessary to set a lower temperature limit than h of interconnected electrical resistances with many nodes. Such therma
to meet the MTBF specification. tions are easily done by computer using a thermal model in which variou:
Various companies, programs, and individuals have their
phies as to what constitutes safe derating factors for the most
sensitive elements —semiconductors, In the very competitive €O
supply market, policy is often to permit worst-case maximum
temperature to reach 200°C for silicon devices whose manufactu
rating is 200°C.

MTBF (hr)=

To achieve the required MTBF, device operating ter
be set low enough to yield a sufficiently low failure rate from
failure rate tables.

IIAMPERES| P [POWER-WATTS]

Vi=IRl 8 é ATi={(P1{E1I

>
> aT2=(P2)(e2!
%

~

ve=Ir2 ]

| There is no single catastrophic failure occurring precisely at 24
devices, Thal temperature is defined as “maximum’ in the
has been found that devices beyond that temperature have s
cally unacceptable “failure” rate after a 1,000-hr life test. ““Fail
taken as a 20% degradation of a significant parameter such as ©
or collector leakage current (., of lg,), although these S
failure criteria may vary from vendor to vendor.

V3=[R3 AT3=P3I(e3)

KNOWN
REFERENCE

OR GROUND
PUTENTIAL TEMPERATURE

L. The concept of thermal resistance simplifies thermal calculations.
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nodes are established and simplifying approximations of the thermal
between nodes are made. i

In most instances, simplifying approximations as to h
and thermal resistances can be made and temperatures calculs
curacy of about 10°C without computer calculations.

Thus, calculations or measurements of the thermal resi
paths to a reference point of known temperature, permits ¢a
conductor junction temperature (or that of any point in the path)
If the semiconductor is at the top of a string of elements of themﬂ
8,,8,, 8, ..., through which flow powers P,, Py. Py, .. ., then its
perature for a reference point temperature of T, is (asin Fig. 4-1)

T,=T,+ P8, + Py + P+ - b
Either T, is the known temperature of the ambient air if cooling

:on and convection, OF it may be that of a coolant at known tempera-
\ wm is by conduction to a cold plate kept at a fixed temperature by a

Transistor Junction Temperature Calculations
) 4.3.1 Junction Temperatures for Heat-Sink-Mounted Transistors

In most cases, for power supplies up to 1,000 W of output power, the

heat is ultimately disposed of by radiation and convection to the
+ air from a “heat sink.” Heat sinks are aluminum extrusions with large
(o increase their heat-radiating efficiency (decrease their thermal

For power dissipations up to 100 W, the heat sink area and volume

.rv to achieve reasonably low temperature rise (50°C or less) are suffi-

-small so that natural convection cooling is adequate. Above 100 W, for

n ambient temperatures above 60°C, forced convection or fan cooling
necessary.

" Heat sinks come in a variety of shapes, sizes, and fin designs (Fig. 4-2).

- hey are generally specified by the vendor in thermal resistance (°C/watt) from

2501 mu 20.7 sq in. din.  1-1/16n face to the ambient air temperature for a fixed extrusion length —gen-

’ dly 3 in. They may also be obtained in any length for various-shaped ex-

] : o - y ' To permit thermal designs with greater extrusion lengths (and, hence,
2502 333 sq in. 4in.  19/321 _ arger area and lower thermal resistance), the vendor specifies the heat sink in

‘area per running inch length of extrusion. Thermal resistance is primarily
2503 % 423sgin. 5l/8In. L

EXTRUSION SURFACE ARER  DVERALL DVERALL
TYPE PER IN. OF LEKGTH WIDTH DEPTH

n of surface area and power level. Thus, from curves such as in Figs.

2508 s S L' 15659 i 43/din,
2509 E i i i i i 22850 in.  43/4in.
2510 EY ' 109sq in 27/8in. 11/16i-SE8 S K w0 |-
' 7 3004
wT 531 b/’

3 1 |
2517 363sq in. 43/4in. mn. e iy | 1312 ;
38 —t TR 120w
P : ; 3 g 312
2518 H—HH B46sc in.  61/4n. :

Fig. 4-2A. Some typical heat-sink extrusions, (Courtesy Astrodyne:

y . 8875 —— ——————
2504 M 183sqin.  din. 30— |~
v 2020
2505 H:.h_&H 865qin.  din. 2P W ssembr
= ' T.R. 1.2°C/wW
2506 [{-Hj-ﬂ-}H 31sqin  51/80n. -
e &5500—
| = =200
! T 2001

1.600
i L WT. 3.421b/1"
. T.R. 0.8°C/W

4-2B. Addit; £
o i’ill;lonal extrusion types; thermal resistance (TR) is for
Inc,) bower level causing 50°C temperature rise. (Courtesy
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TRANSISTOR CHIP

from Eq. 4-2, since 32 W flows into the heat sink, 8 W through each
TRANSISTORCASE INSULATING WASHER '

. washer, and 8 W through each transistor junction to case resistance:
T,=T,+ 4P Ora+ PO+ PiB
=70+ 4(8)(2)+8(0.7)+ 8(1) = 147.6°C

» equals pOWer dissipation per transistor.

‘As discussed in Sect. 4.1, this would be too high for reliable military
in which the goal is to limit maximum junction temperatures to 105°C.
junction temperatures, a larger area heat sink with lower thermal
can be chosen.

‘The design procedure more frequently is first to establish the maximum
r junction temperature, (o calculate the required thermal resistance
. 4-2, and then, using Figs. 4-7 and 4-8, to calculate the necessary heat
.3 to achieve the required thermal resistance. This can be seen as follows.
For a maximum junction temperature of 105°C, from Eq. 4-2,

105 =70 + 4(8)65,q + 8(0.7) + 8(1)

Bpy = (105 — 70 — 5.6 — 8)/32
= 21.4/32 = 0.67°C/watt

"FINNED
HEAT SINK

Fig. 4-3. Thermal resistances involved in transistor junction tei
ture calculations: heat sink to ambient air, heat sink to transistor
ihrough insulating washer, and transistor junction to case.

4-7 and 4-8, thermal resistance for any area and power level can
or, given a desired thermal resistance at any power level, the requir
area may be calculated from Figs. 4-7 and 4-8.

When thermal resistance is given by the vendor for his stan
length of 3 in., since it is dependent on power level, it is generally
power level resulting in a 50°C temperature rise.

The transistors are penerally mounted on the heat sink
attached to it and having low thermal contact resistance to the hea
may also be mounted on the chassis itself and the heat sink attached |
with a low thermal contact resistance between chassis and heat sink.

In the temperature calculation of Eg. 4-2, the the
involved can be seen from Fig. 4-3. First. there is the thermal
heat sink to the ambient air. This is calculated from its total area a
from Figs. 4-7 and 4-8. Usually, the transistor case must be electri
from the chassis or heat sink. This requires an insulating
mica, anodized aluminum, plastic film, or silicone rubber. Th
through the washer, from the bottom of the transistor case to the'
sink, generally ranges from 0.4 to 1.0°C/watt for TO3 transistor
washers.

‘Thus. a heat sink of 0.67°C/watt at a 32-W power level is required.
. 4-8, at 32 W, the heat sink thermal resistance is 0.59 times as large
mal resistance at a 1-W power level. Thus, the normalized 1-W thermal
ance is 0.67/0.59 = 1.13°C/watt. From Fig. 4-7, this requires a heat sink

- 4.3.2 Thermal Resistance/Thermal Conductivity/Geometry

~ Relationships

The basic relationship in heat transfer by conduction is shown in Fig.

sider an element with two faces of area 4, separated by a length L. If

faces are kept at temperatures T1 and T2, respectively, and all the heat
flowing into the first face flows out through the second, then the power

ing through the element is
P=(KAILYT2-T1) (4-3)

Thermal resistances from transistor junction to the bottor
{8,) is specified by the vendor for most transistors and diodes. It
0.75-1.5°C/watt for transistors in TO3 cases to 5-7°C/watt ) i
devices, 45-60°C/watt for TO5 case devices (with some newer ty|
6.6-17.5°C/watt), and 83-145°C/watt for TO18 case devices.
of 8, depends on the transistor chip size and the thermal resi
in the manner by which the chip is attached to the transistor ca
6, values represent the average of present-day chip sizes and chi

HEAT FLOW
%

\
T ———g \

means. i AREA-A (5 cm | ——gm i -T2
. 4 . T POWER-F —— g
Design Example: Junction Temperature and Heat Sink B WATTS
Area Calculation 4 \
For a specific case in Fig. 4-3, assume an ambient e
70°C, thermal resistance from heat sink to ambient air (8,) Of - L lemi
resistance through the insulating washer (6,,) of 0.7°C/watt, k 44, Basic heat transfer relation (T2 — T1) = PLIKA: for K in

transistor with a resistance from junction to case (8,) of 1°C/w
that there are four transistors mounted on the heat sink with

"8 Per °C per g

. qQuare centimeter per centi <L £ :
N Square centj per centimeter; L in centimeters;

meters; P in watts; and (72 — T1) in°C.
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Thermial corin .11 defined in length and cross-sectional area, but simplifying approxima-
Material (Waitsisg cmjem|>C) : {0 2Verage cross-sectional area and path length generally make it possible
T : i bout 10% from Eq. 4-4.
oo 0.00024 ¢ thermal resistance to & Eq

values of thermal conductivity for some materials in common usage

Aluminum 2.25 =S

Aluminum oxide 0.20 field are shown in Fig. 4-3.

Beryllium oxide 2.08 4,33 Thermal Resistance Calculation for a Potted Toroidal Core
e s Teansformer in a Cylindrical Hole in a Heat Sink

Epony st 0.0030 As an example of the type of simplifying approximations used in thermal
o s se calculations, consider the transformer of Fig. 4-6A.
Oagspappsiicas) 0.010 The transformer is wound on a ferrite toroid (core 144T500 of Fig.
aug 232 | The toroid has an OD of 2.90 in., an ID of 1.53 in., and a height of 0.50 in.
Ez:m alloy g?; : ..‘ windings are wound uniformly around the toroid, w_hich is then en-
Mica 0.0043 ed in a thin-walled aluminum can using a silicnne_ rubber lGE type RTV
Nichrome 0.132 4-5) potting material. Assume that the pottimg material completely
Nickel 0.62 the wound core with silicone rubber wall thickness of 0.1 in. between
Silicon 0.83 wall of the aluminum can and the copper windings.

Silicone rubber (G.E. typs RTV) 0.0026 Now assuming that the transformer is cooled by inserting it in a hole
Silver 4.19 sive aluminum block or heat sink kept at a reference temperature of T,
Stainless steel 0.16 sformer can fit snugly within the hole so that there is no thermal re-

Fig. 4-5. Thermal conductivity of materials in common use in elec

THIN-WALLED
ALUMINUM CAN
SILICONE RUBBER /
POTTING ENCAPSULANT

The proportionality constant K is referred to as the
ductivity.” For P in watts, A in square centimeters, L in centim
— T1) in °C, K has the dimensions of watts per °C per square
centimeter. In terms of heat flow. since 1 cal/sec equals 4.187 W.
that if the opposite faces of area A (in centimeters) separated by L
are maintained at a temperature differential of (72 — T'1)°C, the hes
the two faces is P/4.187 cal/sec for a power flow of P watts

FERRITE TOROIDAL CORE THICK ALUMINUN

faces. 00=29in. HEAT SINKAT
Equation 4-3 can be interpreted in another way. If a p¢ gl FEMPERATURE g

flows through two faces of 4 (square centimeters), which are ¢ l

length L (centimeters) of material of conductivity K, the tempe

between these faces will be given by e | Sin—

ISSHAPED oo
T2—-T1=AT=PL/KA

ALUMINUN BRACKET
';nﬂliﬁaﬁgfc gNTE ROF . ;gs CASE )
N y 3 in. ABOVE = TRANSISTOR 1ot+—+ &
and the thermal resistance of the element in °C/watt is HEAT SINK ]

AT/P=L|KA  °Clwatt

where L is in centimeters and A in square centimeters. _

Thermal conductivity K is most often quoted in engineer;
in units of Btu per hour per square foot per foot per °F. The con
between the two units are

—=ft=— /1€ in.

HEAT
A

. {8l

K (watts/sq cm/cm/°C) = 0.0173K(Btu/hr/sq fi/ft F) 4-6. (A) Thermal resistance calculation for a toroidal core trans-

. . = Potted in silicone rubber in aluminum can inserted in a cylindri-
From Eq. 4-4, thermal resistance of elements of various hole in a large-mass heat sink. (B) Thermal resistance calculation

and thermal conductivity can be calculated. In the usual case, the : fan - aluminum bracket.
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sistance between the outside of the can and inside of the hole,
dissipation in the transformer is all in the copper windings and
losses can be neglected. The copper windings having high thermal
can be assumed to be an isothermal surface.
The windings can dissipate their heat in all directions—
top of the can through 0.1 in. of encapsulant by conduction and
to the ambient air. But this path will have a high thermal res
radiating area is small —it is essentially the annular projection o
toroid. This area is approximately (7/4)(0OD? — ID?) = (x/d)]
= 4.8 sq. in. It will be seen in Sect. 4.4.1, Fig. 4-7, that such a rz
area has a thermal resistance to the ambient air of 26°C/watt.
Heat can also flow out radially by conduction through
encapsulant around the outer periphery of the toroidal winding,
walled aluminum can, and to the inside of the hole in the block,
a fixed temperature.
This latter path is a lower thermal resistance path, sinc
no other temperature gradient once the heat flows radially out |
in. of encapsulant. The heat will thus take this lower thermal
and it can be assumed all of it will flow radially out through this out
of potting material. '
This cylinder has a wall thickness of 0.1 in., average d
-+ 0.1 or 3.0 in., and a height of about 0.5 in. (the height of the tor
In Eq. 4-4, this represents a heat-flow path length of 0.1 in. or 0
effective area through which the heat flows is

A=nDH=m(3)(0.5)=4.7 sq in. = 30.4 sq cm

+ From Eq. 4-4, its thermal resistance is (for aluminum conductivity

e L R YY)

B = KA 2.25(0.60) 3.8°C/watt

4.3.5 Thermal Resistance of a 2-Mil Mica-Insulating
washer for a TO3 Case

A last illustration of the usefulness of Eq. 4-4 is in the calculation of
nal resistance of the often-used 2-mil-thick mica-insulating washer
a TO3 transistor case and a heat sink. The area of the base of a TO3
. case is approximately 5 sq cm. Thus, the thermal resistance of the
cher normal to its face is that of a section 5 cm in area and 2 mils (5
‘em) thick. From Fig. 4-5, mica conductivity is 4.3 X 107, Then from Eq.
» thermal resistance should be

R & o 5x 107
P KA (43 x107%)5)

= 0.23°C/watt

nal resistance measurements on such a 2-mil mica washer show it to
thermal resistance of 0.8-1.0°C/watt.
- This discrepancy can be explained by air spaces or “voids” between
surfaces and those of the transistor base and heat sink. The cases and
surfaces are not perfectly flat and, hence, do not mate uniformly with
across the entire 5 sq cm area of the mica face. It can be seen in Fig.
the thermal conductivity of air in cgs units is 2.4 X 107* as compared
107* for mica, Hence, an air space whose width is that of the mica itself
and only one-tenth its thickness or 0.2 mil will have a thermal resistance

1\/ 43X 1073
0.2 (—) A3X107Y e
7 10 (0.24){ 1[)—3) 0.4°C/watt

Then for a silicone rubber thermal conductivity of 0.0026 W/sq

Eq. 4-4, the thermal resistance of the copper windings to the hi
254

% = é =0 0{?22?30 8 ,

' s Thus, a 2-mil TO3 mica washer with a 0.2-mil equal area air gap in

4.3.4 Thermal Resistance of TO3 Transistor on L-S . » Wﬂt:ilo have a total thermal resistanc;- of 0.23 + 0.40 or 0.63°C/watt.
Aol Mamaitie fivach el : © average measured values ranging from 0.8 to 1.0°C/watt.
n the above calculation of the resistance of a 0.2-mil-thick air gap, it
. __ed it had the thermal conductivity of air. But this is not quite as correct
‘“ct“’ily of 2.4 x 10~ is for air free to move and carry heat away
tion. In a void under the mica, the air is trapped and, hence, its con-
:ﬁy be considerably less than 2.4 X 10, Thus, even smaller-area,
 Baps than postulated above can account for the difference between
f;::‘"e of 0.23°C/watt for mica alone and the actual measured value
).". In using a mica insulating washer, a metal oxide filled silicone
15e " |s usefi on both mica faces to fill the “‘air gaps.” This generally
Tmal resistance from 0.8-1.0°C/watt to about 0.4°C/watt.
Ve thermal resistance calculation of a “thin air gap" points out

CE »
.°fha"1_ng good, flat mating surfaces between parts if a low thermal
maintained,
Same problem exis
P and

As a second illustration of the application of Eq. 4-4
case transistor mounted on a fe-in-thick L-shaped bracket
Assume that the center of the TO3 case is 2 in. above heat sink on
of the bracket is mounted.

The heat-fiow path is not easily definable. It is difficult ;
the width of the path along the long dimension of the TO3 case.
proximation, let the width down the bracket to the heat sink be t
ends of the TO3 case (1.5 in.), since the TO3 base is quite thlﬂ;
an isothermal surface. It is fairly correct to say the average path
flow vertically down the bracket is equal to the height of the
case or 2 in. Once the heat reaches the foot of the bracket, it
erally. since the foot area is large, and the foot of the bracket can t
at the same temperature as the base of the heat sink.

Then thermal resistance of the bracket to heat sink is
of aluminum of area (1/16)(1.5)= 0.094 sqin. or 0.60 sq cm and 2

4 ts in achieving low thermal resistance between a
€ case to which it is bonded. Small voids can easily increase
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the vendor’s quoted junction to case thermal resistance. Since there
inspection measurement of thermal resistance for all transistors on ;
line, small voids can go undetected. Thus, the vendor’s specified ju .
thermal resistance is not assured for any one specific transistor. P
as these make it necessary to derate the maximum permissible j
ture below the vendor's specified maximum value of 200°C,

An empirical approach has been taken. though. The thermal resistance
heat sink area for a large variety of different vendors’ heat sinks has been
and is shown in Fig. 4-7. The curve holds surprisingly well over a heat
area range of 5,000 sq in. down to the case areas of TOS and TO18 tran-
packages (areas of 0.35 and 0.14 sq in., respectively). This corresponds to
al resistance of 0.21°C/watt at 5,000 sq in. and 300°C/watt for the
4 sq in. area of TO18 transistor package.
‘The curve is an average curve drawn through the quoted thermal re-
< for the quoted areas. It holds at a power level of 1 W delivered to the
ink. It also holds quite accurately whether the heat sink is actually a finned
such as those of Fig. 4-2, or the exposed sides of a box whose surface
equal to that of the finned heat sink. If the heat sink is finned. it holds for
fins in a vertical plane only. With fins horizontal, thermal resistance may in-
. by 10-20%. The curve of Fig. 4-7 over most of its length follows the
n B, = 8B0A "™, where A is in square inches and 6 is in °C/watt.

4.4 Heat Sink Fundamentals

Heat sinks come in a vast variety of shapes, sizes, a
(Fig. 4-2) to achieve lowest thermal resistance in a given volume,
of the detailed thermal processes involved and the relative merits
shapes and spacings is beyond the scope of this book. A useful su
ment of the forces at work is given by Astrodyne? ;
Heat sinks work primarily by conduction of heat from their |
to the layer of air immediately adjacent to the fins. As the air wam
pands and rises, resulting in a thin skin or boundary layer of air movil . '
upward past the surface of the fins. As the warmed air rises, X
moves in to take its place. The result is a circulating thin boundary
taking up its heat from the fins, moving upward and then outward aw
fin to deliver this heat to the farther-away mass of air not in contact
1t is obvious that the more fins and, hence, more surface
the greater is the number of circulating thin boundary layers of air = 1000 AN
is the number of calories removed per second. Increasing the heighte
down the velocity of the boundary layer and decreases the number |
can carry away per second. Thus, a heat sink with tall fins is net
one with the same fin area but shorter in height.

Further, it is qualitatively obvious that the higher the tem 1000
fins. the higher the temperature of the boundary layer, and, hence, :
velocity and the more heat that is carried away per second. Thus,
efficiency of a heat sink increases (or its thermal resistance decre
power levels where its operating temperature is higher.

4.4.1 Thermal Resistance/Heat Sink Area Relationship

The detailed design of a heat sink must consider many
transfer efficiency depends on the thickness and thermal conducl
boundary layer, the velocity of the air particles as a function of d

- 10000 T
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the fin, the interaction of boundary layers from adjacent fins, and the j
height-to-spacing ratio of the fins and total fin area. mg_'_":;__‘_‘___‘_j__‘ { [
The exact numerical relationships between heat sink the! e I \ ‘
and fin area. shape, size, and power level is complex and unneces i ‘ T3 ' :05‘:“55'
: Aavid Engineering Inc., Laconia, N.H., “Extruded Heat Sink C: B 11 \, st |
Corp., Azusa, Calif., “Heat Sinks and Standard Extrusions’: A mJ&I_L._UJ F
Wilmington, Mass., “Heat Transfer and Dissipation Devices'' an o f;—'—l—l—i | m‘n Ll \l { Ll
1000 1000

fer Designs for Electric Equipment”; 1ERC, Burbank, Calif., %
Extrusions”; Thermalloy Corp., Dallas, Texas, “Heat Sinks @ ERMAL RESISTANCE [°C/WATT)
Cooling Catalog”; Wakefield Engineering, Inc., Wakefield, Ma
Catalogs Nos. 102, 1966; J. H. Dununu Astrodyne, Inc., W
“Heat Transfer Designs for Electronic Equipment™; J. H. Du o
Inc.. Wilmington, Mass., *Design Parameters For Fin Spacing.

8- 4-7. Therma
area of hoth

ned

r:isllslance versus total heat sink area. Total area
es of a flat plate or includes both sides of a fin in

at sink. Curve is
; at a power dissipati :
or pation of 1| W. U e
of Fig. 4-8 for Slhec powis levelh, se multi
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Although theoretically thermal resistance is a function of
the heights encountered in the unusual commercially available heat
3 in.). thermal resistance is primarily determined by the total fin are
in Fig. 4-7. not the fin height.

4.4.2 Thermal Resistance/Heat Sink Power Level Rel;

The curve of Fig. 4-7 holds for power levels into the heat
To convert to thermal resistance at any other pawer level, the multip
of Fig. 4-8 are used. Figure 4-8 gives the ratio of thermal i
power level to its resistance at the 1-W level as read from Fig. 4-3.°
ship of Fig. 4-8 is purely empirical, having been derived from a 7 4 anl .
variety of various commercially available heat sinks. It holds to il L 100.0 : 1600
over the range of 1-1,000 W. | ' POWER DISSIPATION (WATTS)

As discussed in Sect. 4.4, thermal resistance decreases with p Fig. 4-9. Heat sink temperature rise versus power dissipation for
because of the higher temperature gradient between the heat sink various heat sink areas. (From Eq. 4-5: AT =804 77 x P10%%)
air, This results in higher velocity of air in the boundary layer and.
heat transfer efficiency. It might be thought then that the normali
Fig. 4-8 would be a function of the absolute value of heat sink area,
area heat sink at a given power level would run cooler than & sma
Hence. the normalizing curve of Fig. 4-8 should fall off less steeply
area heat sink than for a small-area one.

Nevertheless, a survey of vendors’ data on thermal re
power level does not indicate a significant difference in the slope
That curve can thus be taken as representative for heat sink areas
about 0.1 to about 5,000 sq in.

Figure 4-8 is represented analytically by the expression
A useful set of curves can be generated from Figs. 4-7 and 4-8. S
4-7, = 80 A~°™ then the thermal resistance at any power level P
of its power level and area is -

AREA (SCUARE INCHES)
3 10 25 50 100 200 300 500700 1000 2000

Equation 4-5 is plotted in Fig. 4-9 for various power levels at a number
rent often-used heat sink areas.

Figures 4-7 and 4-8 taken together give a heat sink temperature rise
to within 10°C. Fin shape and spacing does affect thermal resistance.
s is a second-order effect. Some vendors with proprietary fin shapes claim
even up to 30% decrease in thermal resistance compared to conventional
nks of t'he same total area. But, generally, there is a price paid for this in
€ heat sink must be used with all its surfaces in a vertical plane.

D?sign l:?.mmp!e: Heat Sink Selection for Specific Power
Dissipation and Permitted Temperature Rise

As an example of the use of Figs. 4-7 and 4-8, select a heat sink to

itlfl-axirm.irn uf: 40°C temperature rise with a maximum of 200 W dissi-
The selection is made as follows:

1 Required 200-W level thermal resistance = 40/200 = 0.2°C/watt.

: lil"lwmthﬁg' 41—8. thermal resistance at 200 W is 0.45 times as great as its
* ermal resistance. H 3 - i i

| 3:9:25_(}_-4%-—_—41 s ence, the 1-W normalized thermal resistance

m Fig. 4-7, for 0.44°C/watt at a 1-W power level, a heat sink sur-

f.=0,K1=80A-MP018
And the temperature rise at any power level P is
__AT=P§.=804701 P+

ot el == ; T, e ﬂ;n of 1,700 in. is required.
gz O -\%L . : olig 4-2, select a heat sink with the largest number of square
2= b i — o;lgeﬁce area per running inch length of heat sink. (Vendors’
S 0ar | | |1 i ct. 4.4 have a lar_ger selection.) But from Fig. 4-4 choose
2= |- ‘ ' {l e . F - type 300‘? heat sink, which has an area of 67.1 sq in./inch
o | i or 1,700 sq in. of area, a total length of 1,700/67.1=25.3in,
2|2 0.2 : L _1_ . (0}
=l§ \ ‘ _
Bl oreed Convection Coo

T LS | (i ‘ ! R ; ling of Heat Sinks

L — w .
3 m:’ PN 1060 . 5 o d‘-‘fﬂfl'-’er:non cooling of the heat sink can lower its thermal
OWER DISSIPATION (WATT ) ' __ alin ‘:;'Sn purposes, it is convenient to have some guidance

ermal resistance can be achieved for various air-flow

Fig. 4-8. Normalized thermal resistance versus power :
Per minute (cfm),

heat sink.
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is wfﬁcicntly accurate to provide guidance in an initial design. A more

= i 21 L R\ - p,-gdiction for a given heat sink area and cfm of cooling air must depend
] ! - i ot measurements by the heat sink manufacturer.

ol |— = Lt

1 Z|E | | ¢ in. . . . a

2 04 - T\| Design Example: Required cfm of Cooling Air for Desired

Eggos | """-T.\ | 500 5q i, 9 Temperature Rise

x = ] 400 . .
2502_ | i = 3 . suo: In the design example of Sect. 44.2, it was seen that under natural
2 ; | | 2005 ~tion conditions a heat sink area of 1,700 sq in. is required to limit the tem-
z gm ‘ | | b |ggg,, rise to 40°C with 200 W flowing into the heat sink.
Foms i ] 1 i h,

Now consider what can be ach ieved with forced-air cooling. Assume a
at sink area of 500 sq in, and calculate the required volume of cooling air:
" | For AT of 40°C at 200 W, the required thermal resistance is 40/200
= .2°C/watt.

2. For 500 sq in. area, Fig. 4-9 shows the thermal resistance for 50°C
temperature rise under natural convection is 50/100 = 0.5°C/watt. Then
for this to drop to 0.2°Cfwatt, a K 2 factor in Fig. 4-10 of 0.2/0.5 or 0.4
is required. Now Fig. 4-10 shows at 500 sq in. area, a K2 factor of 0.4
is obtained at 54 cfm of cooling air.

3. From Fig. 4-2, for 500 sq in. of heat sink, using an Astrodyne heat sink
type 2506 (39.1 sq in./inch of length), a length of 500/39.1 = 12.7 in.
is required.

10 ' ; 10 100
AR FLOW [cu B /min) i

Fig. 4-10. Ratio of thermal resistance at given air flow to natural ¢
vection thermal resistance versus air flow in cubic feet per r
(cfm). Natural convection thermal resistance taken at power lev
yields 50°C temperature rise.

But such a normalizing curve is not universal. The perce
in thermal resistance for a given cfm is greater for a small-area
for a larger one. This is so because a large-area heat sink already has
ments of its boundary layers and small forced convection flows
provide a large percentage increase in air flow above the natural con
Nevertheless, some guidance can be provided by normalizi
various ranges of heat sink area. This is shown in Fig. 4-10. Tt

X It is to be noted that, to achieve the required air flow, the fan output
nust be fiuctcd into the entrance to the heat sink, and sufficient air pressure
be available from the fan to overcome the heat sink's air flow resistance.

! s_ink vendor generally specifies the required pressure differential to
a given air flow.

s Thermal resistance at given air flow ‘
Natural convection thermal resistance at a 50°C

K2
is plotted against air flow in cfm. The natural convection thermal : . rr
taken at a power level yielding a 50°C temperature rise. Curves
heat sink areas ranging from 50 to 1,500 sq in. N

It is seen that for a 50-sg=in. heat sink, 20 cfm of cooling 2
thermal resistance 0.20 times as great as its value under natural €0
ditions. In contrast, as discussed above, a 500-sg-in. heat sink at
thermal resistance decreased to only 0.67 times its value under
tion conditions.

Figures 4-7 to 4-10 are used to calculate the thermal res!
given heat sink area at any power level and any volume of coolin
the heat sink area is given, its 1-W thermal resistance can be read fr
Its natural convection thermal resistance at any other power levi
using the proper multiplying factor read from Fig. 4-8, or te
any heat sink area and power level can be read directly from
its thermal resistance with forced-air cooling is found for any heat
Fig. 4-10, where it is given in terms of the natural convection
at the power level resulting in a 50°C temperature rise. This latt
Fig. 4-9.

4.4.4 Heat Sink Thermal Resistance/Volume Relationship

It might initially be thought that increasing the heat sink fins indefinitely
_them .closer together would increase total area and decrease thermal
. ln.dcﬁ!ntely. But a point is reached at which the boundary layers provid-
e cooling interfere with one another, and little further decrease in thermal
¢ results from closer fin spacing.
:ﬂost vendors have designed their heat sinks for optimum spacing and
; wujl,tl‘:ag to decrea§e then.naj resistance is to add more fin area either in
e sink? lfllllc heat sink. TI‘I.IS then increases volume of the outer envelope
e ence, for any given Ihe:rmal resistance, the total volume oc-
e o er envelope of the' heat sink is relatively constant.
% -hm:{““]i curve st.lowmg thermal resistance for a given heat-sink
5 ot;:es own in Fig. 4-11. It is for a 10-W power level in the heat
i lot“r:DWer level, then:mal resistance should be converted to

B power level using Fig. 4-8 as discussed in Sect. 3.2.1.
Sitve demﬁlgk can then be_re:u:l from Fig. 4-11, which is a purely
B ot | ed from the available volume/thermal resistance data in
 Fizu i arge number of vendors.

1 is often valuable in estimating whether the specifications

: ll):: I cubic inches can be met when one takes into account the
Y the heat sink alone.

Figure 4-10 is an empirical relation and represents T+ =
measurements on what a large number of heat sink vendors ac!
gether. Figs. 4-7, 4-8, and 4-9 yield temperature estimates acc
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THERMAL RESISTANCE AT |0 WATT POWER LEVEL (°C/WATT)

0l l.u‘l | T 14 oig
10 100 100 i

REQUIRED KEAT SINK VOLUME (CUB'C INCHES)

Fig. 4-11. Required heat sink volume versus thermal resi
a 10-W power level. For other wattages, convert to the
10-W power level from Fig. 4-8.

4.5 Transistor Power Dissipation Ratings

Vendors generally specify maximum transistor power di
25°C case temperature for power transistors. For lower-power (gen

TOI18 case) transistors, maximum power-dissipation capability is als

at 25°C ambient temperature.

These maximum power-dissipation specifications are often

stood or misinterpreted. The maximum dissipation for a 25°C case ten
that power dissipation which will bring the transistor junction tem

its maximum value (usually 200°C) if the case is kept firmly at

3iea

sink. Thus, for the specified #,. (Junction-to-case thermal resi
mum permissible dissipation is given by

TJIma:(I —25=200—25= PDmaxﬂjc
Or PD . = 175065

If, as in Sect. 4.3.1, transistor junction temperature is to bﬂ
go no higher than 105°C, the maximum permissible power dissip
case is i

PD .= (105 — 25)/8,. = 80/6,,

If the transistor were mounted by itself on a heat sink

sistance from heat sink to ambient air was 6,,,. and the heat sink (@8

fied) was in a maximum ambient air environment of 70°C, then fora |
mum junction temperature:

lemaxl = Tu + gimaPDmax T 'ﬂﬂrpﬂmx il B}t‘PDM‘

4
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105 = 70 + PD ax(Opsa + 04 + 65c)

s the heat-sink-to-ambient thermal resistance, 6, is the insulating

~thermal resistance, and 6, is the transistor-to-case thermal resistance.
by It is instructive to see how PD,,, varies for the conditions of Eqs. 4-6
_@ Thus, for the 2N3771 (an often-used transistor for series-pass applica-
m g, = 1.17°Clwatt, 6, = 0.8°C/watt, and 6,,, = 3°C/watt, for the con-

of Eq. 4-6,
PD = 175/117=150 W

e

the maximum power-dissipation specification is derived from the above.)

the conditions of Eq. 4-7,

PD,..= 80/1.17=68.4 W

Igmlly for the conditions of Eq. 4-8,

35 3
PDuou= 35508+ 107 497 0V

. the "150-W"' rating for the 2N3771 has become 7.0 W for the realistic
itions of Eq. 4-8.
It is finally instructive to examine the maximum power-dissipation

of the 2N3771 if it were mounted on a printed circuit (PC) board
no heat sink other than the surface area of its TO3 case. Figure 4-7 shows
¢ approximately 2.4-sq-in. area of a TO3 case, its case-to-ambient air
al resistance is 42°C/watt. Then for a junction-to-case thermal resistance
°C|watt, the total resistance from junction to air is 1,17 +42 =43°C/watt.

g transistor would reach 200°C junction temperature and very likely fail
ower dissipation of only

PDyy, = 17500, = 175/43 = 4.1 W

F

~ 4.5.1 Junction-to-Ambient Air Thermal Resistance

- Low-power transistors are often mounted on a printed circuit board
It heat sinks. It is generally necessary to perform junction temperature

; 10 meet some maximum specified limit. These calculations are easily
iy F‘“‘?Bﬂif-iﬂg that the junction-to-ambient thermal resistance (8;,) is equal
Junction-to-case resistance (6,.) plus the case-to-air resistance (6.,) or

a-h = 6&' 2 Hrn (4—9}

_}‘_fﬂues of 8, for various transistor cases can be read from Fig. 4-7.
' ’* are always quoted in the vendor’s specification or calculated by
HTom the vendor's maximum dissipation specification at 25°C case

10 Fig. 4-8 it can be seen that 6, for TOS and TOI8 cases is about

mewgu. respectively, If these are too high, there are available
\h,rgf Chp-qn heat sinks that can bring 6., down to the region of
s 218 devices, and as low as 8°C/watt for TOS5-type devices. From
e 2 and Wwith known power dissipations, junction temperatures for
© onfiguration may be calculated.
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ore m, is the mass in pounds, D is density in pounds per cu ft = 0.07 for air at
eC, and N is the number of cubic feet of the air to be removed. For s = the

These washers (Sect. 4.3.1) have always presented problems ,ﬁ’“iﬁc heat of air=0.238 cal/g/°C
kinds. They have been made with a variety of materials, each of whick i Q = 454(0.07)(0.238)(NAD)
type of drawback. To make good thermal contact and avoid air gaps L = 7.56NA!
a high conductivity thermal silicone grease is often used. This is mes
and often the grease can dry out. The washers have been made of be
for good thermal conductivity, but these often crack under app
installation or under vibration. Anodized aluminum has been used
on its surface result in shorts through the washer. :
The most frequently used material is 2-mil mica. Without

4.6 Power Transistor Insulating Washers

And if V cubic feet of air are removed per second, this is Q/T = 7.56 N,At
calories per second, where N, is the number of cubic feet of air per second.
For the input calories per second to equal the output calories per second,

P/4.185 = 7.56N At

washer has a thermal resistance of about 0.8°C/watt on the average, by ) s |f the number of cubic feet of air moved out per minute is N,, = 60 N,, then
be considerably larger with cracks parallel to the plane of the washer. | At = 60 P[4.185(7.56)N,,

Silicone rubber-insulating washers have recently become or At=1.89 PIN,, 4-10)
They come in relatively large thicknesses: 12 mils as compared to 2 y 3

But they are compressed under installation pressure, and for TO3 ¢
yield thermal resistances of 0.50°C/watt without the nuisance of g
tion. Because of the rubber elasticity, they provide cushioning and
gaps between the mating surfaces. o

This states that for a power P in watts, dissipated in the cabinet, if the
fan moves N, cubic feet per minute through the cabinet, the temperature rise
between inlet and outlet air is 1.89 P/N,, in °C.

It should be noted. of course, that for Eq. 4-9 to hold, the air mass must
actually absorb the calories equivalent generated by the # W, That is, the air mass
‘must be ducted past the heat-generating elements, which must transfer their heat

to the moving air mass by means of fins.

47  Temperature Rise/Air-Flow Rate Calculations for 1': ]
Fan Cooling of Power Supply Cabinets )
When the power supply is in an enclosed cabinet. or whi PROBLEMS
cabinet contains an entire electronic subsystem, a fan is often used t '
entire cabinet. The initial question that arises is: How many cff
drawn through the cabinet to remove a specified amount of heat diss
cabinet and achieve a desired temperature differential between ini
air?

1A transistor in a TO3 case is rated at a maximum junction temperature of 200°C.

thas a maximum rated power dissipation of 150 W at a case temperature of 25°C.

a. What is its junction temperature at an internal dissipation of 150 W and
what is its junction-to-case thermal resistance?

b. Assume that rather than being attached to a heat sink, it is mounted ona
printed circuit board where its only radiating area is that of the TO3 case
alone. What will its junction temperature be in an ambient of 25°C with
only 5 W of internal dissipation?

Iculate the maximum junction temperature for a transistor dissipating 15 W

erating in a location where the maximum operating ambient air temperature is

- Assume the following:

4, Heat sink thermal resistance = 0.3°C/watt.

b. Insulating washer thermal resistance = 0.5°C/watt.

C. Transistor-junction-to-case thermal resistance = 1.5°C/watt.

. 4. Total of 200 W flowing into heat sink.

”Value of thermal resistance must a heat sink have under the following
ons ?

Often vendors quote neat little equations for specifying
is instructive to see how the relation of cfm, power dissipation, and
differential is derived.

Assume a power P in watts is dissipated in a cabinet and the
be transferred in calories to a mass of air that will be removed aljg
the heat equivalent of the input watts is equal to the calories per se
by the air. Then,

input calories per second = output calories per s€
Now 1 W=1J/sec= 1/4.185 cal/sec

Input equivalent of P (watts)= P /4.185 cal/sec. Now if 0 calories 2
a mass m, (grams) of specific heat s (calories/ gram/°C), its tempel

Q
A:(°C). Or 8 Maximum transistor junction temperature = 125°C.

Q = m,s(Ar) b. Total power into heat sink, 300 W.
C. Transistor thermal resistance = 1.4°C/watt.
But m, = 454m, (454 g equal 1 1b) d. Insulating washer thermal resistance = 0.5°C/watt.
=454ND

€. Maximum ambient air temperature = 60°C.
f. Maximum transistor power dissipation= 18 W,

3 Berquist Co., Inc., Minneapolis, Minn.
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4.4 It is desired to pipe heat from one location to another through some
“heat pipes.” Assume there is space for six paralleled solid copper rg
0.25 in. in diameter and 12 in. long. What is the thermal resistance of ! .
of heat pipes? ’ ! 5

4.5 Assume a heat sink bottom surface does not make contact over its :
the chassis on which it rests. Assume its bottom area is 4 X 4 in, " et o :
0.0002-in. air gap between the chassis and bottom of the heat smm ' [Elements Of Rectlfler DeS|g n
thermal resistance of the air gap? )

4.6 A heat sink has an area of 100 sq in. What is its thermal resistance !

100-, and 200-W power levels?

4.7 If the heat sink area of Prob. 4.6 is doubled, what are the correspondi
resistances? 3

4.8 If the heat sink area of Prob. 4.6 is quadrupled, what are the
thermal resistances?

4.9 For a 100-sg-in. heat sink, what power level results in a 50°C tem
What is the thermal resistance at the 50°C temperature rise?

4.10 Repeat Prob. 4.9 for 200-, 300-, 400-, and 500-sq in. heat sinks.

4.11 For a 300-sq-in. heat sink, what is the natural convection thermal r
a 50°C temperature rise and what is the power level resulting in that t
rise? For the same heat sink, what is the thermal resistance at 20,
50 cfm of cooling air and the temperature rise at these cooling
dissipations of 200 and 300 W?

4.12 How many cfm of cooling air is required to keep the temperature rise ¢
to 10°C with a total of 1,000 W of dissipation inside the cabinet? ',3 o

Introduction

Rectifier diodes and filter elements, for either ac power frequency input
h-frequency inverter output use, are not very failure prone and do not
ally present significant design problems.

The design decisions consist mainly of selecting rectifiers with adequate
k inverse voltage, maximum forward current, and power dissipation and
n surge current ratings. Forward voltage drop and slope of the V'-I curve
predetermined once a silicon diode of the proper maximum current rating is
Most silicon rectifier forward voltage drops will range around 1.0 = 0.2

Manufacturers’ maximum limits for these parameters should be derated
ately for reliability and a safe worst-case design. Rectifiers for high-
iency inverter output use must be of the high-speed type and must be speci-
for reverse recovery time after a pulse of forward current of prescribed

The effect of input voltage and current transients on the power supply
s input source, and crosstalk to other elements in a system must be con-
d. Filter capacitors, whether at the input in an off-the-ac-line rectifier or
d1nto the primary in transformer input supplies, present a zero impedance
‘before they reach full charge. Their effects— especially if an input switch is
L at the peak of the ac sine wave in 208-V ac line sources—should be
The initial high-input current surge may blow input fuses, open circuit
& ﬂ'xt:ced rectifier surge current ratings or generate crosstalk, and change
b of flip-flops in parts of the system that may already be turned on.
d;tﬂmal calculations on the rectifiers must be performed and a heat sink

o W!JiCh ensures safe rectifier junction temperature at the worst-case
SSipation in the rectifiers.

% ac line filters are almost always of the capacitive input type.
he ., 2Pacitors generally occupy a large fraction of the power supply
and must be chosen carefully. Their manufacturers’ maximum voltage
d be derated to withstand safely the highest input voltage transient
3t Steady-state input voltage.

127
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tance must be selected by a calculation whose

Magnitude of the capaci
the maximum permissible peak-to-peak ripple voltage at the highestdc

4 current and lowest line frequency.
Value of the average dc output voltage from the rectifier-filter combina-
_must be calculated at maximum ac input voltage for series-pass regulator
__< In such regulators, series-pass transistor dissipation is & maximum at
m ac input voltage, and this dissipation must be calculated for a safe
design.
Value of the minimum voltage at the bottom of the ripple triangle at
: line voltage must be calculated to ensure that the series-pass regulators
iner directly off the rectified ac line or at the rectified secondary output of a line
er still have a minimum of 2 V across the collector-emitter junction

b series-pass element to avoid saturation.

" Values of the highest voltage at the top of the ripple triangle at maximum
eady-state input voltage must be calculated for the highest specified line
yge transient. This becomes important —especially inl off-the-ac-line rectifiers
""'_.208 V input —since this peak voltage is applied directly across the collector-
ter junction of series-switch step-down switching regulators (Fig. 1-4),
d there are a limited number of power transistors that can survive such voltages
generally above 400 V. Details of such design calculations and problems are

esented in this chapter.

Rectifier Circuits and Output-Input Relationships
for Resistive Loads

Rectifiers for present-day power supplies are almost always followed by
capacitive input filters that charge up to voltages close to the peak of the ac
‘wave and have ripple voltage outputs proportional to dc load current. Thus,
e conventional charts showing output dc voltages and ripple for pure resistive
ds are not too pertinent. Nevertheless, since output characteristics with a
pacitive filter are related to characteristics with a pure resistive load, output-
put relationships with latter-type loads are shown in Fig. 5-1.
. Tt can be seen from the waveforms in Fig. 5-1 that with a purely resistive
d and A filter capacity the rectified output moves from the peak of the ac sine
down to zero volts in single-phase rectifiers. The dc or average value of
€ Waveforms is shown in column 5. For most applications, arelatively smooth,
de voltage is required.
- Filter capacitors at the output provide the energy storage to supply cur-
10 the loads in the interval between rectified peaks.
" If_the voltage is to be held up by the filter capacitor for the full time be-
i rectifier peaks, it is seen in Fig. 5-1 that in the half-wave rectifier, the
T must supply full load current for a full cycle of the line frequency or
for 60 Hz,
i -_Fur the single-phase, full-wave center tap or bridge, the filter capacitor
SUpPly load current by itself for a half cycle or 8.3 msec at 60 Hz. In the

’ﬁ 5-1. (;h?mcleristics of often-used rectifier circuits with an un-
g Fesistive load.
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5.2.1 Qutput Ripple/Filter Capacitance and
Load-Currem Relationship

of the half cycle. C, is large enough so t

three-phase. line-to-neutral, half-wave “wye.” peaks come at inte

third of a period and the filter capacitor must supply current for 16
hat it can supply

:““TIeci Fdiually in the three-phase, full-wave bridge, the filter capacitor s "
ull load current for one-sixth of a cycl 1 55 During mOS
frequency. yele or. 16.6/6 or' 2.8 i : . full load current with only a negligible voltage droop. Thus, during each half
It is these time intervals and the load currents that determine ; when Co is supplying shfrest tha_t current is substantially cons_lam.. For s
the filter capacitor required to vield any specified peak-to-peak ripple. onstant current 1, in a capacitor C,, its rate of change of voltage is given by
5 [ e
e r =]JCE.
& I interval during which C, alone supplies current is fixec

The exact time

rmissible peak-to-peak ripple voltage. The peak of the ripple triangle

be at the peak of the ac sine wave (assuming negligible
e valley voltage of V.. the filter capacitor conduc
angle is, from Fig. 5-2,0.= 90¢ + arcsin V,/V;. The duration of time durin
-h the filter capacitor supplies the load current by itself in a 60-Hz, single

s, full-wave rectifier is T. = (6,/180)(8.33) msec.
Filter capacitor conduction angles and times are shown in Fig. 5-3 fi
sus values of VIV, Generally, ripple voltages will not be permitted larg

i S
about 10% of V. From Fig. 5-3, for peak-to-peak ripple voltages of 0.1V
is seen that the filter capacitor conductio

n time is 7.14 msec for a 60-H
single-phase., full-wave rectifier. But. in general, in calculating the required magt
of the filter capacitor, for simplicity it is often assumed it must carry curre

the entire half cycle or 8 33 msec. This provides margin for capacitor toleran
ad variation with temperature. Then assuming

. ; ; ; full half-cycle conduction a
entire half cycle until B rises high enough to forward bias D2. Then r the filter capacitor, the peak-to-peak ripple is 4 "

end B replenishes the small charge C, had lost on the previous hall
) AV, =(1,/C,)TI2

supplying the load current by itself. B also supplies some of the | . ;
permissible droop or peak-to-peak ripple of AV, the size of

during the small conduction interval T, when D2 is forward biased. For a
- |
required capacitor is

5.2 Capacitive Input Filters
pe assumed 10

In most present-day supplies, filters are of the capacitive diode drop). For rippl
ifier Qi g

The waveform at the output of a single-phase, full-wave rectifier !
load and a capacitive filter is shown in Fig. 5-2. Without the filter cap
rectified output waveform would follow the dotted line down to ze i
B On the first positive half cycle after turnon, say, as A goes .
positive. the capacitor C, follows it upward without a time delay
pedance of silicon diodes is small, C, thus rides up with A, lagging ;ﬂy
drop or 1 V behind A. As A reaches its peak and starts moving down
wave, if capacitor C, has been chosen large enough to supply the Tz
by itself, diode D1 becomes reverse biased, C, stays up near the-' .
reached. and the anode of D1 simply moves down.'incmasing its
Now C, is chosen large enough to supply the full load
(5

@ B iy Co=(LIAVITI2 (3
v
at 60 Hz,
% C, = (1,JAV,)(8.33 x 107%) farads (for I, in amperes  (
and AV, in volts)
® o= o/RL

Filter capa

 fid Te  Batrioplel=Yp— W 1 1 current car

Vo= Vrms % ; =t pple  Ripple valley Peak-to-peak Filter capacitor time for 6(
Fied 8¢ voltage ripple voltage conduction angle single-ph

¥, (AV,=V,—V,) ©0" +arcsin v.Iv,) full-wave (r

OVge—* N 2 B S - e

095V, 0.05 V, 161.8° 7.48

CURRENT IN DI F| n 090 v, 0.10 V, 154.2° 7.14
— Ll 085V, 0.15V, 148.2° 6.86

0.80 ¥, 0.20 V, 143.1° 6.62

0I5V, 025V, 138.6° 6.41

CURRENT IN 02 l |
MEPCL

Fig. 5-2. Ripple output voltage and rectifier diode current in a SinBIE" =
phase, full-wave rectifier with capacitive input filter. ol

i :‘1&6:-_1:1 Filter capacitor conduction angle and current carrying time
., single-phase, full-wave rectifier with capacitive input filter.

g .
: |
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g Fig, 5-5. Peak-to-peak ripple voltage versus microfarad_s per ampere
- of load current for a single-phase, full-wave rectifier with capacitive
~ input filter. Plotted from Eq. 5-4.

Fig. 5-4. Required filter capacity versus dc load current. For various |'r
peak-to-peak ripple voltages in a 60-Hz single-phase center-tap or
bridge rectifier, as calculated from Eq. 5-3 under the following condi-
tions: peak-to-peak ripple less than 10% of output voltage, and ca- e 3 L : b ;
pacitor assumed to carry a dc load current for a full half cycle, e ] It can be assumed the peak of the ripple triangle is one silicon diode or

v the positive peak of the ac sine wave at the anode of the rectifier _diode
tive-rectified outputs. For negative-rectified outputs, the ripple _tnangle
1 V above the negative sine wave peak. For a peak_-lmpeak ripple of
rage or dc output at the top of the filter capacitor is

B V=V, — AV, 2= 141V, = | — AV, [2 (5-5)

Equation 5-3 has been plotted in Fig. 5-4 for various permi
to-peak ripple voltages. It applies, of course, only for a ‘“constant’”
for a small AV,—say, no more than 10% of the absolute output voltage.
applies only for 60 Hz. For other frequencies, ripple at various load
and filter capacitors is calculated from Eq. 5-2.

5.2.2 Filter Capacitance Proportional to Load Current

Equation 5-3 or Fig. 5-4 can be used to select the required
the filter capacity for any desired peak-to-peak ripple at any load curr
more convenient way of handling or remembering what Eq. 5-3 states
the filter capacity proportional to load current. Then from Eg. 5-3

AV, = (I C,)8.33 x 107%)
AndforC,=kl,,
AV, = (8.33 x 10-9)/k

| -
Rectifier Diode Characteristics and Ratings

e significant rectifier ratings for any proposed application are the
€ reverse voltage V,.p. average rectified forward current /,,
forward surge current Ipeure), % rating, and junction-to-case
ance f;.. These ratings together with the forward volt-ampere
S must be considered in any rectifier application.

L1Peak Repetitive Reverse Voltage Rating (V)
Input Transients

is the maximum anode-to-cathode reverse voltage that the vendor
be allowed across the diode. Good worst-case design practice is to
OF's specified value. Here too there is no industry concensus on
'S safe derating factors. An often-used factor is 0.6-0.7, i.e., no
2=0.7 of the manufacturer's rated maximum voltage shall be per-
€ Tectifier repetitively.

The proportionality constant k will generally range from 1.00¢
wF/ampere of load current for a line frequency of 60 Hz and from 50
uF/ampere for a line frequency of 400 Hz. Equation 5-4 is plotted if
A usual value of & for 60 Hz single-wave rectifiers is 3,000 puF/ampere
rent. From Fig. 5-5, it is seen this results in 2.75 V peak-to-peak rip|
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Most manufacturers' add a transient reverse voltage s,
is the momentary reverse voltage the device can withstand 5
basis. Some vendors specify it as being no more than 5 msec in di : X Power Source Type

Electrical Power System Characteristics

others have it as a single half cycle of a 60-Hz sine wave. This Characteristic Type | Type Il Type 111
voltage limit is generally twice the normal reverse voltage rating " — ——
with reverse ratings up to 200 V. From 200 to 1,000 V, the trans nt's tilization voltage (Vi) S L3 eyl 440, 115,
ranges from 1.75 down to 1.33 times the normal reverse voltage or 1151200
5 g : ; iy L frequency (Hz) 60 or 400 60 or 400 400
Very little information is obtainable as to exactly how B linee
“nonrepetitive” transient voltage can be applied. It is surely more . state tolerance band
lifetime of the device, but nothing is known about the cumulative w of 3-phase voltages ~5% =1% +3%
transients. phase voltage for single-phase
The amplitude and duration of power line transients va of 3-phase system +7% +24% +14%
3% 2% 1%

depend on the nature of the prime power source. Transients are s
specifically for military power sources. Thus, equipment to be
ships are often specified to be able to withstand transients de
Standard 1399, “Interface Electric Power Standards for Shipb
(Fig. 5-6). Equipment powered from DOD (Department of D
electric generator sets must withstand tramsients described in
1332A (Fig. 5-7). There are various classes of prime power s
in these documents —each having its own transient characteristi /

modulation 2% 2% 1%

harmonic distortion 5% 6% 3%
imum single harmonic 3% 4% 2%
 Deviation factor 5% 5% 5%

ze transient limits +18% +18% =+
time (sec) 2 0.25 @ 400 Hz and 0.25

istics of these sources are too varied and numerous to beprcscnte& 0.75 sec @ 60 Hz
but a short summary of the expected voltage transients and volt: age (volts) 2500 (peak) 2500 (peak) 2500 (peak)
given in Figs. 5-6 and 5-7. : frequency

The transients spelled out in Fig. 5-6 are to be assumet * "T“d 5% le% *i%
on the worst-case, steady-state voltages. Thus, for a type 1 navy I ie'::“s 1% 1% 1%
the st&ady—stz?xe tolerance for a slx]gle phase of a'three-phase 8y B ot timits 406 +3% Sitk
voltage transient of =18% superimposed on this makes the 1 £y time (sec) 5 5 0.25
voltage (7 + 18) or +25% above its nominal value, The wavel interruption time (sec) 0.5-20 0.5-20 0.5-3

voltage transient is the normal sinusoid but of an amplitude 25% &
value. The duration of this transient from Fig. 5-6 is 2 sec—long
the filter capacity to 25% above its normal value. Thus, in |
center-tap rectifier with a capacitive input filter, the peak in
rectifier diode is 2.82V mynom. With @ +25% transient, the m
voltage the rectifier diode is subjected to is (1.25)(2.82)V ms OF 3=
Also from Fig. 5-7, it can be seen thata 3-kW DOD ¢
regulation, =4% long-term stability, and a +30% transient |2 sting
tion of full-rated load. This adds up to a possible peak of 5+
above normal rms voltage. The rectifier diode can thus be s bjecte
peak inverse voltage of 2.82Vemsman = (2.82)(1.39WV ¢mstnom ©
lasting for 4 sec. :
Since the price and size of rectifier diodes do not |
with increased reverse voltage rating, diodes with adequaté
worst-case voltage transients should be selected. There are
suppression schemes available, but these generally require @
ping element (inductor or possibly a resistor) and a shunt
impedance above some threshold level. Such schemes are 5P

. Hg. 5-6. Transient and steady-state voltage characteristics of Navy
shipboard power sources as per Mil Standard 1399A.

lical for transients as wide as a half cycle of 60 Hz, since the series in-
: becomes too large.
For narrow transients (under about | msec), a series inductor (the input
» :l thresholding shunt element, such as a pair of back-to-back power
» s be‘come feasible. Another possible shunt element is a nonlinear
‘-to as “'ljh),'rite“'J a proprietary G.E. material in which current is pro-
some hlgh power (up to seventh power) of the applied voltage. Thyrite
Tesistors in the shape of rods and discs with various power and resist-
G 2 A.Pphcauon notes on the use of Thyrite in transient suppression
! Vailable from the vendor.

;ﬂ:int designed to be powm:ed from commercial power lines should
T not‘:);om expgcted transients on these lines. Surprisingly. utility
: er much information on the worst expected transients.
lf.‘ Application Note AN-461, “Transient Suppression with Power Zener

s

il

“fal Electric Co., Apparatus Dept., Schenectady, N.Y., “Thyrite— A Non-

'RCA. 1N1200A rectifier family. Motorola, Inc., MRI120'f€ ‘ B e Mtoric
~Malenal.
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sients are put onto power lines not by the generators themselves
high-current motor-type loads turning on and off. The amplitude and
of such load-caused transients depend on the size and source impedance
wer line transformers and load-current changes. Factory environ-
and frequent motor switching loads have larger transients than
ial, or light industry environments.

" ngeneral, 2 safe design for equipment powered from commercial power
4 assume line voltage transients (envelope of the normal ac sine wave)
above the normal steady-state voltage tolerance, which s usually +10%.
of such transients should be assumed at 2-4 sec.

20

N/A

| fel@l
i

KW—DED

15-200

2)

-

20
3
20
]
40

~ 5.3.2 Rectifier Peak Reverse Voltages with Capacitive

Input Filters

~ The peak inverse voltages per rectifier shown in Fig. 5-1 hold unchanged
phase rectifiers with capacitive input filters. For the three-phase

of Fig. 5-1, with capacitive input filter, peak inverse voltage per rectifier
s from 2.45 to 2.82Vms.

5-10
35

3
2
4
20
3
3

AC Utitity (Class
10

3-5
5
2
4
30
4
0
4
N/A

§.3.3 Maximum Average Forward-Rectified Current (,)

This is the maximum permissible value of the average load or diode
a half-wave rectifier with resistive load and no capacitive filtering. Ina
e center-tap or bridge rectifier, the total load current can be twice the
d value, since this amounts 10 the same average current per diode.
This current is specified generally at 150°C case temperature and is
current in resistor loaded half-wave rectifier service (where [ verage
sea Which results in the maximum specified junction temperature for the
thermal resistance from junction to case.
‘In multiphase rectifiers, since conduction takes place over only part ofa
the ratio of peak to average current is greater, and since heating effect
nal to the square of the current, the heating effect or rms value of a
¢ large-amplitude current waveform is greater than that of a smaller wider
aveform of the same average value.
Hence, maximum average forward current limits for the same rectifier
4 h_m'rer for multiphase rectifier service. Correspondingly, the forward
limit is greatest for dc (or half-cycle, square-wave current pulses in the

KW-GED

3
N/A

0.5-1.5

100-200
1
|
2
15@ 60 Hz
and
12 @ 400 Hz
5
15@ 60 Hz
and
12 @ 400 Hz
0.5
30 @ 60 Hz

,_Preri_w (Class 1)

0.5

5-60
I
1
2
15 @ 60 Hz
and
> @ 400 Hz
15 @ 60 Hz
and
12 @ 400 Hz
S
60
and

Valtage Characteristics (Maximum or Minimum Limits)
0@

i

‘This can be seen in Fig. 5-8A for a typical 12-A [, rectifier family —
ola MR 1120. Values of I, are only a guide in the initial selection of
: diode for its current rating. The final criterion is the junction tem-
that will be permitted under worst-case load conditions.

tion temperature is calculated just as for a transistor (Sect. 4.3.1)
bient temperature, power dissipation, and thermal resistances. Thus,

Tjmeo =T, + PDys O + PDp Ops + Bic) (5-6)

lication of simulated

motor load (twice rated current)

Characteristic

¥ ;SDlhe maximum junction temperature, T, is the maximum ambient
= th:s is the total power dissipated in heat sink (all rectifier diodes

PD Same heat sink), 8., is the thermal resistance from heat sink to
" the power dissipation per rectifier diode, 6, is the thermal

Recovery (sec)
b Rejection of rated load

Rise (77)
2. Recovery (sec)

. Dip (%)

a. Application of rated load
1
2

a. Short term (30 sec)
b. Long term (4 hr)
Transient performance

c. App

Regulation (%)
Steady-state stability
{variation: bandwith %)
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MAXIMUM CURRENT RATINGS
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Fig. 5-8A. Maximum average current ratings showing lnwf-" —— ,1/ I 2
missible currents for multippase re_-ctiﬁers because of the high : o E——
currents for shorter conducting periods. (Courfesy Motorola, Ir "{f 1 -
resistance of diode insulating washer, and 6, is the thermal resis : S S I
junction to case. o 1B -
Power dissipation per diode is read from Fig. 5-8B fo 2
rectifier—single or multiphase, sine wave ac or dc if inputis a ) 5,
average forward current is, of course, the current per diode. Thu - 2 g g g 2 =
tap or bridge rectifier, the forward current per diode for enterin ’ IR RS i ‘ws
on':-rhalf the dc output current. In the three-phase line to neutral s ' “Spuilamanics oot o G
phase bridge, the current at which Fig. 5-8B is read is one- ;
current. The curves of Fig. 5-8B apply only for resistive loads ‘ f_‘ i A
filters. L §B J o
A decision must be made as to how high rectifier di : - 1
shall be permitted to go. Although the vendors establish 190-20 4 -
limits for ac line frequency rectifiers, a good worst-case design ! |
this. A frequent derating factor for rectifier junction tcmpemtﬁm "\ ' f 2
the vendor’s specified maximum value, P o
= N
5.3.4 Rectifier Diode Dissipation with Capadﬂve =W =
and Sine-Wave Power Input e N 5 T g =
It is of interest to examine the rectifier diode dlssrpatwn i § = \‘\ N \
tive input filter. For with large filter capacitors to keep peak-to-] :‘" 2T § E 7 ~ =
the rectifier diode current, as can be seen in Fig. 5-2, is a narrow, 12T eTEg A e £ B
spike. This has a high rms value and the question arises as (0 Wi e Zz N o
junction temperature limit will be exceeded. Junction temperat i =55 | 2= R
are done as in the following example. : _%“__h £ 8T g
Assume a 30-V, 5-A, single-phase power supply with ¢ = T a2 -
former. Choose a peak-to-peak output ripple of 2 V. From F’S._ e 1
current, for 2 V peak-to-peak ripple, the required filter € i _ ________1 I b
Assume the ripple is centered about 30 V, i.e., output moves A€ = 2 b 3 = i3

Thus, in Fig. 5-2, the peak of the sine waveisat+31V at
Conduction starts at +29 V on a sine wave whose peak is 31"“
then starts at a phase angle # such that .

29 = 31 sin# or =693

ISLIVMI NOLLYAISSIO ¥3IMOd QHYMEDS 39vHIAY (ADY 4

NUMBER OF CYCLES AT 60 CYCLES PER SECOND

L (qy) - AVERAGE FORWARD CURRENT (AMP)

139

{c

Fig. 5-8 B and C. Significant characteristics of a typical 12-A power frequency rectifier: the MR 1120. (Courtesy Motorola, Inc.)

(B}
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puration of the conduction interval is 90 — 69.3 or 20.6°. This corre-
16 10 8 time (for 60-Hz line frequency) of (20.6/180) 8.3 =0.95 msec.
~ R " The transformer, during this 0.95-msec conduction interval, must move

:_“\‘\ = 00 F capacitor up from +29 to +31 V. This requires an average cur-
- g 'ﬁ AV _ (21000 X 10)2) _
N : =5 gosxios A
— \ — During this interval, the rectifier diode must carry this 44.2 A plus the
\ \C : ]bad current, or a total of 49.2 A.
- R : " From Fig. 5-8D, at 49.2 A, the rectifier forward drop is about 1.1 V
A\l \ . _ion temperature of about 140°C. Peak power dissipation’ during this
LN B . msec interval is then

I X - i PD=492(1.1)=54 W

\ \_ i And this occurs for each diode only 0.95 msec out of every 16.6.
ik - ge power is then

L —1
= 150°C

54(0.95/16.6)= 3.00 W

\ »T ~ And for thermal resistance of junction to case, 6, of 2°C/watt, the
— ion rises 3.09(2) = 6.18°C above the case. This presents no thermal problem.
der that i B SR itasaeRiren. 10 xego'he junction temperature to 140°C.
Then in an ambient of 70°C, with §,, = 1°C/watt,f,. = 2°C/watt, and two rectifier
diodes on the heat sink. its required thermal resistance is from Eq. 5-6: 140
=70+ 2(3.09)6,,, + 3.09(1 + 2) or b, = 9.8°C/watt.
And from Fig. 4-8, the K | ratio at 9.8 W is 0.7 or the normalized 1-W
thermal resistance is 9.8/0.7 = 14°C/watt. Then from Fig. 4-7, the required heat

ST et

B
-
|
|
B

TYPICAL FORWARD CHARACTERISTICS

= £ sink area is only 11 sq in.
o |} R < It is of interest to note the rectifier diode dissipation for the same
Situation without a filter capacitor. From Fig. 5-8B, it is seen that for 5 A total
—] =3 'l.‘:c'“‘l!ut or 2.5 A average forward current per rectifier diode. the diode dissipa-
E 1o :‘lm‘:’nuld be only about 1.8 W. The 3.09 W calculated above is. of course, due
t _::_":_':.': = the narrow, 'large‘ampljtude spike of current taken by the filter capacitor at
t — e \ M€ top of the sine wave.
— _4_____: - 5.3.5 Nonrepetitive Peak Surge Current [/, (surse!]

This is defined as the peak allowable single half sine wave (duration

| I .1‘3 HSec) of current spaced in time between the normal maximum amplitude
——s  Curren :‘f Sflne waves in a 60-Hz, single-phase r.ectiﬁer, Th? rms value of this
=3 For g Peake orm is the rms value of a half-cycle sine wave within one full cycle.
\ \ H—T L =Ln. amplitude /,, the rms value of this permissible fault current is /o,
— T BN At v of describing this permiss :
\ \ 4 thay . er way of describing this permissible fault current, then, is 1o say
| { | | 1& L any 16,6-msec interval, there can be any waveform of current whose
- = © - « - i ] © Over that 16.6 msec is one-half the peak specified half sine wave.
= - B = - - 3 n_en‘i& for the Motorola MR 1120 (Fig. 5-8C), the specified maximum
(S0 39¥1 108 CHYMEO1 STE3NY INVISHI 14 1 peak surge current is 300 A. The rms value of this is £,/2 or 150 A.

‘_'_é'“;’_.“s;zpﬂ thus also permits a square wave of current of 150 A for the
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The surge current rating also permits larger number of
the 60-Hz rate but of lesser amplitude, This is shown in Fig, 5-
surge pulses can occur at initial turnon, especially with capacitive
when the main power switch is closed at the peak of the input poy

i that of one diode rather than two in series, the center-tap circuit has

& output impedance. i ) ' ‘ ;
i The center-tap circuit results in a larger transformer, since it has twice

i v turns for the same dc output voltage. The rms current in the
Directly-off-the-ac-line rectifiers fed from a 208-V ac lin secondary

ok : T e winding in a bridge is twice that of the current in either half of the center-
have trouble with inrush surges exceeding t_hfaSE limits. The usual . uit, since the single-bridge winding conducts on each half cycle. Thus,
in series with the |.'ecnﬂer dmc!es. serves limit '“{'“_Sh current surges. sa;l'\e coil current density or temperature rise, the bridge transformer
If there is no such limiting impedance, it is essential in an e must be greater. Despite this, the bridge circuit, because it has half
to measure input surges with an oscilloscope and current probe. mber of turns of the center tap, still results in a smaller transformer —
e_xceeded. either a small resnst'nr shorted out by a relay contact rhaps its chief advantage.
time delay may be added. Or it may be more economical in pe
not to limit the current surge at all, but simply to go to the
the next higher current rating, since rectifier diodes are quite ine
There generally is no problem with inrush current surges
fed from transformers. for transformer leakage inductance is us
to provide the limiting action.

5.3.6 I’ Rating

This is 2 measure of the maximum energy deliverable
a single high-current pulse. It is the maximum permissible produet
of the rms current and its time duration.

I*1 rating is simply another way of expressing the *'n
surge current” [, e rating and is derivable from it. Thus, in
was pointed out that the rms value of 1,y Over a full (
4 1 isureer- This rms current can be carried for a full cycle of 60
equivalent /%t rating iS (3, uureF(0.0166) and its units are s
X seconds. i

Thus, the Motorola MR1120 has an 4, e rating of 3
rating is then (300/2)(0.0166) = 375 A®%-sec. This is precisely the
for It in the device data sheets. g

5.4.2 Three-Phase, Full-Wave Versus Half-Wave, Line-to-Neutral
“Wye” Circuits

These rectifier circuits are shown in Fig. 5-1. Usually when three-phase
" input is available, the rms line-to-line voltage is 208 V. With a capacitive
t filter, the peak dc output voltage is (1.41)(208) = 293 V.
If “neutral” is available in a 208 “line-to-line”” system, the line-to-
al voltage is 208/ V3 = 120 V. In a three-phase. half-wave “‘wye™ rectifier
acitive input filter, this yields a dc output of 1.41(120) or 169 V.
Now if a dc/dc converter is driven from the dc output of an “off-the-line”
. the inverter transistors, which are subjected to at least twice the dc,
have to withstand 2(1.41)(208)(1.1) or 646 V for a 10% high-line, full-wave
rectifier. With a half-wave “wye" line rectifier, the transistors are subject
169(2)(1.1) or 372 V.
There are not many transistors that can withstand with adequate safety
de voltage of 646 V. Thus, if a full-wave bridge rectifier is used, a four-
or bridge (Sect. 2.2) or a two-transistor half bridge (Sect. 2.3) with
capacitors would have to be used. Or alternatively, a series-switch step-
| preregulator (Sect. 1.2) would have to be used to step the dc voltage down
¥ 150 V. With 150 V in a two-transistor push-pull dc/dc converter,
€r transistors are subjected to 300 V in the off state. This leaves an
safety margin for the many available transistors with a 375-volt V..,
especially with preregulated dc input.
Thus, the lower available voltage from the three-phase, half-wave, line-
“Wye” rectifier, which yields lower dc output voltage, gives greater

of freedom in a power supply system design and generally results in
ponents,

54 Circuit Considerations
5.4.1 Bridge Versus Center-Tap Rectifiers

The first decision to be made in single-phase rectifiers
circuit configuration: full-wave center tap or full-wave bridge.
rectifier, especially at power line frequencies, is usable only f¢
currents, for the filter capacitor must supply load current for
cycle of 16.6 msec as contrasted to 8.3 msec for full-wave re
5-2 it can be seen this requires twice the filter capacitance for
output voltage. Nevertheless, for high-frequency, square-wave ou
the half-wave circuit is an economical and often overlooked circuit

The bridge, center-tap, and half-wave rectifier Ci
shown in Fig. 5-1. )

The bridge and center-tap configurations each has its
cause it has two rather than four rectifier diodes, the center-tap
less power, requires less space, and is more economical than
for the same dc output voltage, it requires diodes with twice
voltage rating. Because the impedance looking back into the €

- 54.3Peak and Valley dc Output Voltages for Various Rectifiers
With Capacitive Input Filters
'3“1'5 5-9 shows, for useful reference, the peak dc output voltage from
f-the-ac-line rectifiers with capacitive input filters. These voltages are
,-vmmmoﬂly used rectifier circuits and common ac line input voltages.
. Voltage at the bottom of the ripple triangle is below the peaks by the
of the peak-to-peak ripple. Ripple amplitude is fixed by filter capacity
Y Current and is calculated from Eq. 5-1. where (T/2) is taken as the
!Sine wave peaks for the type of rectifier (Sect. 5.1).
: de output voltages are of interest to verify that no semiconductor
1S Subjected to a dangerous voltage stress at the highest transient
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Peak de output voltage (volts)

Nominal 10%
rms input 10% transient 10%
voltage Nominal high-line above 10%  low-line
Circuit (volts) ac input input high line input
Single-phase, bridge
115 line to line 162 178 196 “’6'. '
120 line to line 169 180 205 15328
220 line to line 310 341 3735 279 ":
Three-phase, half-wave, “wye™
115 line to neutral 162 178 196 146
120 line to neutral 169 186 205 15258
Three-phase. full-wave, bridge o
208 line to line 293 323 354 264

Fig. 5-9. Peak dc output voltages for commonly used rectifier circt
on common ac line voltages in off-the-ac-line rectifiers.

superimposed on the highest steady-state input voltage. Minimum vo t

are examined to ensure that, at the lowest point on the ripple triana_le'.;
negative-going transient below the lowest steady-state vo
regulator input voltages are still a minimum of 2 V above their ¢
puts. A

5.4.4 Rectifier Circuits for Various Output Voltage Con

A number of frequently occurring, useful rectifier it
tained by combinations of voltage doubling and bridge or ceater-
configurations. Some of the frequently used ones are presented h
tive fashion. =

Conventional Full-Wave Doubler ?

This is shown in Fig. 5-10C. The circuit is derived from th
bridge. On the half cycle when A is positive relative to B, D2 ¢ g
polarity shown to a peak voltage 1.41V,y,. On the next half cycl
positive relative to A, D1 charges C1 in the polarity shown (o 1.41

The load is connected between the positive end of C2 and
of C1. It is seen the voltages across C1 and C2 add in series 0
2.82V s :

Full- and Half-Output Voltage from Bridge Rectifier

It is often necessary to have an output voltage lower |
output from a rectifier. This can always be done with an additiona
winding, of course, but Fig. 5-10A shows how it may be done with
tap on a winding for a bridge rectifier. )

In Fig. S-10A, diodes D1-D4 form the conventional bri
A load with capacitive filter C2 is bridged between the transforms
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p2-D4 junction. C, charges up to the conventional 1.41V,,of a bridge

But diodes D4 and D2 act as a full-wave, center-tap rectifier and charge

N 41 Voaf2. Vs 80d ¥ have a common negative terminal and are both
o with respect to that terminal.
. If Rua 18 bridged between the center tap and the D1-D3 junction,
nd Wpe Will have a common positive terminal, although the voltage magni-

will be unchanged.
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ol
T 1 Hio= 141 Vypg
Yoz = Yot'? Yrms
~ L]
. Vol
Rz xoe Ul.ft =141 Vrmg
_q % po: 037
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i \y=(1.41)(230)

0 DiY =2(1.411(115)

Gy =324 V0LTS

v, | ¥

i13 R 230 e
Yims 53
| 1 .
J\ﬂjmw
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Fh' S-10. (A) Full- and half-output voltages from a bridge rectifier.

: PDSI‘WE—_and negative-output voltages from the same center-

03 ac ok rmer winding, (C) Conventional voltage doubler. C1 and

;ﬁhﬁa:barged 10 1.41V,,, on alternate half cycles. Their outputs are

iy across the load, (D) Normal and double voltage from the same

i 2P transformer. (E) Same output voltage for 115- or 230-V
E by a simple linkage change.
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Positive and Negative Outpults from the Same a i ey
Center-Tap Rectifier Winding s hy \

It is often necessary to have equal positive and negative

a common ground point. This is simply achieved as in Fig. 5-10B

D1 and D2 providing the rectified positive output. Diodes D

versed in polarity and provide the rectified negative output. |

half winding now conducts on every half cycle, not on alternate

in a single-ended rectifier. Coil wire size must be chosen to take e ¥ e 2V 2V ——

count. a)

Normai- and Double-Output Voitage from ® c2 c4
Single Center-Tap Winding "
Often in a full-wave, center-tap rectifier it is necessary v Dy A2 03 04 05

level above the normal output without adding an additional tra

This can be done as in Fig. 5-10D. Diodes D1 and D2
former halves about the center tap comprise the standard cent
vielding an output voltage of 1.41V .

Diodes D3 and D4 and capacitors C 1 and C2 form a
doubling circuit. When A is negative relative to B, D3 charges C
of 141V, in the polarity shown. On the next half cycle, A goes
to ground by 141V, and lifts the negative end of C1 up with
positive end of C1 is raised to 2.82V,,,, and charges the top end of |
potential via D4.

Rectifier with 1dentical Output Voltage for Either
115- or 230-V Input

i
®¢ H 1 11
b v ot — 2y e —zv—---—l

-
=V V=3V =5V

t:1]

A Fig. 5-11. (A) A voltage multiplier multiply::ng _peak voltage at B by
even numbers. (B) A voltage multiplier multiplying peak voltage at A
by odd numbers.

rs and diodes is used to drop equal voltage increment on the string of
itors.

Thus, in Fig. 5-11A, assume across transformer secondary A-B, a
wave of =V volts with respect to ground. On the first half cycle when
is negative relative to A, diode D1 charges Cl to a peak voltage of V
polarity shown. On the next half cycle, B moves positive relative to A by
t ¥, pushing the right-hand end of C1 up to +2V. C1 thus charges C2
via diode D2.

the third half cycle, B is again negative relative to A by V" and C1
s up to +¥ with the polarity shown. Also on this half cycle, since D1
, clamping to ground, the left-hand end of C3 is pulled down to ground.
Now C2 charges C3 up to +2V via diode D3. On the fourth half cycle,
to +V, pushing the right-hand end of C1 up to +2V to replenish the
2V on C2. Also the right-hand end of C3 is pushed up to +4V. This
8¢ of 2V across C4 via diode D4 Now the right-hand end of C4 is
al of 4V above ground.

the next half cycle, in a similar way, C4 charges C5 up to 2V via
on the sixth half cycle, when B moves to +V, the right-hand end
Up 1o +2V to replenish the charge on C2, the right-hand end of C3
10 +4V' to replenish the +4V potential on C4. The right-hand end of
the right-hand end of C6 up to +6V via diode D6.

als of +2¥, +4¥, and +6V are available at points C, D, and E.
A Voltage any diode or capacitor is subjected to is 2V volts.
multiplication by an odd number is desired, point B is grounded
. Then, in a similar way, it can be shown, that potentials at F,
& Tespectively ¥/, 31/, 5V, etc.

Power line voltage in England and many European count
ized at 230 V. It is often necessary that equipment to be sellable
115-V American or 230-V European market must be usable at
by only a simple linkage change. This is easily done with eqt
power transformer input by providing a tap on the primary.

But with most modern power supplies having directly
rectifiers, a scheme such as in Fig. 5-10E can be used. The out
be 324 V, as if there were a bridge rectifier off the 230-V ac line.

For 230V, the linkage shown is thrown to the 230-V¥
throws in diodes D1 and D2, which together with D3 and D4 cor
rectifier and yield (1.41)(230) = 324 V. When input voltage is |
is thrown to *115." and C1 and C2 together with diodes D3 and
voltage doubler —exactly as in Fig. 5-10C. Diodes D1 and D2
and effectively out of the circuit. Output voltage at C, is 2(1.41)(1

55 Multiplier Circuits

There is a frequent requirement (as for CRT circuitry)
the range of 10,000-25,000 V at currents in the low milliamp
voltages are generated by half-wave “voltage multipliers” of the
Fig. 5-11. )

The basic principle in such multipliers is to have a stac
in series and force equal voltage increments across each one. Anar
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5.5.1 Selection of Multiplication Ratio

Multiplier stacks are notoriously troublesome because
bility of arcing at potentials in the range of 10,000-20,000 V. Dj
itors should be subjected to no more than half their manufact
cations. Small high-voltage diodes with peak inverse voltage ra
are easily available at reasonable prices. If, say, 6,000~V diodes
they are subjected to 2V and we wish no more than a 3,000-V s
on each diode, then 2V = 3,000 or V' = 1,500 V.

And for 15,000-V output, a X 10 multiplier would be
former secondary voltage would have to be +1,500 V. Other mi
are, of course, usable with correspondingly higher voltage capa
fiers. Higher voltage diodes and capacitors are generally largerin v
engineering compromise has to be made involving overall size,
derating factors and number of components. Multiplier ratios bety
are common for voltages between 12,000 and 18.000 V.

6
- Series-Pass Regulators

5.5.2 Resistive Isolation of Multiplier Capacitor Lm
Because of the usual large step-down turns ratio betwes
and primary of the high-voltage transformer, the capacitive lo
multiplier capacitor C1 reflects as a very large capacitive load
when power is first turned on and before C1 is charged up.
primary of the high-voltage transformer operates from a 30-
dc/dc converter. Then for peak secondary volts of 1,500, the
1,500/30 = 50, and C1 reflects into the primary as a cap
— 2.500C1. At an inverter frequency of about 20KC, C1is usually
of 0.01-0.03 uF. Thus, the 0.01 uF capacitance of CI reflects ir
as 25-75 uF. This slows up the fall time of the inverter collectors
and can result in inverter failure. To aveid such turn-on failures, a
be placed in series between the transformer secondary and C1.

Introduction

The block diagram of the basic regulator is shown in Fig. 1-1, and its
»n and shortcomings were discussed in Sect. 1.1, It was shown that for
m design, minimum efficiency, which occurs at maximum input voltage,
1 by Eq. 1-1:

pil : v 1—00IT\( ¥
Minimum effi =t =( )( S )
Ry T ey VE0.0ITI IS o 2

us or minus percent tolerance around the nominal value of input voltage.
cies for various values of output voltage for =5, 10, and 15% tolerances
ated and shown in Fig. 1-2. It was noted that, when the effect of
ﬂo}taqeis considered, efficiency is even less than shown in Fig. 1-2.

Itis the low efficiency, especially at low-output voltage, that has led
introduction of various types of switching regulators whose efficiency
and relatively independent of the input voltage.

Nevertheless, the series-pass regulator is still widely used and is a
'nn.d often essential element of modern supply systems. Its various
nstics and design procedures are covered in detail in this chapter.

PROBLEMS

5.1 A 60-Hz, single-phase, center-tap rectifier output is to supply 3 V
with a peak-to-peak ripple voltage of 10% of its average value.
capacitive filter, what is the required capacitance to achieve this
output load resistance of 10 ohms? '

52 A 50-Hz, single-phase bridge rectifier is to have an average oL
30 V when loaded with 15 ohms. What is the required filter capé
peak-to-peak ripple output of 4 V? _

5.3 What is the transformer’s required nominal rms voltage either side
and what is the maximum reverse voltage stress for the rectifier
5.17 Assume the supply is subjected to a +20% line transient
the ac voltage immediately prior to the transient was—+ 10% high.

5.4 Repeat the exercise in Prob. 5.3 for Prob. 5.2.

5.5 A bridge rectifier operating directly off the 115-V ac line deli
power of 200 W. With a capacitive filter, what size must the capacit
output ripple to be 4-V peak to peak?

Line-Voltage-Regulation Calculation

i?:;nents (_)f_the series-pass regulator are shown in Fig. 6-1. Input

tott‘;feg dmn_:led across the load R, and the series pass element Q1 in

Iheir resistances. A sampled fraction of the output voltage is com-
difference amplifier to a constant reference voltage V,. The difference
Usually foIlm\r‘ed by a current amplifier, controls the base of the series-
ina Mg?ltwe—feedback loop. As the output tends to change. either
Moo in output load resistance or input voltage changes, the
12:: ll:liri:)duces an output current change. This change is amplified
. plifier and de!wered to the base of Q1 in such phase as to
¥ e in the direction that will keep the output voltage gt a constant

145
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0)= SERIES-PASS ELEMENT CPEN-LCOP GAIN

CURRENT GAIN = B FROM Vg TO OUTPUT NODE he usual case

SLOPE OF Ve — I CURVE =R WITHPOINT PIOPENED =4 ; R2

” 4 R
.l ) R Rl +R2
o1 ,_-l il 7 cEp
R2 R1+ R2 R1+R2
2RI - V. Ru(R1+R2) V. RI+R2) z V.-( ) (6-2)
R pAR2 R2 R2

m;mg-regulation change or output voltage per unit change of input

Y

currenT |, &% | piFFERENCE ¥ B

ANPLIFIER AMPLIFIER i !
3R l

CURRENT TRANSCONDUCTANCE= g "= is obtained from Eq. 6-2.
t GAIN = By m T
v, CONSTANT REFERENCE VOLTAGE A )(Rl +_R2) (6-3)
AV \Ra,/\ AR2

Fig. 6-1. In the series-pass regulator, line regulation or

= [(R1 + R2)/R2ZI(1/R spmBuBss) = [(R1 + R2/R2)(R Ryl The open-loop gain A is the gain from input of the difference amplifier

output node with point P1 (Fig. 6-1) opened. This gain is often an easily
r measured value, and it is convenient to express line regulation in terms
ently, the feedback amplifier of Fig. 6-1 is not as shown: a difference
with a known transconductance, followed by current amplifiers. Rather,
an operational amplifier with known voltage gain driving the series
‘as an emitter follower. In such a case, AV,/AV, is best expressed in
the open-loop gain, 4.
But when the feedback amplifier is as in Fig. 6-1, a voltage-to-current
nk ! o-difference amplifier followed by current amplifiers, A4 is best ex-
R ., = Dynamic impedance or slope AV, /A, of the thus:
shown in Fig. 1-2A, and 1-14C) at the operating p '
gm = Transconductance of the difference amplifier at

The negative-feedback loop tends to force the sampled
be equal to the constant reference voltage. Output voltage is then

R1+ RZ)

Vo= V’(. R2

which can be shown as follows. In Fig. 1-1:

A= AV,IAV,

point in V,-1. is AL1A(V, — V). - =R, AI/AV,
A = Open-loop voltage gain from input of the difference _RAVg.BuBy
point P1 open to V. AV,

¥, = Constant reference voltage.

B. = Current gain of any current amplifier following t
amplifier.

B., = Current gain of the series-pass element.

A= R},gmﬁuﬁdp
dstituting this into Eq. 6-3,

s (Rm,,(g?.)](/g..uﬁsp)) (m;znz) s

(6-4)

Then 3
V. = VaRe _ ( VeR2 V:) ' f"-l-l Operating Point Effect on Line Regulation
R+ Rew R1+R2 It Bn:;en from Eq. 6-3 or 6-5 that line regulation or change in output
R2A R, 550 Ch&ng_ ¢ in dc input is inversely proportional to R,,,, the slope
Or Ve (1 5 m) = Vm(mg—) +V.A the series-pass element. This slope can be read from the V-1,
N ok # cap ::Tmasﬂ] Fig. 1—2A and I—I4C.
v. ( R: ) 2 A 2N3055 series of Fig. 1-2A is usually used as the series-pass ele-
ol U "\R,F R V.4 9 Output currents of 3-5 A; above that the 2N 3771 series is most often
¥ ¢ ( R2 14 ( R2 'e_"c curves show that values of R,,, strongly depend on operating
R1+R2 RI1+R2 Ome quite small and result in poor line regulation if operation is
Move into the region of the knee of the curve.
V,,.( RuIRy ) “33_ 3101:38 of the 2N3055 at I. = 3.0 A, V.= 2 V is, as nearly as
i, 14+R /R e V,A . mn Fig, 1-1B, equal to 10 ohms. Beyond the knee, the VI,
1 4+ AR2 | . AR2 erably flatter. Taking R,,, from the slope between 2 and 20 V at
R1+ R2 R1+R2 1S seen to be about 100 ohms.
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Thus, for open-loop gain A unchanged, small input voltage
an operating point just below the knee will yield output changes 10
times greater than if operation is kept beyond the knee in the

The higher-current 2N3771 series has alow R,,, beyond
in Fig. 1-14C it is seen that the slope after the knee from about !
10 A is about 4.5 ohms. It is thus clear from Eq. 6-5 that, to ack
changes for a given input change, with the 2N3771, values of g,,. B,

\f' <
" p | CURRENT r
be relatively high. v -y | AMPLIFIER I‘— Eiiéf?&”ﬁl: v |
It is of interest to calculate input change attenuation from E | pepme ! E:ng
typical case. Thus, in that equation, assume (R1+ R2)/R2=2,a l GAIN = By TRANSCONDUCTANCE = gy

assume the following average values: R, = 4.5 ohms, g,, = 0.03 .
difference amplifier, B,, = 20, and 8, = 30. Then from Eq. 6-5,

Fig. 6-2. A Darlington series-pass element gives better line regulation

2 - LT

= M (CFVe s e = despite Q ,,-multiplying-Q, collector-current ch: isi

A e oreen) lne voltage changes. R
= 0.025AV,,

or AV, = 1/40AV,,

- =y, (B
Often an attenuation of 1/40 of the input change is insuffic = &Voda m) SubabBaBy = Al,

values of g, or additional stages of current amplification (higher
used. Higher transconductance in the difference amplifier is more
achieved: these will be discussed in Sect. 6.5.2.

6.1.2 Line-Voltage Regulation with Darlington

Series-Pass Element

If, as in Fig. 6-2, a Darlington driver amplifier Q0 is
current gain, it might be thought that this would result in increased
change for a given input change. For now, if there is an input chs
are current changes into the output node via the finite collector-
pedance of both Q1 (the main series-pass element) and also via Qg
driver. But the current via 0, is amplified by the g of O,
current change in the output node and, hence, a greater output

e 15 the output voltage change with the Darlington driver (Fig. 6-2).
Al, as above, equating the above relations,

: R ,g‘:;fﬂﬂ_.,,)(mgzm) r (22:“2:;3”&)(]{];2“)

-.Equ:lluop 6-6 can be compared to AV, of Eq. 6-5; the output change of
circuit of Fig. 6-1 without the Darlington drivers. Thus
_ AV, [Eq. 6-5] R

AV = —2—T =2 = 4
| e B+ AV, [Eq. 6-5] (Te'f) (Bf) 6-7)
tlDaarlm,gton driver operates at an output current of /,/8,, and will
- | _ itg Ve a largcr_currem gain than B,,. Generally, it can be expected
e i Dicuid diiver Akl the Gipiatl i tr  normal operating current level of 1-5 A will have minimum current
Darlington driver makes the output less sensitive to input changes : ! Byi zl:e_m. The Darlington driver at its lower current will have a cur-
seen as follows: Let current gains of the series-pass element and it g '?i;: ® range of 4{)—50. Further, the Darlington driver, being a lower-
T ity Thécolcshoon ; iped elu’uwm have a higher value of collector-emitter impedance than the
V.~I, curves at their operating points) are R, and R.q, respectively. . Eq &?cnt. R WAL gty g e 0.1 et

Then for a given input voltage change, AV, since the outp -
kept relatively constant by the negative feedback, the current €
output node if there were not negative feedback would be )

Al, = Al [due to R,,, alone] + B, (Al [due to R 108
]

(6-6)

AV.se = AV, [Eq. 6-5][1/45 + 0.1(25/45)]

: = 0.088(a¥, [Eq. 6-5))
ut v T
voltage change for a given input voltage change with the Darlington

AV, (AV ) t Pass element (Tj 5 %
i T o ; ol (Fig. 6-2) is about 0,088 ti
Ry ‘R Wi *Darlington configuration of Fig 61, mes as great as for the case

In order for the output voltage to remain relatively constant, 8
voltage change must be permitted at the output mode. This small
change is just enough so that, when the voltage change is divided d
R2, the resulting current change A/l due to g,, of the difference
B,, and B,, just tends to cancel the A/, given above for the output &
had there been no negative feedback. Thus

I-Current-Regulation Calculation

It v
ﬂT:daif) :Thange for a given load change (AV,/Al,) at constant
B given € series-pass regulator of Fig. 6-1 as follows:
ust be 5 output current change A/,. To achieve this current
small voliage change AF, at the input to the difference
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Then the maximum dc voltage from the filter capacitor. when the
secondary turns has been chosen so as to have the bottom of the rj
2 V above the output at minimum ac input, is
7)
2

1+ 0.01T
l/r]f:Irrmxl_ (] i OOIT)(VD+ 2+

And maximum series element dissipation is
PD oy = (V geimans — Vol ymaxy)

_[{1+0.01T VL '
PD"""‘*KI—O.OIT)(,V““ 2) Vn]’c(m |

Since all the output current flows continuously in series through th
element, the minimum efficiency occurring at maximum dc inpu

or

g o Bpiiles Bl
Plnlma:l Vdelmmujn
b Vi
1+ 0017 v,
(1 —u.olr)(y"J“ i 7)
_ (l = 0.01?) v,
170017 v,
V,+2+ E

Assuming losses in the rectifier diodes can be calculated as if th
output current continuously at a constant 1-V drop, minimum ef
ing rectifier diode losses is

Eiin= Yo
e [(1 + 0.017)V, +2+ V,p‘i}]+1
(1—0.01T)

Now it has been shown in Chap. 5, Fig. 5-4, that at 60 Hz lin
filter capacitor of 1,000 wF/ampere of load current, output ripple
peak. Then assuming an 8-V peak-to-peak ripple, efficiency is ¢
Eq. 6-14 for various output voltage and various assumed ac line
ances. Results are shown in Fig. 6-4. Peak-to-peak ripple
proportional to filter capacitance per ampere of load current,
other than 1,000 uF/ampere the appropriate value can be used |
calculate efficiency.

Comparing Figs. 6-4 and 1-3, it is seen that ripple at|
filter output and the 1-V rectifier drop has considerably decreased
below that achievable from a ripple-free source.

6.3.1 Selection of Transformer Secondary Voltage for
Maximum Efficiency Pass Regulator for Fixed G

DIt

In the previous section, it was shown that the bottom ¢
angle, in a capacitive filter must be no less than 2 V above the
minimum ac input.

Now with a low-impedance silicon rectifier and a simple
the peak at the ripple triangle will not lag behind the peak of

for a peak-

Series-Pass Regulators

=t

ae INPUT VOLTAGE
TOLERANCE

|| #5%
80—+
/ ’_4___._. 410%
L et I ] 415% '

60—

50'—}
H 1 |

MAXIMUM ACHIEVABLE EFFICIENCY (Y

0 20 30 40 50 8 70 30 90 100
OUTPUT VOLTAGE (VOLTS)

Fig. 6-4. Series-pass regulator fed from transformer rectifier filter.
Conditions: (1) For series element input coming from filter capacity
output containing ripple. (2) Filter capacity of 1,000 xF/ampere of
Ioaq current yielding 8-V peak-to-peak ripple at 60 Hz with full-wave
rectifier and capacitive filter. (3) Transformer secondary voltage se-
gectad s0 that valley point of ripple triangle is 2 V above output at ac
input voliage at its low-tolerance limit. (4) Indicated efficiency is that
for ac Input voltage at its high-tolerance limit, and, considering losses
n Series-pass element and rectifier diodes only, control circuit losses
are negligible. Calculated from Eq. 6-14.

(= 0017 W pmypam(141) — 1 = ¥, + 2+ V,

V434V,
e AN = 0.01T)
=0.786(V, + 3+ V,) for T==10%
=0.744V,+ 3+ V,) forT==*15%

157

i tO-pn_sak ripple voltage of ¥, and an ac line voltage tolerance of
%\ anﬁer diode drop, since peak voltage after the rectifier must equal
“ T ¥,) when the ac line voltage is low (see Fig. 6-3), then

(6-15A)
(6-15B)



158

peak ripple voltage.

input series regulator output relationship for regulators requi
elements in series either at the input or output. A short-circuit
to be discussed in Sect. 6.8.2 adds a current-sensing series resi 10
parallel series-pass elements to increase output current requires
from each element to the common output node to ensure equality Ol
ing. Often, a small series resistor is inserted ahead of the input

to limit turn-on current surges.
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 Geries-Pass Transistor Configurations

The series-pass elements, which are the electronically variable im-
s between collectors and emitters of power transistors, can be imple-
in many different ways with single- or compound-transistor configura-

5

w 1
BNy

/ﬂ _—“-,

Wi |
/i

In single-transistor configurations, outputs can be taken from the emitter
sctor and the clements may be either npn or pnp devices. Compound series-

nents may be npn or pnp Darlington circuits with outputs taken either
.r or collector. Compound combinations with a pnp transistor driver
slling an npn power output stage or an npn driver-pnp power output stage
certain advantages and are often used. The various combinations and areas
ation will be discussed here.

A\

-~
L=

2

~ 6.4.1 Single-Transistor Series-Pass Elements

Figure 6-:6 shows the possible single-transistor series pass configura-
When negative terminals of the dc input source and regulated output are
1 the schemes of Fig. 6-6A or 6-6B are usable. With positive terminals
input and regulated output common, configurations of Fig. 6-6C or 6-6D

i
(=]

AEQUIRED NOMINAL o —rms VOLTAGE (VOLT s)
s

ot
=]

Most often the circuit used is determined by the availability at an ac-

/)
g ( if, : z

price of transistors with adequate voltage, current, and power dissipa-
/ s, Bt:_canse of the det:ai]s of _transislor technology, it is easier to make
1 at, high-power transistors in a npn version and, consequently, the

of Fig. 6-6A or 6-6C are more often used.

L 1 I
© 20 30 40 S0 60 70 EO % 00
SERIES-PASS DUTPUT VOLTAGE voLTS!

Fig. 6-5. Required rms inpul valtage (V,) either side of a center
a full-wave rectifier versus series-pass output voltage for a maxis
efficiency series-pass regulator with ac line input tolerance of =1
This is for voltage at valley point of ripple triangle equal to (¥, 2
low-tolerance-limit input voltage. Plotted from Eg. 6-15A.

Equation 6-15A is plotted in Fig. 6-5 for various val

It should be noted nevertheless that Eqs. 6-15A and 6-15
ring

Fig. 6-6. C
5 ommon single- i i
tions, (A . ngle-transistor series-pass regulator configura-
loaded pl:pE;:ll_il‘tz:I‘-lnaded npn series-pass regulator. (B) Col?eg‘:ior-
inal of the & -pass regulatori These are used when the negative
C input source is common with the negative output

- ' uired ac input v@ Sl (C ;
Such series elements do increase (he req pUs e loaded ) Collector-loaded npn series-pass regulator. (D) Emitter-

erally by no more than 1-2 V. They also decrease the efficiency some -m. pxg; ts;ﬁes-!ms S T B e e e
. . i o do : ;
4 : dc input source is common with the posilive output

that indicated in Fig. 6-4.
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In all the circuits of Fig. 6-6, line regulation is given b !

AV, _ (_&_)(Rl - 22)
AV, \R,/\ AR2

where A is the total open-loop gain from the input of the difference
the output node with R1 disconnected from V.
Load regulation in the circuits of Fig. 6-6 is given by Eq.

AV, _ (Rl +R2
Al, R2

6.4.2 Base Drive Problems with Single-Transistor
Series-Pass Elements

Another factor affecting the choice of one of the config
6-6 is the nature of the required current drive to the base of the
elements. The emitter follower configurations of Figs. 6-6A and 6-6
cumbersome to drive and will potentially dissipate more power th
lector-loaded stage of Fig. 6-6B or 6-6C.

Thus, in Fig. 6-6A there must be available a point of higl
tial than the base of the output stage, 10 supply current into the
point at higher dc potential than the base is the collector as in
as we have seen in the efficiency discussions of Sect. 6.3, 1t is

pecause it is one base emitter drop (or 0.7 V) above the output, which
8 (elati“ely constant.
Thus, ac input voltage changes will result in relatively large current
< in R, If a significant fraction of this current change enters the base of Q 1
inlied by 8 of Q1 and appears as an output voltage change. 1
Of course, the Ir;:gali:;fcedback network senses this output change and
R\ ' b | high-gain amplifier produces an opposing current change that mos
)(_A )_ output impedance =R, the current change in R, and tends to keep the output cugnslant. Nev::l::
o . there is an output voltage change that is greater, the smaller R, and

o are.
" This can be seen quantitatively as follows (see Fig. 6-7A):

R2
AV, =ALBIR, — AV | 5575
S e V”(m - Rz)’“
Al is me.mn-lmp gain from the input of the difference amplifier to the
node'[hls is e_ssent_:ally the same as gain to the base of Q1 as its base-
r gain is unity, since it is an emitter follower. Then

ALBIR, AVIBL(R, IR,

AV, = =
1+ [R2/(R1 + R2)J41 1+ [R2/(R1+ R2)]A1

the collector potential as close to the emitter (and, hence, to the AV, = AVIGI (& )(’RI + R2
possible. It was seen in Sect. 6.3 that an efficient design will - R,/\ R241 ) (6-16)
collector-to-emitter potential at 2 V at low ac line input. This is R2
base potential of (2 — V¥,.) V. (m)A 1>>1
Now assume as in Fig. 6-7A that the required base current
small collector-to-base resistor R,. If R, is small enough to supply oW R, Vi, v,
sary base drive at low ac line voltage, that same resistor will supply ' R, V1—V)Il, (¥1-V,)B8l
more current into the base node at high ac input voltage. For V1 is ting this i
rectified output of an ac source that is proportional to the ac input ing this into Eq. 6-16
bottom end of R, will presumably remain fixed in potential as the ac AV. = AV 1( V, (Rl +R2
: Vi— b) AIR2 ) (6-17)

;‘ ::lal']:e seen in Eq. 6—_I7 that if ¥'1 — V, is made small to avoid high
; !(I‘/T given AV'1 will be fnultiplied at the output by a factor larger
‘a Eactor}_ V,). The.ncgauv&feedback effect degenerates this by

e ess than unity, (R1 + R2)/4A1R2. Now if A1 is made suffi-
8 values of 1 — ¥, can be tolerated. Still, for a given value of

L— " . EF values of /] — ¥/, result in greater output changes for a given input
V= - “.3 :
. _. Improved Current Source Drive for Series-Pass Elements

Seri .
sh:'zﬁa'ss l'fase drive scheme that avoids most of the problems of
- P in Fig. 6-7B. Here the voltage V'1 can be made asclose to ¥,
be Selecnt‘::llmm the power dissipation in Q1. As discussed in Sect.
B v so that at its lower tolerance limit, at the bottom of the
d;)’ point of t!ie ripple voltage, is still 2 V above the output.
ve for Q1 is taken not from V1 but from a low-current

derived e
e ﬂz:'treChfymg the output of a small secondary winding on the
ing with its negative terminal on V,. ¥'2 can now be made a

(8}

Fig. 6-7. (A) Base drive from a point at same potential as se
collector usually results in increased series-pass dissipation.
supply V2 floating on ¥/, and a zener diode as a constant supply §
results in decreased series-pass dissipation.
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relatively high voltage without increasing dissipation as the current V1—Ve
(1,/B1) is small. lewo =" p

172 is selected to be large compared to V}, of Q1 so that ¢ V1=p2 +“V
changes in ¥,, do not significantly change the current to the Q1 b 3 L
be seen from Egs. 616 and 6-17, large values of R, reduce Joon =1 g + Litase @) < L.y
changes for a given input voltage change. RI

Drive to the base of Q1 can be still further improved Vi=Va( )+ Vou
pletely independent of input voltage variations by using a zener s
regulated source for the base driver as shown in Fig. 6-7B. R1

Here, the zener voltage is chosen relatively large co Vi (Rl 2 RZ) + Vo~ Voewanr

usually 5 V or so. R, is chosen so that at its maximum tolerance limit, legn) =

the maximum required Q1 base drive with a minimum zener vo
Thus, for resistor, zener diode. and V2 tolerances of

spectively, and fora nominal zener voltage V.,

R,

And since thc base-emitter junction drop V. is closely equal to the diode
,even more important, tracks it with temperature:

e )i P, L L. e
(1+0.01T )R, T @0 = R.(R1+R2)
! 1= 0.01T,)V; — Vbeimax) 6]
L;rmuufﬁlm Ticotector 0ar = E-ﬁ Lewanr = leaa for 8 > |
(1= 0.01TV: — Fietman —— L.
Or Rb 1 ﬂm.ln (i B O.OIT,-)IG{mu_\ RP(R] 3= R2l t6—20}

R. is chosen so that at the minimum value of V2 and
of V., the minimum current available via R, is at least 2 mA (to

conducting above its knee) greater than the maximum current
Thus
I (Ratinins) = 1(Ryimax) +0.002
Or (1—0.01Ty)V2 —(1+ 0.01T. V. i (1+001T)¥:
(1+0.0IT,R, (1 +0.01T,
And .
B [(1+001Tp)V2—(1+ 0.01T,)V.1(1 —001T )Ry
« = TH0.0IT)I + 0.01TIV; — Voeqmim + 0.002(1 — 0.01TRIR

6.4.4 Constant-Current Transistor Drive for

An alternative method of providing a constant-current £
independent of ac line voltage changes is shown in Fig. 6—-81\."!_'_“
not require the additional “floating” power supply of Fig. 6-7B @
constant current without substantially increasing the collector VO
dissipation of series-pass element Q1.

The circuit of Fig. 6-8A uses the constant current a3
collector of an emitter follower which has a constant voltage
the “top” end of the emitter resistor. Emitter carrent in Fig. ' | 3
stant by the constant voltage V1 derived by the resistor divider @ - 8) =
a zener diode hanging down from the QI collector. The diode
series in the R1-R2 divider network to cancel out temperature v
base-emitter drop of the emitter follower. Thus

b
SR
b3

(A} A constant curren

tion. (B) A simpler con[ supply for the series-pass base reduces

stant-current source for the series-pass
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For current in @, to remain constant (emitter follower
saturation must be avoided. Thus, at the highest base-emitter
and lowest Q1 collector voltage, the collector of O, should not
to move positive relative to its base. Now

Feeaan= Voewn + Veewg + Vae

And if the base and collector potentials of Q, are equal at the |
voltage, Voo = Viewans + Viciap + Va, and permitting Vg, = 2.1
input

Vortan=2.1=09+0.7 + ¥V,
Then Ves=21-09-07=05V

Then for an output current in Q1 of /,, the necessary
ILgp= /By Then the magnitude of R, is R, = Vellgy=
Now for a preselected zener voltage, Vy, from Eq.
R1/(R1+ R2) is selected as

R] lf'lﬂa)Rr 0.5

Fig. 6-9. Complementary-type driver stages permil lower series-pass
collector-emitter voltages and reduce dissipation. (A) A pnp driver
feeding an npn emitter follower output stage. (B) An npn driver feed-
ing a pnp emitter follower output stage.

RI+RZ ¥y Vo

and finally the absolute magnitudes of Rl and R2 are chosen so
> Iy, or

The circuit is most often used as in Fig. 6-9A with a pnp low-current
er amplifier driving the base of a high-current npn emitter follower output

The value of the circuit is that a very large current can be obtained from
ame power supply feeding the collector of the output stage. This large
is available without increasing the collector-emitter potential (and thus
-==-w of the output stage. Thus, in Fig, 6-9A the collector-base potential
8 which is also the emitter-collector potential of Q2, can be permitted to go
'as0.6 V. A lesser voltage will saturate Q2 and lower its gain. Then

Iy Of Igy ® Iny + LuglBuay

in order for voltage V2 to be dependent on the magnitude of |

A simpler circuit that is almost as good is shown in Fig.
the drop in diode D2 roughly equals the drop in the base-emitter
and tracks it in temperature. Since

Vi + V= Vbﬂﬂul + an
and Vi = Vbe(a,,:
then Vne = Vm =06V= R,- fe(ﬂnl

Veewann = Voeran + Veetan

=09+06=15V

’ ALV, of 1.5V, its losses will be small and yet drive currents of up
1 A OF more are available to the base of the series-pass element without the
| of a floating power supply as in Fig. 6-7B.
‘One further valuable feature of the circuits of Fig. 6-9 is that the base

and for a desired output current /, in QI,

_’(1)rns.\(,.=.,{ 0.6

Fivase aty = =

F: “Wa' R, h:; i-“Vl:l'Eer amplifier Q2 is to a voltage point somewhere between the
i T n::;gve lerr_mrja]s of the pyime input power supply. Thus, in Fig.
o T € 10 Q2 is a current source to a point lower than+V'1 and in

it a current source to a point above ground and less than +V 1. The
this is that additional supply voltages above +¥'1 as are used in
_ unnecessary,
‘he driver for Q1, could also be an npn emitter follower as in Fig.
S source into the base of Q1 is needed). But, in this case, the
= of Q2 would have to come from a point at a potential which
_more than two base emitter drops above ¥,. This forces two un-
_&:‘“‘“ mcreasing V1 so as to permit it to be the supply voltage
il °f Q2 or adding a second floating supply as in Fig. 6-7B.
€ Increases Q1 power dissipation; the second adds com-
S Costs and required space.

Now since Vp, decreases with temperature and it is this VoIl
Q, emitter current, that current will decrease with increasing ©
since B of Q1 increases with increasing temperature, less base
at higher temperatures. Thus, the temperature-varying base
be a very great drawback.

6.4.5 Complementary Transistor Drive for Se

A very useful circuit configuration (Figs. 6-9A
complementary-type inverter amplifier as the base drive st
pass element.
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Fig. 6-10. (A) An npn emitter follower driving an npn emitter followe
output stage requires current from a point above I, and results in highe
dissipation than Fig. 6-0A, since 2 higher input voltage is lire
(B) A pnp driver feeding an npn emitter follower driver with an
emitter follower output stage. ;

If an npn emitter follower drive for the main npn series-pass
is dictated by other considerations, the best way to drive the base of tl
is with a pnp inverter as in Fig. 6-10B. This is the equivalent of Fig.
has all its advantages. It still permits the voltage V'l 1o be as low as ©
above V. For !

':VI e '/r.-)m!n = Vb(’lﬂll + Vbﬂﬁﬂl + I"ﬂ.(m, -‘...
=09+08+05=21V X

6.5 Difference Amplifiers

As seen in Fig. 6-1, an essential element in the series-pass Ie
the difference amplifier. This circuit senses the difference between 2
reference voltage and a comstant fraction of the output voltage anc §
an error voltage proportional to this difference. This error voltage (aki€
amplification, if necessary) is used to control the drive to the series-past
in such a direction as to make the sampled constant fraction of the outj
equal to the reference voltage.

With a very nearly constant reference voltage source (whi
achieved by proper selection of a zener diode and its circuitry), the s
regulator against temperature, line voltage, and load-current € nge
almost entirely on the nature of the difference amplifier. Its output Vol
be dependent only on the difference in dc voltage level between the U
and must not be affected by temperature changes or absolute dc level
inputs.

Difference amplifiers can be designed in various ways. _
emitter voltage characteristic of a transistor can be used as a difference
The reference voltage can be fed to the emitter and the sampled fract!

I

output to the base. Changes in the voltage difference between these"\g_;

cause collector current changes proportional to the difference

inputs. But since the collector current versus base-emitter voltage chaf

-
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: temperature, changes in temperature alone will cause output error
_..hﬁgmguishable from changes in the difference between the two input

~ A diode whose forward voltage characteristic matches that of the base-
diode of the transistor can be used in various ways to compensate for
. ck of the single-transistor difference amplifier, although this is a
e and not completely effective solution. By use of a two-transistor
amplifier (especially if the two transistors are on one chip as in an
4 circuit), variations in output error signal with temperature can largely
_Such two-transistor, emitter-coupled difference amplifiers are now
universally used.

6.5.1 Two-Transistor, Emitter-Coupled Difference Amplifier

This circu_it is shown in Fig. 6-11. The two transistors are of a similar
y with matched V,,-I,. characteristics. Best results are achieved

two are integrated transistors on the same chip, since they are then more

|0——-EIQ Ly
v ) N AN by ]
o8 AN f
: [ N {/
T \ / |
EE \/
. | Y
SX8 i ] A
oal | | | / 1\
i o . /'( \
o—— | / \
L 1S o \
*O-IBED ~0078 |-0026 0 0026 | 0078 | 0135
i A4 -0052 0052 0/04

DIFFERENCE VOLTAGE - {Viyy = Vp2) (VOLTS)

- 6-11. Differ
R ence i 5 i3
difference in basea:-no?:;:i‘;. characteristics: collector currents
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R,((2 o
Q-E“—%‘l'—' = ZLR(.} = E’; in millivolts per °C (6-21)
. Thereare various means to compensate for the temperature dependence
single-ended output voltage of a difference amplifier. These will be dis-

. ;nsuct.é.ﬁ.l.

likely to have matched characteristics and remain better matched
temperature range. :

The circuit is operated with as good a “constant-current” s
the common emitter as possible. This is achieved if the average v 3
V), is large compared to their average change (which will be about
or the V,, change with temperature which can be as highas 0.2 V. | A prefemble way of taking a measure of the voltage difference between
Vys, Vse anything greater than about 3 V results in a fairly good consta input potentials is to use the voltage difference between collectors of
source. The current looking into the collector of an emitter follo | Q2. This voltage difference is far less a function of temperature than is
properly designed base input voltage provides a better constant _ ahsolute voltage of either collector with respect to ground, for as temperature,
and is often used. This was discussed in Sect. 1.6.3. : , V,, decreases, I, increases, and I., and I, both increase. Thus,

The difference amplifier circuit works as follows: If ¥V, =Fj, 'h the absolute dc level at each collector falls, if the I~V curves of Q1
in R, is (Vos — Vee) IRy = W — 0.7)/R,. Of this current, the emitters both track with temperature and if both transistors are so located physi-
Q2 each supply half the total. If say V;, is kept fixed and & small that their temperature changes are identical, then the voltage difference
crement +AV,, is applied to the Q1 base, the common emitter po 1 the collectors will remain unchanged and will be a function of Vi, — Vi
by AV,;,/2. The base-emitter potential of Q1 has then increased by
that of Q2 has decreased by AV, /2. Since AV,,/2 is small comp
initial value of V3, the current in R, remains constant at 1,. Si
emitter potential of Q1 has increased by as much as that of Q2 has
the current increase in Q1 is exactly equal to the current decrease in
larly, if ¥, remains fixed and V,, decreases by AV,,, the common

creases by AV, /2. Then the base-emitter voltage change in Ql is ¢ : ) :
opposite to that in Q2. Consequently, the decreases in Q1 current The two-transistor difference amplifiers have the valuable feature that,

equal to the increase in Q2 current. ; a single- or double-ended output is used, since opposite polarity signals
The circuit is used as a difference amplifier by inserting g able fntam each collector, it is always possible to choose the collector

sistors in the two collectors and sensing these current changes as VOIL fconnections in such a way as to provide an odd number of phase reversals

at the collectors. If the supply voltage V.. and R, are selected so t d the °l°5°‘! loop to achieve negative feedback.

lowest collector potential the transistors are safely out of sat atio! The design of the complete dc feedback amplifier must include means

tential at each collector with respect to ground or the potential between! : ate the dc voltage level at the difference amplifier collectorstoa level that

is proportional to the difference (V,, — Via): For changes in ¥, volts fect for driving the base of the series-pass elements. Such a design usually

point where V;,; = V,s. current changes in Q1 and Q2 or voltage cha - G:?\':a.ru)us combinations of npn and pnp transistors and will be discussed

collectors are very linear functions of V4, — Ve
The voltage used to control the series-pass base drive may t
cither the single-ended signal at one of the collectors or the voltage
between the two collectors. '
The dc voltage level with respect to ground at either colle€
proportional to the voltage difference between base inputs. But it
function of V4. Which varies with temperature, and V.. and, hen From the sofi .
in these parameters will produce “error” voltages in the signal 3 m]““.’ d-state equations of the transistor, it can be shown that
posedly is a measure of the base input voltage differences alone. is related to the base-emitter voltage and temperature by
I.= 1 {exp [V,.[(KT/Q)] — 1} amperes

seen quantilatively as follows (see Fig. 6-11):
.18 the emj
: emi . : =
tter current in amperes, /, is a minimum “saturation” current

If the voltage difference between collectors is used as a measure of
- Vi somewhat later in the dc feedback amplifier, this double-ended control
al must be converted to a single-ended signal to drive the series-pass base.
rather easily done and is usually preferable to using a single-ended
&:;u:put from the difference amplifier. This will be discussed further

6.5.2 Tr ansconductance and in i i
- Gain the Emitter-
: m : iffer n mitier CUll]JlEd

A 5. . .
_ Pﬁiseb relationship between collector currents and base difference
tan obtained from the fundamental solid-state relationships in the

I, R;
V. OF Veian=Vee =7 2% 10 & Ki i
2 ’ s the ¢ e! is Boltzman's constant in joules per K= 1.33 X 10-2
g (Vi — P""“"’)R : inhal°CB on the electron in coulombs = 1.6 % 107, Tisin°K= 273
\ 2R, - N ,and V,, is the base-to-emitter voltage in volts. Then
KT (138 % 102
AV _ (Re (AVM(QIJ = 12.38 X 1072)(300) _ i
And Ao (_2 R.,) b ) 0 60X Toow = 0:026 V for 27°C

. I =
But the base-emitter voltage Vican varies with the temperature at th ' ’ I,lexp(v,,/0.026) — 1]
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But for ¥, =0.5 to 0.8 V, the range of normal base-to-emitter potentiz e difference amplifier to the output node, the total open-loop gain 4, is
0.026) >> 1]; then '

1, = I,[exp(V,./0.026)]
And in the difference amplifier of Fig. 6-11
I,=1,+1,
=1,(1+ ’ez“rl)
=L, (14 /1)

L y il
1+ 1,01, LR S S

L,R,A
A, = A4, = guRiA:= W = 10/,R A, (6-27)

From Egs. 6-25 and 6-26, it is seen that transconductance or voltage
' ional to the total emitter current /,. This is a valuable feature in
offers a means of setting the open-loop voltage gain by simply selecting
ive the desired value of /,.
" Difference amplifiers of the type of Fig. 6-11 are usually operated in
sion of I, = 1-3 mA, Then at 3 mA, transconductance from Eq. 6-25 is
10(0.003) = 0.03 A/volt. And from Eq. 6-26 voltage gain with, say, 1,000-
sad resistors is 0.03(1,000)= 30.

or I.,=

And from Eq. 6-22

L1, = €XP [(Vpey — Viea)/0.026]
Lol1, = exp [(Vyes — Vet )10.026]

Then for large values of B (current gain)

6.5.3 Difference Amplifier Transconductance
from a Circuits Viewpoint

The transconductance calculation of Sect. 6.5.2, altheugh precise, fails
good picture of the factors involved from a circuits viewpoint. The

1 ; ; ;

Ly 50 = 0 : behayior can be better appreciated from the following:
e U7 L+ exp [(Vie — Vi )/0.026] ., In Fig. 6-11, consider the base of Q2 fixed at a constant reference
I and a small incremental voltage AV, applied to the base of Q1. Then at

mmon emitter, the equivalent circuit is as in Fig. 6-12. Looking from the
emitter back into the emitter of Q1, the source impedance R1 is that
on base amplifier. Similarly, looking from the emitter of Q1 into the
r of Q2, the load impedance seen is also that of a common base amplifier.
imon emitter resistor R, is large compared to these impedances and can
pro Thus, with the source and load impedances equal, a voltage change
the base results ina voltage change AV, /2 at the common emitters.
_ __-_'I._'-hcn looking up into the emitter of Q2 when AV, is applied to the base
the equivalent circuit is that of a grounded base amplifier whose emitter
an amount AV, /2. Its output current change is then

Al = g AV,,/2

l,=1,= 1+ exp [(Fy, — V2 )/0.026]

A plot of these currents as a function of base-emitter voll
in Fig. 6-11. It is seen that over a range of +0.026 V about the
V,, = V,., currents are very linear functions of V,, — V;,. Now fro
and 6-24, at V,, = V,,. both currents are equal and are each one-Ie
demanded by R,. For small variations of V;, — V,, as the currentin
changes, that in the other changes by an equal and opposite amount.

The transconductance g,,, which is the collector ¢
unit change in ¥,, — V;, is given by the derivative of Eqgs. 6-2

Al
Em = Ay _ V.
AWy — Vo)) is the transconductanc i i
e of a grounded base amplifier. This may be
from Eq. 6-22 as follows: .

= ( I, )(cXP [V
{1 + exp [(V,, — V,,)/0.026]}*

And in the region where V,;, — V, =0

i e s -
» A(Vy, — Vaz) 0.104 : Rl avy
ap_ ; Y ) ——FCR RI=Ri=
where g,, is in amperes per volt for /, in amperes, and voltage gain 2 R
collector output in Fig. 6-11 is ' oy, $he $h,
IR
=g, R, =25 =10l,R
A 2 m-rL 0-104 1 ! o L =
The transconductance given by Eq. 6-25 is used in “idl“ lhe'diﬁeremc amplifier of Fig. 6-11, because of equal
in calculating line and load regulation. Or if the complete feed = I0ad impedance. for AV, at one base, each base-emitter
hm!es by an amount iAP’M-

Fig. 6-1 consists of a voltage amplifier of open-loop gain A, 11
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PR Al _ Al _ I,[exp(V2/0.026)] _ 1, |
b T AV, AV 0.026 0.026 b
But current in each emitter is half that in the common-emitter re
then

= -——Iu

Ema = 5(0.026)

& AVM) _ LAV, _ LAV
and AlyT g"‘”( 3 )= %0026) 0.104
or Al JAV,, =1,/0.104

This is exactly the expression calculated in Eq. 6-25.

6.5.4 Alternative Difference Amplifiers

Other alternatives to the difference amplifier of Fig. 6-1 /

Fig. 6-13. Figure 6-13A is the double-ended pnp equivalent of
pnp circuit is used when output voltages close to ground are ne
ing a series-pass base through the base of an npn upward-level
The output voltages of the npn difference amplifier are at a dc 1
and, hence, may not be appropriate for driving the input of a serie
The forward voltage drop of diode D1 in Fig. 6-13A
temperature at a rate of —2 mV/°C. This cancels to a large exten
equal Q1 and Q2 base-emitter voltage changes with temperature
- renfpetara: eaconfpensatu=pato i ada Fir.e 1-1 0. this, makes. th
voltage at either collector with respect to ground independent of tem

a function of (V,-V,) only. Thus, single-ended outputs may be taken
collector and used to control the base of the series-pass elements.

a temperature-compensating diode, for a control signal independent
ture, a double-ended signal —the voltage difference between the two
must be used to control the input to the series-pass element.
Figure 6-13B shows the equivalent difference amplifs
transistors and diode D1 again making the absolute dc voltage
collector independent of temperature.
An alternative means for keeping the emitter current
dependent of temperature is shown in Fig. 6-13C. Here, Q3 is used
follower whose emitter current is maintained constant and in
temperature by combination of the zener Z1 and diode D1 at its
current in Q3 is

vc;

i

B )(V:n + Vo1 — Voeass\ _ Vo

+1 |2

1|=
* RI J

I8
and since AVy.qn/AT = AVp,/AT, the collector current of Q3
emitter currents in Q1 and Q2 are independent of temperature.
outputs can then be taken from either collector to control the input
pass element. These collector voltages with respect to ground Wil

Q1 and Q2 base voltage differences only and will not shift with
i) Figures 6-13D and 6-13E show single-ended npn difference amp
L cases, diode D1 is used to compensate for the Q1 base-emitter ¥
with temperature.

‘ Flg. 6~13. Tem?eralure-compensated difference amplifiers. (A) A pnp
tor ce amplifier with diode D1 to cancel base-emitter vollage varia-
:}ftfh temperature, (B) The equivalent temperature-compensated
1 Sm]tmﬂ_e‘t\‘.l'llr:r: amplifier. (C) A temperature-compensated emitter
D) A _Constant-current emitter load for the difference amplifier.
single-ended difference amplifier with temperature compensa-
Y diode DI. (E) A single-ended difference amplifier with improved
ature compensation.
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The circuit of Fig. 6-13D does not provide complete
depends on the ratio R2/R1. This can be seen as follows: Assume
R1 senses the voltage to be controlled and that there are neither load
voltage variations. Then, if temperature varies, the Q1 collector vi ;
the control signal, must not vary. Since for constant current, the
voltage decreases at the rate of 2 mV/°C, the voltage applied to the
terminals of Q1 must decrease at the rate of 2 mV/°C. Now '

. the single- ended circuit of Fig. 6-13D achieves close to zero out-

M discussed in Sect. 6.5.4, the circuit of Fig. 612D does not achieve
' '“m with perfect matching of the diode D1 and the base-emitter char-
- of Q1. The ratio R1/(R1 + R2) also affects the magnitude of the result-
‘as discussed in the aforementioned section.

‘The drift of output current with temperature in the double-ended
e amplifier of Fig. 6-11 is generally less than with single-ended am-
This can be seen from Fig. 6-11 by considering the current drifts as due

R2
Vaan="Va +Vmn + (¥, — Vm)(i)
out above) to two small batteries in series with each base. The magni-

R1+R2

=—Vy + V“‘(RITRZ) =¥ (Rll-ll—zkz) the “battery voltage” is about 0.6 V, and it decreases at the rate of

' Now if the two equivalent “battery voltages” have equal temperature

And AVonan _ (%1 )( Rl ) s (as can be achieved by using two integrated circuit transistors close
AT AT /\R1+R2 on the same chip), the difference in collector voltages (or currents)

And for the compensation to be complete R1/(R1+ R2) must be close constant —there is no drift in the collector voltage difference with

which it generally is not.

The circuit of Fig. 6-12E provides better compensation.
voltage V, is sampled by R1 and R2. The potential at the junction of
level-shifted upward one diode drop by D1. R3 is made large so
is small compared to that in R1 and R2. Thus, the voltage at the
primarily a function of R1 and R2 and fairly independent of current
the downward-level shifts in the base emitter of Q1 is canceled by
level shift in diode D1. Since these two semiconductor junction dre
equally with temperature, the applied base-emitter potential deci
the rate required to keep a constant collector current. ZI is a
compensated zener and is chosen for minimum drift (Sect. 1.5.5.%

~ But if the voltage proportional to the difference between base input
is taken as the voltage at a single collector with respect to ground, that
drift even with temperature coefficient matched equivalent “battery
* This is a so-called “common mode effect,” i.e., the voltage at a single
r with respect to ground also depends on the absolute dc level of the base
voltages —not only on their difference.

Thus, the potential at a collector with respect to ground is (Fig. 6-11)

yﬁqn: Vrr ¥ lr:l{RL)
Vm = V,, and Vh,e1 e Vbe‘zq

Vs = Vies

6.6  Drift in Regulated Output Voltage 2R

0

The output voltage drift in a regulated power supply is due the I, current is equally shared, and

temperature variation of the constant voltage reference source and
variation of the difference amplifier characteristics.

6.6.1 Single- and Double-Ended Difference Amplifier

Both the double- (Fig. 6-11) and single- (Figs. 6-13D 2
ended difference amplifiers exhibit drift characteristics with temp
exhibits itself as a variation in collector curremt with temperature
constant voltage difference between the input terminals. Essentially,
about because the collector-current versus base-emitter voltage !
moves with temperature along the base-emitter voltage axis at
mV/°C.

R
Vean = Vs = (‘Z_H'R;_) (V= Vier)

av, R, \ AV
—cton _ (A ) (A pe;
AT (ZR,,)(. AT )
4 mm- R, will be two to five times R,.

Then for AV, /AT of 2 mV/P°C, and, say, for R, = 2R,, AV.q/AT

e d“ﬁ in potential of a single collector of the double-ended difference
1?; be compensated by a diode in series with the reference voltage as in
o b:n: 6-13B. Or, as in Fig. 6-13C, the difference amplifier emitter
oots m‘:ft constant by the use of a temperature-compensated emitter
o oad circuit. These compensation schemes are not always per-
Y _dePC}ld on exact matching of the temperature coefficients of two
In the single-ended amplifier, the effect is canceled to 2 I2 OF Junctions that may not be carrying the same current or that may

the use of diodes located (Figs. 6-13D and 6- 13E) so that their @ _ ! at different temperatures.
perature of 2 mV/°C cancels the base-emitter voltage drift of HI€TE Is thus a certain amount of drift voltage that is never compensated
magnitude. With perfect matching of the diode and transistor’s Were no negative feedback this output voltage drift would be the net

The effect of this is as if a small battery or drift vol
placed in series with the base-emitter terminals. This “battery”
about 0.6 V at 25°C and decreases with temperature at the
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remaining input voltage drift multiplied by the gain from the dr . same V, were permitted to appear between A2 and A 3, the resultant
to the output, I ‘would be
But with negative feedback, output drift voltage is not VA3 R1+R2
open-loop gain. It is rather multiplied by an amount dependi AV, = -——¢———) (—)
; e : - AFo = N A14243 R2
drift voltage arises in the feedback loop. This can be seen as fi v Rl R2
Output Voltage Drift Dependence on Point in a N & (A 14 ( R2 ) (6-30)

Feedback Loop Where an Input Drift is Permitted

The magnitude of the resultant output drift and its re
in the complete feedback loop the initial drift or error voltage
appear can be seen from the following:

In Fig. 6-14, assume an “error’” or “drift” voltage |
output of the difference amplifier, which has a gain of 41 from
lector. This drift voltage can be the uncompensated change in
at either collector when a single-ended output signal is used, T
cussed above arises from changes in common emitter current due

Geredensndenceof UV, of the difference amplifier. Now assu
difference amplifier output there are two amplifier stages of gain,
before the base of the emitter follower output stage. which has unit
the output change A¥, resulting from the drift voltage is

2 times as great as the output drift when the same V; is permitted
dier in the feedback loop (as in Eq. 6-29).
* An appreciation of this effect is seen by the following numerical exam-
soct. 6.6.1, it was seen in a two-transistor difference amplifier with R,
Vi JAT =2 mV/°C, the voltage with respect to ground of a single
es at the rate of 2 mV/°C. Then for a temperature change of 50°C,
drift at one collector is 100 mV. Now assume in a feedback amplifier
6-14,A1 = A2=A3=20 and R1= R2. Thus, the drift at the output for
drift at the output of the difference amplifier is from Eq. 6-29

AV, = (-;%) -(K——-—' ;;Kz) = ( %} 2)= 10 mV

But if in some manner, the 100-mV drift were to appear between A2
3 in Fig. 6-14, the output drift from Eq. 6-30 would be

R2
AV, =V, 4243 — ——)AVUAI.42A3
: (.R1+R2 .= (L )(R1+R2')=f 100 )z
V;42A43 * \NA142 R2 t(ZU)(ZD)
o Vo= TTT IR + ROJATAZAD 100
- —((20)(20))2=0,5 mV

and for [R2/(R1+ R2)]A14243 >> |

V,A24 3] (’RI + Rg) It is for this reason (Eqs. 6-29 and 6-30) that in a difference amplifier

able to use the difference in potential between collectors rather than

AV, —=~(

A1A2A3) R2 ﬁt one collector to ground as the error signal. This is shown in Fig.
13 (ﬁ) (Rl + RZ) in which the output of the first difference amplifier is used to drive both
Al R2 second difference amplifier.

The difference in collector potentials of Q1 and Q2 is relatively in-
f’f temperature despite the base-emitter voltages and common emitter
it being tcmpf‘.ramre dependent. The difference amplifier Q3-Q4 converts
: ‘_’“‘ signal to a single-ended one to drive the base of the series-pass
udlu':;r me' now the single-ended drift signal at the collector of Q3
- ous, for 1t is amplified only by the unity forward gain of emitter

Equation 6-29 is a general and valuable relation in feedback

It states that any drift or error voltage appearing or inserted in the

is multiplied by the total forward gain between the point of inserti

output (4243) and divided (degenerated) by the total open-loop gain
Thus, drift or error voltages are most serious when they are pel i

closest to the output of the difference amplifier as the forward gain i’ 5 and Q6 but degenerated by th duct of the gains of both dif.

: y the product of the gains o -

highest before degeneration by the entire loop takes place. In the g ;
o HIETS In accordance with Eq. 6-30. Thus, assume a drift voltage at

(gf?' of 100 mV because of the temperature-caused change in base-
® 0f Q3 and Q4. Now as above, assume gains of 20 from base to

‘?Ch difference amplifier and R1= R2. Then from Eq. 6-30, output
i 18.(100 x 2)/(20 x 20)= 0.5 mV.

AR

o 2
Sl

Fig. 6-14. Output drift for a drift signal inserted as shown 18
AV, = (VA D[R] + R2)/R2]. i

"2 Difference Amplifier “Offset” Voltage Drift

3 b:t:mble‘e“ded output from the difference amplifier, this
3 “u een collectors will drift with temperature. This occurs
base.¢ er voltage versus collector-current characteristics of the

i—
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two transistors are not exactly identical, and their relative characte; ors, there will be an output drift. Thus, the most significant parameters
i s g o, O1%: . drift in a difference amplifier is the rate of change of “offset”
A measure of the similarity of the I, versus ¥, cun with temperature. . y A j )
transistors is the so-called “offset voltages.” This is the small vo \ " |f the two transistors in the difference amplifier are integrated devices
that must exist between bases to bring the differences between col same chip their Vil characten§ncs and current gains are very closely
tials to zero. It is not important that a nonzero offset voltage emfs;ﬁ" .4 and remain better matched ‘wnt.h !:empt:rature changes. Offset {Vn{,)
be canceled by adjustment of the sampling resistor ratio R1/R2. But acts much like a small volfage in series ?N'lﬂ'l one of tl}e bases in the dif-
voltage is temperature dependent, even with the double-ended outy e amplifier. or specifically like a voltage in a senes with the voltage ref-
i , source. Thus, output voltage in Fig. 6-13 is
Rl 1 S V,=(B—li—|——zgg)(yr+ym)
T % w adjusting R1/R2 any desired output volts can be obtained at, say, room
— 1 — for any value of V. Butif Vo varies with temperature at a rate of
L l LNl AT, then the output voltage varies at a rate of
e $ T [ AV, (Rl +nz) (gfﬁ
05 \ I ( R2 AT )
= m 3 ‘ua al @ With integrated transistors on the same chip AV,,/T can be kept to
T 06 OO
: < 6.6.3 Difference Amplifier Offset Current Drift
Ry o 1:“:» : If both transistors in the difference amplifier (Fig. 6-11) draw equal
| L Al ot and have equal current gain, §, then their base current is 1,/28. Now
o : ‘unequal source impedances seen by the two bases or poor tracking of A in
: 0 transistors will generate an error voltage between the two bases. The
 actually seen at each base is V. — 1,R,12B, where V. is the open circuit
‘{ x  voltage and R, is the source impedance looking back from each base.
e ’ ~ Clearly, the smaller the value R,, the less is the base voltage affected by
a8 -y ts variation with temperature. Source impedance seen looking back from
' - ¢ to the resistor sampling network (Fig. 6-13B) is the parallel impedance
05 s ind R2. These are generally made sufficiently small so that the current
a7 : o ihetn is 50-100 times the current demanded by the base (/,/28).
i i , ﬁml'ﬂ]? the impedance looking into the sampling resistor network is
J_ e B |Q‘ = S _ tlm100kmg back into the zener reference. These are usually equalized
= 2 < & resistor in series between the top of the zener and the base that senses
L 0th transistors on the same chip, variation in 8 with temperature and
a5 e Y Q quent voltage change because of the equal and minimized source
! ol > will result in relatively small error voltage changes with temperature.
(1 - ; supply output drift due to the temperature coefficient of offset
d current combined can be kept under 20 wV/°C with an integrated
il 5 amplifier and equalized source impedance looking back from the
iz. 6=15. (A) Use of a double-ended si from collectors of th 6.
gﬁeﬁr;;fe(m:'lgiﬁer.leﬁltmz dnl":t %‘hﬁseg;mflmmdg templam;._:-_ ne{:l‘euce Voltage Drift
e-emitter vol change. (B ¢ same difference ampits ner re . .
Ezilblcr-!::nd:d oullapﬁtels tm:l gwiuf a)ddiﬁonal open-loop gain provi Sect, l.se.reé;:w;zltt.age sources have previously been discussed at
Q6 and dc level shifting by Q5. Polarities indicate an odd num jonal zener diodes have temperature coefficients

i i med & changeé
\ mt‘mverms (negative feedback) for an assu - A Linear Integrated Circuits, pp. 43-72.
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:E
:

ranging from —0.06%/°C for a 3.3-V zener to +0.060%/°C for ¢
(Fig. 1-10F).

But these temperature coefficients hold only at a fixed
unique to a given voltage rating. Thus, as can be seen in Fig.
zener (IN750) crosses the zero temperature coefficient axis
5.1-V unit (IN751) at about 8 mA and a 5.6-V unit (IN752)
Thus, if the zener current can be kept constant at these zero
efficient points, fairly good drift-free operation is possible. Zer
kept constant, either by feeding the zener current-limiting
regulated output of the power supply or by use of a double
shown in Fig. 1-11.

But even at the optimum current setting, a conventional
ture coefficient remains low only over a limited temperature
mum zener stability over a large temperature range is required
achieved with temperature-compensated zeners (Fig. 1-13).
characterized by maximum guaranteed voltage changes overa
tures usually —55 to +100°C. This defines the device more.

O

temperature coefficient that varies with temperature and, hence, 3 ®
an average. Thus, it is seen in Fig. 1-13 that the 1INB29A has
perature coefficient of 0.0005%/°C and is guaranteed to have an 7
change of only 5 mV over the range of —55 to+100°C if operated @ g 3 ﬁ“)
current of 7.5 mA. e

N0

6.7  Feedback Amplifier Configurations
Fig, 6-16. Feedback amplifier configurations for npn inverter series-
The dc voltage level at the collectors of the difference ; pass elements.
6-11) is generally not at the correct value to permit it to drive
series-pass element or the base of the series-pass base drivers
Either for this dc voltage level incompatibility or to increase the
gain, usually additional transistor amplifiers are required betv
the difference amplifier and the input to the series-pass eleme‘ﬂi:

There is vast variety of npn-pnp transistor combin:

Figure 6-15A shows a single-ended output from one collector of the
difference amplifier driving the base of the Darlington driver. The base
Qi:;mezs] fron; a constant-current source formed from floating power
s zener Z1, and resistor R1. Resistol -
tween the series-pass element input and difference amplifier out than the maximum current dem;;;ﬂbl;]uétsb:’ﬁ:‘e,éohslug;h;ﬂszngﬁ
figuration chosen depends on the nature of the series-pass el np minimum and output load current is a maximum. For maximum beta
emitter follower or inverter (Fig. 6-6). It depends to some exLe d Q6 and minimum load current, R, supplies more current than is re-
of the base drive circuit, which may be any of the config the base of Q5. The excess R, current is drained off by Q3, and R

to 6-10. And it depends, of course, on the nature of the difference Sufficiently low so that Q3 can absorb this excess current, Thf; curren:
node or nodes, which may be any of the versions of Figs. 6-13 0¥ R, should be large (at least five times the excess current from R,)
of the possible feedback amplifier configurations used with the currents in Q3 and Q4 remain roughly equal, no matter what curre;I
curring series-pass combinations are shown in Figs. 6-13 to 6-1 “ed by the base of Q5. For large currents in (.:35. a second Darlington

. s base may be needed.
]6:;?.&1 Feedback Amplifiers with Double-Ended iTe 6-15B shows a two-stage amplifier between the collector of th
erence Amplifier Output ctor of the

i . j and the series-pass base input point. This provides more open-loop
Figures 6-15 and 6-16, respectively, show npn emH Kes the collector current changes in Q3 and Q4 negligible, thus con-
npn inverters as series-pass elements. In both figures, & dot Output voltage stability. :

is taken from the difference amplifier and is further amplified b 6-16 shows some possible configurations for driving the base of
difference amplifier before conversion to a single-ended Si

: i ; npn Sﬂ_ﬁes-pass elements. For large current varations in Q1,
input of the series-pass element. .l = Chver for its base may be necessary.
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. (Cont’d)) Complete feedback amplifier configurations with
ded outpuls_from a two-transistor difference amplifier and npn
ollower series-pass element. Polarity symbols show an odd
r of phase reversals (negative feedback) around the loop.

Fig. 6-17. Complete feedback amplifier configurations with

ended outputs from a two-transistor difference amplifier and
ter follower series-pass element. Polarity symbols show an odd
ber of phase reversals (negative feedback) around the loop.

Overcurrent Protection

E. m;mi protection is primarily intended to protect against over-
& ms—l!i;lss elements when the output node is shorted to ground,

thame isa common failure mode, since it can be brought about by
» the output bus being accidentally shorted to ground in its long path
loads, or most probably by accidental momentary shorts during

6.7.2 Feedback Amplifiers with Single-Ended
Difference Amplifier Output

As discussed in Sect. 6.6.1, when somewhat greater ol
temperature is acceptable, single-ended outputs from a differe:
be taken as shown in Fig. 6-17 for npn emitter follower series-p:
configurations show temperature-compensating zener diodes
drifts with temperature almost as low as with double-ended
ference amplifiers. Some of the series-pass base drive schemes 0
6-8 are shown in Fig. 6-17 along with a number of “current sin
driving them.

=Nt short at the loads makes an entire system inoperative, o
A very desirable feature that the load short ln!loes?. not arl‘:o cause :
ma:lhli the system is operative on removal of the load short
e shonm'wm burn tl?emselves out in a short time, and it is
o osci]]ume they exist tht:.y do not also damage the power
o tloscope probes accidentally slipping and shorting to
o testing is a very frequent occurrence, and it is unacceptable
=0t result in a power-supply failure.
& mmnipnm\':_ reason for ovef'currcnt protection is to protect
i abolpm' itis a!:lao useful in the protection against smaller
ve the maximum specified load current. The current

6.8 Protection Circuits

Most present-day power-supply specifications
against two common potentially disastrous faults: accidental
overload currents, which can destroy the series-pass element,
voltage, which can destroy voltage-sensitive loads.
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.
level at which protective action sets in is generally kept at m
maximum specified load current. With greater complexity in circuit

generally possible to set the threshold at which protective action sets a2
10-20% above the maximum load current—but this is not usually e

There are two generally used modes of overcurrent protect g
current and current foldback shown in Figs. 6-18A and 6-1 = [ A3

6.8.2 Constant-Current Overcurrent/Short-Circuit P

In constant-current protection (Fig. 6-1BA), as output c
creased beyond 1,,, (the maximum specified load current) the t.'m‘_w
mains constant and within its load regulation specifications. At some
rent level I,, output current can no longer be increased, and, as the e
impedance decreases, the output voltage falls along the vertical
Actual operating point of the supply in voltage and current is at the
of the volt-ampere characteristic described above with a load line
AV/AI is equal to the external resistance. Thus, in Fig. 6-18A,
external resistors R1, R2, and R3 are shown together with their
P1, P2, and P3. These vield output voltages V1, 12, and V3.
It should be noted that, although the maximum current
drawn through the supply is limited to /.., the dissipation in the seri
is a maximum for a dead short at the output (R, = AV/AI=0). For
the current throughout the series-pass element is still /., but the v
is a maximum, This maximum voltage is equal to the full maximt
voltage to the series-pass regulator at high ac line input voltage. T]
considerably greater than that existing across the series-pass el
operation, for it will be recalled (Sect. 6.3) that the dc input Vo
so that at low ac line input, the rectified dc input to the seri
minimized to ¥, + 2 + Vyppe/2 and the voltage across the ses
2 + Vippel 2 volts.
Then for an output short occurring when the ac line inp
suming +10% ac line voltage tolerances, the dissipation across
element is (1L.1N1L.1(V, + 2 + Veppie/ D :
This compares to a series-pass dissipation (nonshorted)
input voltage and maximum specified load current, I,,,, of

LDV, + 2+ Veiporel2) = Vol

It is obvious that, even with I, not much more than /.
at high output voltages the series-pass dissipation under shorted ct
be far greater than 25% above the nonshorted dissipation. v

Thus, although constant-current limiting puts an upper |
put current, there must be a large enough number of series-]
parallel so that their junction temperatures calcnlated as in
safely below their maximum specified value.

P3
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8. Ov, AR

: E""‘:gl DFrolectmu circuits. (A) Constant-current over-
”'m“mm ;)Ve:cu oldbacln_t-cu_rrent overcurrent protection. (C)
- ove % ment circuit configuration, (D) Foldback-

6.8.3 Current Foldback Overcurrent Protection Shon:; :clg;']#:t implementation. (E) Foldback circuit
diode DI rather e oung the Vi drop of Q3 with an

It was pointed out in the previous section that constal
current protection results in maximum series-pass element power
the shorted condition, and this dissipation can be many times greal
nonshorted condition. y

her than with the base-emitter drop of Ql.

185
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In a relatively simple way, the lower dissipation “foldback
teristic of Fig. 6-18B can be obtained. In this mode, output volt
constant and within specification limits up to a critical current j
factor (40-60%) greater than the maximum specified value ..
output voltage and current start falling along the “foldback™ line : e e Q3 is off at any temperature at / = /., and
The foldback line (I.-I) is not necessarily a straight lin “al - 3
shape depends on circuit details ;nd generally, just after the turna ¥ F = L., = Q3 basc potential
1., it will have an upward concavity. It is important to note that
the impedance at the output node is a negalive resistance, For I
1.1, as the current drawn from the node increases, the output
creases. i.c.. the definition of negative resistance. Because of
sistance, once the point I, is rounded by a decreasing load line, o
rapidly jumps down the I~Ip to a stable intersecting point such .
Now the advantage of the current foldback scheme is
short the output current is I, which can be a small fraction of I,..
pass dissipation is greatly decreased below that in the constant-
and significantly fewer series-pass elements are required to mai
tion temperatures under prolonged short-circuit conditions. Curr
circuits are somewhat trickier to design and require more Omy
constant-current circuits, but the advantage of far lower di
shorted condition makes them preferable.
As the output load impedance is decreased beyond the I,
operation will be at the intersection of the resistive 1oad line and the
rent characteristics. This is seen in Fig. 6-18B, in which three succe
impedances R1, R2, and R3 are shown along with their intersecti
P3 with the current foldback characteristics. These intersect
operating points and care must be taken that under odd ope
(usually at power supply turnon) a nonlinear load correspondi
is not presented to the supply even momentarily. for this can caus
voltages to “latch up” at intersection points P2 or P3and voltage will
up to its full value. “Latch up” is a frequent problem with foldback
will be considered in more detail in Sect. 6.8.8.

6.8.4 Constant-Current Circuit Implementation

Circuit implementation for constant-current overcurrent P
shown in Fig. 6-18C. A current-sensing resistor R,. is inserted i
output load. A transistor Q3, which is normally off, is used to diy
pass base drive (/,) when the threshold current [, is reached.
terminals of Q3 are bridged across R, to sense its voltage which
to output current. The resistor R, is selected so that at the
output current I,,, Q3 is safely biased off by an adequately
Vs At the critical current limit /., the increased drop across Ree
turn-on potential for Q3. :

Now Q3 turns on, diverting just enough of the base £
driver Q2 to keep the Q1 output current at a level I, such the
Transistors Q1, Q2, and Q3 form a local negative-feedback |
taken over from the main voltage-regulating feedback 100p. The
remains constant at I, and the output voltage is fixed by the output
R, at a value V, = IR, (the intersection of an R, load line with

Fora dead short at the output (R, = 0), ¥, = 0. The governing relationships

Vg = IR o = Q3 base potential
;

cure (3 is on at /. at any temperature. Or
I.= LosV ol Vo)

Now if ¥, and V,, were sharply defined, were almost equal in magni-
had little production spread, the current limit point [, could be kept just
above I,,. Since output voltage starts falling at /., when Q3 turns on, it
ensured that the lowest value of I, is greater than /,,, the maximum lo,ad
at which the output voltage is to remain constant.
~ Since there are production spreads in the [.-V, characteristic, R
chosen small enough so that I, R . is les® than the minimum vall‘.le t;;‘
i.-_e., the most easily turned on Q3 is safely kept off at a forward bias of
For low-level transistors like Q 3, forward bias of 0.40 V is still low enough
'mjsistors §afcly off up to about 75°C. Then for R,. = 0.4/[,,, the
it limit qomt I. will have a spread determined by the production sprne‘:ad in
2 maximum value of the current limit point /.y, is given by the above
hy Ictnul = I"rmlrnuJRm--

Now for most transistors li i
el ors like Q3, production spread can make V,, oy

V, 0.65
,{ mi = SR ) = ———
elmax) ’m(Vojr) I“’(ﬂ.‘iﬂ) 1.63.(,,"

-'ount-current lin}iting, for an output short, the series-pass elements
cted to a total maximum dissipation as great as P, = 1.637,,.V nman
mes—. 3 wl‘;;a_s elcmfmts in parallel must be used so that each element’s
lit . lll:e safe junction temperature limits.

mjdil 5 n;,:;t’rctcll.l Lhta;l the nominal current-limiting point is temperature
o fixed € base turn-on voltage ¥}, which is nominally about

V_al‘ies a-bolll 2 Ve A i .
100) or 0.3%!“3 [C. Thus, the current limit point varies about

9.8.5 Current Foldback Circuit Implementation

'lém,'::: ;;-::bat:lili_:hamcterisﬁc qf Fig. 6-18B can be implemented
Rt se;icl;fse in Sect. 6:8.3. it has the advantage that for a dead
B Pove: dissiﬁxs current is equal to /,,, which may be a small
iy on in I.l3e series-pass element is thus considerably
urrent circuit and fewer series-pass elements in parallel

is ;
¥ ye: :nf:;t:nr ad\fa.ntage in the foldback circuit of Fig. 6-18D in
- “w!mpemmwm wh:;h pfotective action commences, is relatively

. quuire-dpor in Fig. 6-18D as temperature, say, rises, the
Qi to turn on Q3 decreases, but the control voltage

is
taken from the base of Q1 whose base-emitter potential
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decreases with temperature at roughly the same rate. And since R2/{

the turn-on point for Q3 will depend only on the IR drop in R,

ratios R2/(R1 + R2) and will be relatively uninfluenced by temper
A qualitative understanding of why the circuit of Fig. 6-1 L for overcurrent tripping at I, = 1.37,,

current foldback characteristic of Fig. 6-18B can be seen as foll i _ e

Q3 serves the same purpose as in Fig. 6-18C. Itis normally off, up AV = 0.3= Rochly = Roc(1. 3y = T) = 0.3R I s

mum specified output current /,,,. Its base-emitter potential is the R, = 1.0/l (6-32A)

rise in R,,, the rise in ¥}, of the Q1 base and the IR drop in R1. ., ) s B

R2/(R1 + R2) are selected so that when V/, is high (at/=1,,), Q3is Eq. 6-31, since Fiewan 15 to be 0.35 V at [, = 1,

on to just below the conduction level or to about +0.4 V. To ini v =035___(1_ R1 )[J R4V ]—V( RI )

(at 1,) the voltage rise in R, must increase to overcome the down - Rl R2pwere T The@UD TARL+R2

But the drop in R1 is significant only if ¥, is high enough to cause

to flow in R1. When V, is shorted, the bias current in R1 is lost a

rise in R, required to keep Q 3 onis considerably less. The current fl

R, required to keep Q3 on in the shorted condition is thus m

required to turn it on initially when V, is high and is providing bi

S YT e (6-32)

r overcurrent tripping at 1.5/, I, R,. = 0.6 V from Eq. 6-32 and since
0.8 V typically for power transistors, then

0.35 = (1 - ﬁ)(o.e +08)— V,,(Rllilkz)

R1/(R1+ R2)= 1.05/(1.4+ V) (6-33)
arly for overcurrent tripping at 1.3/,,, since from Eq. 6-32A, I, R,.

6.8.6 Quantitative Relations in the Current Foldback.
Overcurrent Protection Circuit

Significant parameters in the circuit of Fig. 6~18D can

follows: R1 R1
0.35= (1 ——a—)u.o +08)—V¥ (———)
Vbe(lla) =, {nRoc “t VbeICIH = VR‘! Rl o Rz o Rl E R2
SR Vo~ 7, TR A .Rl.f(Rl + R2)=1.45/(1.8+V,) (6-33A)
'Equations 6-32 and 6-33 are plotted in Figs. 6-19 and 6-20 for some
b R1 output currents and voltages. In most instances, R2 would be a fixed
or Ve = (l “Ri+R2 RZ)U“R‘" + Vietan) — VolR1 series with a trimming potentiometer to permit setting the forward

3 at +0.35 V at maximum specified output current.
i Semewhat better stability in the overcurrent trip point (/.) can be
by taking the top of R1 from a point one diode drop above the emitter
Fig. 6-18D. This is shown in Fig. 6-18F. It was noted above that the
vaniation of V,, of Q3 is being canceled by the base-emitter drop of
1o Ql. But this cancellation is rather imperfect, for Q1 is a power
:;ch in the first place has larger spreads in V), than a lower power
Q3. Further, Q1 operates at a higher temperature than Q3, since
all the output power. It is also located on a heat sink rather than on a
board as is Q3. And finally ¥,, of Q1 depends on output current
5 ble to have all the current-sensing characteristics in a fixed, stable,

-defﬂenl- the sensing resistor R, itself.

‘ a voltage 1:1xcd with respect to V, is available, it can be used to
Cu;nem into a diode D1 as in Fig. 6-18F. Now with DI
e Q3, tracking of ¥y, and V,, of Q3 with temperature will be
@ than ¥, of Q1 and V,, of Q3. Further, the voltage rise in the
‘ nt of output current and current sensing is a function of the
s alone. But it should be noted a relatively constant current

Now choose R, and the ratio R1/(R1 + R2) so that, af
specified output current, Q3 is so biased that the most easily turn
is still safely off. Let this be a forward bias of 0.35 Vor0.3V!
voltage required (0.65 V) to turn on the hardest-to-turn-on
Eq. 6-31

AVbrrua)_( - Rl )
AL ! RI+R2R°‘”

And generally R1/(R1+ R2) << 1for ¥, > 35 V. Then

&Vbe(m]
ik 0 Y
Al, *

And if the Q3 bias at I, = I,, is set at 0.3 A% belo\l-v wh
turn it on, choose R,. so that at a current of ,= /.., whichis to
1.51,,,, Q3 picks up the additional 0.3 V of forward bias and do

AV, =0.3=R,Al,

=R, (. —1 bl R

is E;SI m:) 4 :;: generate the diode bias voltage. Otherwise, current variations
" Onr ] N ! ;nge its l‘fras voltage and, hence, the overcurrent trip point. If
= 0.5R,) s 8¢ 1or the diode bias current is taken from the collector of the
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DYNAMIC IMPEDANCE

E vs ZENER VOLTAGE
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namic zener impedance is measured at —20 mAdc, l;c = 1 mA,

) cps. (See Z, on page one, electrical specifications). Typical dis-
tributions of dynamic zener impedance measured at —S5, —10, and
—40 mAdc are indicated on curve above.
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Fig. 1-10. (Cont'd.) Typical 400-mW zener diode characteristics.
(Courtesy Texas Instruments)
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MAXIMUM POWER DISSIPATION
| |
L TP

| B

Q 25 50 75 100 125 150 175 1200
T,—AMBIENT TEMPERATURE—"C

g8 8§ 8 8

g

P—DISSIPATION—mW

(=]

400 mW DISSIPATION

More power dissipation now allows flexibility in circuit design. 400
mw at room temperature, and 100 mw at 150°C assure you of the
power needed for stable, reliable operalion at elevated lemperatures.

NOTE: Total power is the sum of forward and reverse dissipation
when the device is required to carry forward current.

(6)

Fig. 1-10. (Cont'd.) Typical 400-mW zener diode characteristics.
(Courtesy Texas Instruments)

known load changes as AV = Z_Al. But for larger load changes, and for input
(V,, of Fig. 1-9) voltage changing effect on output voltage, the actual V-I curve
must be referred to in order to determine the output voltage.

1.5.3 Zener Diode Temperature Coefficients

The zener output voltage is usually quoted at 25°C at 20 mA dc current
level. Where very small voltage changes are required, such as in reference
voltage sources, it is important to know the temperature coefficient of the zener
voltage and its variation with dc operating current.

The curve of Fig. 1-10F shows this useful information at a glance. It
shows that the zener temperature coefficient (percent change in output voltage
per °C change in temperature) can be positive or negative and is a function of
the zener voltage type used and its operating current level.

) Thus, Fig. 1-10F shows that zero temperature coefficients can be ob-
tained only in zener types ranging from 4.9 to about 5.8 V. But they must be
OPerated at the indicated current level: 6 mA for a 5.1-V zener type IN751 or
about 30 mA for a 5.6-V type IN752.

Obviously, if small or predictable output voltage changes are essential

OVer a large temperature range, the dc operating current level must be held

“-'fﬂsianl at close to the zero temperature coefficient point. This requires (in

Fig. 1-9) thay not only R, and R1 must be held constant, but also V. Thus, Vi,

:’;;3‘ €ome from a preregulated source or V,, must be large compared to the zener
tage. For since Iy, = (V,, — V.)/R1, then

é{ﬁ‘_l - AVsanin
I, 1—VW.[V,
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Fig. 6-19. Foldback-current overcurrentprotectioncircuit (Fig. 6-18D \
Current-sensing resistor versus maximum specified operating cu |
(I ) for current limiting at [, = 131 and 1,51, (From Eqs. 6-32 ool
0 40 60 80 100

6-32A
) OUTPUT VOLTAGE (VOLTS)

6-20. Foldback-current overcurren by e
series-pass element, this varies with input ac line voltage. Diode ope ' _ reurrent protection circuit (Fig. 6-18D).
should be sufficiently high above the low current knee 50 that its f p points at [, = 1.34,,, and I, = 1.51,,,. (From Egs. 6-33 and 6-33A)
drop is relatively independent of current. '

6.8.7 Magnitude of Short-Circuit Foldback Current b Vig

(I, of Fig. 6-18D) R,

In Fig. 6-18D., if the output is shorted to ground, the circu - (&)(0_6_ I _lh_)
in Fig. 6~ 18E. The magnitude of the foldback current (see Fig. 6-18 RLINR2  Ba

(6-34)
= ::ds;e; fl'uzl Eq. 6-34 tha_t, for the foldback current to be rela-
R szc; ent of production spread and temperature variations
L E‘ e term 0.6/R2 should be greater thanf,/B,. This is
g. 6-33 fixes only the ratio of R1/R2, not their absolute

, R2 can be chose
: n small enough so that variations in Q3 gain do
affect the magnitude of the foldback current. ks

Beneral,
. i fﬂi?bﬂ&k current /,, should be made small enough so that
Var -‘. : "‘“"- age (max) (I7y) does not overdissipate the series-pass elements. But

Filam Vieian + Vs — Vietan
L i e N
o

Now to a close approximation, Vaean = Viean EVE thougﬂ
power TOS type and Q1 is 2 TO3 power transistor. This is S0as the b
in Q1 is quite small. At most Voany= 0.7, Vouar = 0.6. But as an

assume the voltages equal. Then

¥

B R mza: ‘iad to a variety of problems: “latch-up™ or the failure
29 Vyeian a ix following s];c :i) full voltage under odd load conditions. This is dis-
o Sl T RS e A common value for [, is one-fifth of the maxi-

since most of the current I, will drain away into the collector of 3 Latch-Up in Ov
e ercurrent Protection Circuits

Vi = Rt(‘-’"ﬂﬁi‘— s

U3 failure i
. R2 Bea mode referred to as “voltage latch-up™ can occur with

CUrren AL
t or foldback circuits. This phenomenon. which occurs at
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and negative rail draws a certain current out of the positive rail.
ing on the nature of the load circuit, this current does not fall to zero if the
, rail s at ground and the negative rail is at its full negative value.
Thus, at initial turnon, if this current demanded by the on-turning nega-
qurce is greater than that available from the positive source (at V' = 0) as it
‘come on (i.e., is greater than the positive rail foldback current /,,) the
source output node is pulled below ground. As the negative source rises
full value, it demands even more current out of the positive source and
even further below ground. Thus, the positive source can never rise up
foldback characteristic of Fig. 6-18B. Latch-up can occur either at a
e below or above ground,
The exact latch-up point is the intersection of the positive source's
characteristic with a load line corresponding to the negative source's
demand. This load line, drawn from a point at ] = 0, V' = —V (negative
obviously has an intersection with the positive source’s foldback charac-
somewhere close to the zero voltage axis.
Latch-up problems are generally very subtle. They depend on time races
rder in which positive and negative voltages rise to full value. They depend
‘magnitude of the load currents demanded out of either positive or negative
rails at dc voltage less than full value. These load currents are functions
aneous relative voltage and perhaps temperature.
Co.mplete certamt)f that no latch-up problems exist can only be guaran-
testing the su!:uply with the exact operational loads with their odd nonlinear
. sv::t:g ;[‘se::;ge ;:I(l);[:nfnclude repeated switch on and switch offs to
ch testing, of course, is not usually practical in the initial pow
stages Wht_':n even the nature of the loads and their nonlineail,'ilieirasr?r‘:::;
t t!;:leﬂilelzmslfzrance that n'o latch-up i.s possible is generally obtainable
B :snt';nt e:; hlg¥1 as pt_)smble. F,Jldbﬂck current should be
B 35-1?89 Ca; :g_lch ylelgsl maximum permissi!:le junction
C_ar:‘ith s iscussed in Sect. 4.2) at maximum input
# ﬁguicllo‘?elsgo be taken'lhat the overcurrent trip point (/. in Fig.
! : t‘he maximum specified dc load currents, for some
may have time-varying load currents, and short durati
the power supply over /. and duwﬁ al i _lJe_élk'S
| b iD : ong thelfoldback characteristic if
B ouh e 0 long to be supplied from the output filter
: supply recovers to normal voltage without latching up

mak cu t g awa x e
= v lhe d]p mn Outpllt VOI i

power supply turnon, is the failure of the output voltage to come u
value. Instead, it “hangs™ or “latches” up at some voltage between z
full output value. Besides not generating its correct output, the supp}y;'
hang up at such a voltage current point that it can overdissipate the
elements and destroy them.

The explanation of the “latch-up” phenomenon is obvio
6-18A and 6-18B. Actual operating point in voltage and current
constant-current or foldback mode is at the intersection of the outp
with the supply’s volt-ampere characteristics. Thus, in the load
6-18A and 6-18B, crossing the volt-ampere characteristic beyond
R2 or R3 will cause the output voltages to latch up at points P .
load lines can exist during turnon even if they do not exist during ne
tion. One such troublesome load line exists when the load is prim
descent lamp load. A lamp when cold has low impedance and does not
normal impedance unless sufficient voltage is applied to it to
when a supply with the overcurrent-protect feature is switched
the initial inrush of current may drive the output beyond I, and v
as the points P2 or P3 (Figs. 6-18A and 6-18B) slide down the load
the lamp at the low voltage beyond /. is subjected to enough power ¢
heat it up and raise its resistance, then there will be an equilibrium
lamp's resistance such that a stable intersection point with the s
ampere characteristic is found at a lower than normal voltage.

A second type of load that can cause latch-up is a load
positive and negative supply voltages. Depending on the exact cir
tion of such a load, the current drawn out of the positive output
greater than normal if the negative portion is not up 1o its full value.
a negative supply furnishes a bias to transistors in the positive po :
the negative bias source is momentarily not present, load current if
output node increases. Hence, at turnon. if the positive voltage sol
1o its full value only a short time before the negative voltage, its
larger output current drives it over the edge of /, and positive ©
starts sliding down the foldback characteristic of Fig. 6-18B to
voltage. Now, if at the lower voltage, the negative supply (because

some of its voltages from the positive supply) cannot supply P 0
for the positive supply, the positive supply continues to draw alarge
current. The larger current represents & load line that has a Hatl
normal and may intersect the foldback characteristic at some i
of Fig. 6~ 18B. The effect is that the positive supply remains permane
up at lower voltages corresponding to the P2 and P3 intersections of
This is a regenerative action and whether or not both suppl
full value is determined by circuit details and the time races as to
comes up first. Generally, difficulties in such cases arise if critical !
bridged directly between the positive and negative rails. Resistors,

or ICs should preferably be bridged between either the positive or itions could be .
and the common ground. economically disastrous if an entire load system

L DY a high.v, an
This type of latch-up is only one of many other subtle onestt h:‘ghsu';g‘:lﬁe condition that may last only microseconds.
with loads bridged between positive and negative rails. Another {n ; ; 5-21). "I'his co:-:]s' are protected for overvoltage by a “‘crowbar”
curring one exists with too small a foldback current. Thus, aload b ; sists of a threshold device that senses for output

- Overvoltage Protection

Semiconductor load

. s are voltage sensitive and even momentary

?\
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ranges from about 0.2 to 2.0 or even 3.0 V for some types with a typical
about 1 V. If firing is done from a current source, current is the critical
eter. Gate-firing currents range from a few tenths of a milliampere

: 50-100 mA.- e L)
5 . : Because of the impreciseness of voltages and currents required to fire

LY

“”“j - 3 OR gate, the firing circuit usually consists of two basic parts. First, there is
> | |
s S B

SCR
CROWEAR

srature-stable voltage comparator that senses the difference between
e output (or 2 fixed fraction of it) and a stable voltage reference. The voltage
 _itor is followed by a high-gain amplifier for driving the SCR gate. Suffi-
is designed into the amplifier to ensure firing the hardest-to-fire SCR.
The voltage comparison and gain functions may be incorporated in
. element —using the base-emitter terminal of a transistor for voltage com-
with its output current providing the gain (Fig. 6~21A). A second
amplifier can also provide the gain (Fig. 6-21B). This usually makes
age comparison more precise. In “cheap” designs (Fig. 6-21D) in which
omy of parts is paramount, a single zener interposed between the output
and the SCR gate provides both the voltage comparison and “‘gain.”
o Ta it Jast scheme, although often used, is a poor design approach. Because of
1_::; % f‘l F"%—l— | e = in the zener diodé’s breakdown volfage, ifs ““Soff knee'" at low-
B — + |_—ill levels, and wide tolerances in the SCR gate firing current and voltage,
S @ 0] a wide variation in output voltage at which crowbarring can occur. It
at prematurely low voltages, shutting the supply down unnecessarily,
vely high voltages and thus be ineffective in protecting the loads.

Tal1

Fig. 6-21. Various overvoltage protecting crowbar circuits. (A)
transistor crowbar amplifier. (B) More precise double-transistor
bar amplifier. (C) Differential amplifier overvoltage-sensing com
with temperature-compensated reference source. (D) An inexp
but imprecise crowbar circuit.

1

~ 6.9.1 Overvoltage Protection Circuits
- Details of some of the usual overvoltage protection circuits are shown
The main objective in any such design is to achieve a stable thresh-
crowbarring occurs. The voltage threshold at which the comparator
R has a finite width. When component tolerances and temperature
direction, crowbarring may occur at too low a voltage and falsely
supply do?m. When components and temperature shift in the opposite
. Gfﬂi’-‘bm'nng may not occur until the output reaches a high and poten-
EEro! gvoltage level for some of the output loads.
| crowbarring at too low an output voltage is a rather common
de. _It occurs when temperature effect, component tolerances, and
floise voltages on the output line have not been thoroughly analyzed.

calculation of the upper and lower limits of the crowbarring voltage
M the above effects is essential for a trouble-free crowbarring

overvoltages, and if it occurs, throws a fast-acting short circuit (¢
the output terminals.

The “short” circuit is a silicon-controlled rectifier (SCR)
off (high impedance between its anode and cathode). A voltage ore
between its gate and cathode fires the SCR to its “on" state, in W
cathode potential remains at about 1 V at current levels up to mi
which ranges from under 1 A up to 100 A or more for various
SCR turn-on time after application of a trigger pulse is about 1
to ensure survival of semiconductor loads subjected to a
voltage. ;

Once fired, the SCR remains ‘“‘on” until its anode vo
decreased below its 1-V ““on” level or until anode current falls b
“holding” current. A power supply that has been thrown into *
have its input power momentarily removed to extinguish the

nring signal to the SCR can be either a current or voltage impul
short as 10 down to 0.5 usec in width. Because of the ease
turned on by narrow pulses, the gate-to-cathode terminals sl
by a “low” impedance RC combination to integrate out na

Ble-Transistor SCR Crowbar Driver

6-21A shows a single pnp transistor used ags"a*Yitag. "o

. The reference voltage is at the pnp emitter and R, is set
‘Output voltages Q1 is off. Now when V, moves upward an
IVES Up a lesser amount AV, where

amplitudes of the voltage and current impulses required to firt b a(-i.fb_*'_&__) AV
in each type's data sheets but are not very precise para =R, + R/
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Thus, the emitter-to-base voltage increases an amount

(R, + R.)AV,
R,+R,+ R,

R,
B QV"(R, +R,+ Rr)

Now if it is desired that an output voltage change AV,
then the resultant AV,, for firing is AV,,, = AV,, R, /(R, + R, +
value of R, must be set so that at normal output voltage, the base
of Q1 is AV,, less than is required to turn on Q1.
This can be seen more clearly with specific values. St
+ R,+ R.)=0.5 and an output change of 1 V above normal is des
Q1 and fire the SCR. Then AV, = 0.5 V and if the base-emitter
Q1is 0.6 V, then R, must be set so that Q1 has a forward bias of
output voltage. Now a 1-V increase in output voltage will raise
of 1 V but its base only by 0.5 V, With the added 0.5 V of ba
above its initial value of 0.1 V, Q1 turns on and fires the SCR.
It should be noted that the smaller the ratio V[V, is, |
ratio R, /(R, + R, + R,) is, and the smaller is the base-emitter voll
a given output voltage change (Eq. 6-35). This requires the foi
prior to crowbarring to be closer to the turn-on level for a given
barring and makes the circuit more sensitive to component tol
Or if a safer bias further away from the turn-on level of Q1 is ¢
required to turn Q1 on is larger, and it must be examined wh
output at which crowbarring occurs is still safe for the load.
Thus, if a 1-V AV, is desired to cause crowbarring, pra
V,/V, cannot be smaller than about 0.25 V. Then a 1-V output
causes a 0.25-V base-emitter change in Q1. Then the forward bi
to crowbarring (at normal output voltage) is the turn-on bias of
or +0.35 V. A nominal forward bias greater than +0.35 V ¢
Q1 off when tolerances are considered, but it is generally
v, and for a fixed V, (of say the usual 6.2 V) when the ratio V./V,
than 0.25, larger AV, values than 1 V for crowbarring can be tol

Precaution in Use of Single-Transistor Crowbar A

The single-transistor amplifier of Fig. 6-21A is often us
precautions in its design must be observed.
Since the firing current for the SCR gate comes through |
Z1 must be operated at a current level at which output voltage
current are small (from Fig. 1-10 this is above 10 mA). For of
started conducting, V2, would increase and the Q | emitter would
The effect would thus be that the threshold voltage at
would be fired would depend on the current required (from Q
SCRs with higher gate-firing current would fire at higher ou

ter potential must move below ¥, at the same 2 mV/°C. Thus, the
have a positive temperature coefficient of 2 mV/°C. From Fig. 1-10F
 that a 6.2-V zener diode (1IN753 from Fig. 1-12A) operated at a 10-mA
Jevel has 2 positive temperature coefficient of 0.03%/°C or (0.003)(6.2)

°C. Thus, the IN753 operated at a 10-mA current level (by selection
Fig. 6-21A) would give least crowbarring voltage change with tem-

AV, = AV, —

" And still a further precaution to be observed is in the selection of current
m resistor chain R,~R,-R,.. This should be high enough so that, as
~yrrent in Q1 turns on, the resulting base current 1,/Bq does not ap-
change the reference potential at the base of Q4. For an SCR firing
1, the potential change at the base of Q1 is R, (/;/Bq:). Where R,y is the
d [R, and (R, + R.) in parallel] impedance looking out from the base.
way of stating this is that for small values of R,,. current level in the
chain must be high.
This can be seen more clearly from a numerical example. Assume a
g current of I, = 10 mA. Then if 8, is, say, 50, the Q1 base voltage
R, (0.01/50). and for the base voltage change to be no more than
Ry, = (0.25/0.01)(50) = 1,250 ohms. And for, say, R, = R, + R,, then
.~ R, can be no greater than 2,500 ohms,

~ Multiple-Transistor Crowbar Driver

The circuit of Fig. 6-21B provides more of a precise crowbarring
. Since the SCR gate-firing current comes from Q2, current changes
reference are small. Thus, its output voltage is more unique for
tes of gate-firing current. Further, since Q1 collector-current changes
the base voltage changes, RpA Iy, are smaller, and the crowbar-
changes less with current gain in Q1 and SCR gate-firing current.
temp;mture tracking, Z1 in Fig. 6-21B should be a 6.3-V zener
GPeratmg current level, as discussed above.
The two-stage crowbarring amplifier of Fig. 6-21B can be used with a
' as shown to set the crowbarring voltage throughout the entire range
_ of the zener voltage V, within its tolerance limits. But often it is de-
mﬂe wlt‘h R, and use only two precise resistors R, and R, to give
: mhﬂmng voltages at any value of I/, within its production spread.
. "' the glaxlmumland minimum values of crowbarring voltages should
- O tolerances in R,. R, and V;. These values can be calculated as

I;SQS?;ume that current in the R,-R, chain is sufficiently large that
: does not change its base potential. Then at 25°C, for 0.60 =
J-emitter !um-on potential for Q1, and assuming 1% resistors R,
: tolerance in the zener voltage, V3, the nominal crowbarring voltage

v,

= R,+ R
Crawha, = (V + a b
barring voltage would also decrease as temperature i F nom z+0.6) (—-—-—Rh ) (6-36)
gate-firing current decreases as temperature increases. 218 age at which \
A further precaution to be observed is in the selection k. crowbar can occur is
zener diode D1. Since the base-emitter voltage of the transi> B e . = (0.9 0.99R, + 1.01R,
the rate of 2 mV/°C, for the Q1 turn-on point to be independent Rt st 0'55)(W) (6-37)
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Maximum voltage at which crowbar can occur is choose R2 so that, when Q1 is turned on, it supplies 50 mA to

is is sufficient to fire the hardest-to-fire SCR of almost any type
f bc. used ina crowbarring application. Now since R was selected as
. 10 pmvide a low gate-to-cathode impedance, if R1 is a source of 60
And if V,, is a 6.2-V zener operating at about a 10-mA ¢ "'s away ths or 10 mA when the gate has risen to its firing level of
it has a positive temperature coefficient equal to the negative te ; 1o a close approximation, there is available 60 — 10 or 50 mA to
efficient of the base-emitter junction of Q1, and the above crowb ' ) , capacitor C1 to the 1-V gate-firing level. i
will be insensitive to temperature changes. “Then, since the 50 mA is very closely a co_nstanl cu n"ent of that magni-
A more precise voltage comparator is shown in Fig. 6- e value of C1 may be chosen to rise only 1 V in the specified 5 psec. Thus,
bination of Z1, a 6.2-V zener, and D1 provides the usual ten y 1A 0.050(5 X 10°%)
pensated reference voltage source. They may be replaced by _ - Fz adie
compensated reference source such as the IN825 series of Fig. 1-13, — 025 uF

1.
i

V::mwbar max = (I'OSVZ + 065)(M

0.99R,

Noise Sensitivity of Crowbar Circuits

Since the SCR will fire and remain turned on for noise sp
as 0.5-1.0 psec, it is important that system noise be kept out of t
and the input of the voltage comparator circuit. High-frequency,
noise spikes are almost always present on output buses and long
having switching regulators or dc/dc converters.
Noise spikes can couple directly into the SCR gate by p
voltage comparator input terminals. Since it requires only about
to-cathode voltage to fire the SCR, noise pickup on the usually
the output of the current amplifier Q2 (Fig. 6-21B) to the SCR g
can be troublesome. An integrating capacitor of 0.1-0.5 uF is
directly across the gate-cathode leads of the SCR to reduce its
noise sensitivity. Also a low resistance R1 of 100 ohms is
parallel with C1. This reduces lower-frequency noise pickup,
be attenuated sufficiently by C1 alone. The 100-ohm gate-to-cat
also ensures dc leakage current from Q2 will not fire the SCR.
Noise pickup at the input terminals of the voltage con
6-21 is probably more troublesome than noise picked up on the
itself. It was noted in the previous section that the voltage com
operating forward biased to within 0.25 V of its turn-on level. If n
Q1 in Fig. 6-21, since a large current source is generally available
put of the current amplifier, the SCR can easily be fired, since the
up only 1 V for firing. Since there is generally always some noi
wires (V,), which the sampling resistor chain R,-R, senses, a
of that noise is always coupled into the input of the high-gain
parator. The size of the integrating capacitor C1 of Fig. 6-21B ma!
for noise pickup that turns on Q1.
Generally, noise pickup from switches and dc/dc con
no wider than 1 psec. But for safety’s sake, assume the widest
turning Q1 on is 5 usec. Now choose R2 and C1 so that if Q2 i8
the gate potential of the SCR just barely charges up to the 1-V.
fires the SCR.
This means any noise spike turning on Q1 for anythillg_
will not fire the SCR. Also, under normal crowbarring, the SC
until 5 usec after the voltage comparator senses an overv
This 5-usec delay is not likely to harm any of the loads.

SCR Anode Protection

Figure 6-21 shows the SCR bridged directly across the output t_erminal-s
ing. Usually, there is no current-limiting resistor used, since this
up the output filter capacitor discharge time. When the S'CR is f‘n‘ed.
spike of current is limited only by the ESR (equivalent series resistor)
atput filter capacity and the wiring inductance. Although the current
Jarge in amplitude, it is short in duration and cannot harm the usually
SCR crowbar type.

But if the value of /%t for the discharge pulse is anywhere near the
 specified value for the selected SCR type, a small series current-
resistor should be placed in series with the SCR anode. This is rarely
—except in cases in which the output filter capacitance is large (1,000
more), the output voltage is high, and there is thus a large amount of
stored in the capacitor.

- 6.9.2 Overvoltage Protection Situations

designing a crowbar overvoltage protection system, thought must be
cause of the original overvoltage, how the fired SCR at the output
protection, and whether it alone is enough.
Tvoltage can be caused by a shorted series-pass element, a narrow
Eiple or frequently occurring noise spike at the output, a momentary
L higher voltage, or a failure in the feedback amplifier opening the
loop and saturating the series-pass element.
B¢ failure mode causing most difficulty is a shorted series-pass element.
output voltage goes high, fires the SCR crowbar, and puts a short
. But with an output short and a series-pass element shorted, the
PUt ahead of the series-pass element is shorted and passes high cur-
A these two shorted elements.
if the series-pass element burns out due to the high current, there
~the output loads are saved. But it is not predictable whether the
“ment or the SCR crowbar (or a small current-limiting resistor
1) will burn out first. If either of the latter two burn out first, the
4 15 lost, the output rises, and, through the shorted series-pass
€fVoltage is applied to the now unprotected loads, thereby de-
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stroying them. To protect against a shorted series-pass eler
most likely cause of overvoltage), the supply must be fused in
primary or secondary or the SCR crowbar must be such a
that in the event of a shorted series-pass element, it, rather th
burn out open first.

All other failure modes generating an output o
care of by the SCR crowbar. A momentary overvoltage
accidentally shorting the higher voltage, or a turn-on ove
the threshold detector and fire the SCR crowbar. The output

(actually to the 1-V anode-to-cathode *‘on” potential of the §

i
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current because of production spread in base-emitter potentials.

current in any one of the group of n-paralleled scn‘esjpass elements
n as about 20% more than the value it would have if all paralleled
.d current equally.

<imum permissible junction temperatures fshnuld be deratefl below
r's specified maximum values. Guidelines as to usual industry

rs for maximum transistor junction temperatures are presented

wil
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amplitude), at low ac line voltage, the voltage across the series

2 V. Assume a =10% ac line voltage tolerance and a maximu

of 1 A with constant-current short-circuit protection at a curren
What is the maximum series-pass dissipation at high

maximum output current with the output not shorted? With the |
6.8 In a current-foldback overcurrent protection circuit as in Fig
the required value of overcurrent sense resistor R,,. in a supply v
output current is 2 A if overcurrent tripping is to occur at 50%
mum output current?
6.9 In Prob. 6.8, for the current-foldback circuit of Fig. 6-18D, for |
what is the required value of R2 for the overcurrent trip pomt
maximum specified output current? !

6.10 In Prob. 6.9, what is the value of the folded-back current (Fig. 6-1¢
base current to Q3 is small compared to the current in the R
divider in the folded-back condition?

6.11 In an overvoltage protection circuit as in Fig. 6-21B, for a
6.2 V +5%, an output voltage of +30 V, and R, = 1,000 ohms
is the required value of R, for a nominal crowbarring voltage of -+

What are the minimum and maximum crowbarring
resistor tolerances?

?
Integrated-Circuit Voltage
| Regulators

| Introduction

A number of the major semiconductor vendors offer integrated-circuit
regulators on a single chip packaged either in a 14-pin DIP package.
 pack, or a low-profile TOS can.

These integrated-circuit voltage regulators contain most of the essen-
and perform most of the low-power control functions required of a
regulator (Fig. 6-1).

also contain the series-pass element that permits using them
‘external current amplification) at output currents up to 150-250 mA
up to 600 mA for some vendors’ devices. They can generate output
ranging from about 2 to 45 V in the above current ranges. Most units
al power dissipation capability of 0.5-0.8 W and in some packages

regulators are almost completely self-contained units. To function
or, in the above current—voltage range, they require relatively few
external elements—about a half dozen or so low-power resistors,
Input source. and possibly an output filter capacitor,

‘The raw dc input source, if supplied from the ac line, is composed of
transformer (or an additional properly specified secondary winding,
already exists in the system), the rectifier diodes, and filter
d from Eq. 5-3).

the addition of external series-pass current amplifiers, the inte-
regulator, used as a control and driver element, can supply output
to tens of amperes. Step-down switching regulators (Sect. 1.2) can
the integrated regulator by the addition of the usual LC filter

basic elements contained in the integrated regulators are the con-
Zener reference source, the high-gain difference amplifier, the
*S-pass element, and the major components of the short-circuit
N It can be seen from Fig. 6- 1 that, aside from the dc input source,
Ylection elements, and output filter capacitors, these are most of
8 of a voltage regulator.

203
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FREQUENCY Fig. ?-lﬁ. Bluc}c diagram
g COMPENSATIN of Fairchild 723 integrated-
o ! circuit voltage regulator.
EBIREEEG SEE T ol (Courtesy Fairchild Semi-
i conductor)
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internal dissipation specification) can be taken directly off the emitter of
terminal). .

E The emitter of Q15 can drive the base of an external npn emitter-loaded
as shown in Fig. 7-3B for higher output currents, or a reverse-polarity
signal can be taken from the collector of Q15 by inserting collector load
: between +V and ¥, and using the collector signal at V. to drive the base
xternal pnp current boost amplifier as shown in Fig. 7-3C.

~ For still higher output currents, the external current-boosting amplifier

[e] o
NONIMVERTING  —¥  INYERTING
INPUT NPUT

¢ an npn Darlington driver feeding an npn emitter-loaded output stage as in
6-10A. In this case, the 723 control signal is still most conveniently taken
he emitter of Q15 (V,) as in Fig. 7-3B, since a current source is required

base of an npn transistor. If the compound external boost amplifier is a
driving an npn emitter-loaded amplifier (Fig. 6- 10B), the pnp base
data sheets. Highlights of the internal circuit design and va i which must be a current sink, is taken from the collector of Q15 as in

possibilities for some of the more frequently used integrated : ‘3C.
covered in this chapter. b ~ 7.1.1Internal Circuit Details
New integrated voltage regulators with greater capabili Returning to the detailed schematic of Fig. 7-1A. Q11 and Q12 make up
available at a phenomenal rate. But their essential characteristics srence amplifier used to compare a fraction of the output to a constant
same as the few basic original types considered in this chapter, and e voltage. The constant reference voltage of +7.15 + 0.2 V is generated
study of the original types provides guidance in the understz ly by zener diode D2 and is available at the output terminal “¥,” at a
tions of the newer types. of 0.015%/°C. The reference voltage is wired externally either directly
7-2B or through a voltage divider as in Fig. 7-2A to the noninverting
of the error amplifier. The sampled fraction of the output voltage is
_;02$e inverting input (Inv) terminal of the error amplifier as in Fig.
A_ ﬂﬂfllber of interesting circuit tricks are used to achieve good reference
M‘Y and high open-loop voltage gain without requiring additional
mplification after the output of the difference amplifier. These are dis-

Fig. 7-1A. Circuit of Fairchild 723 integrated-circuit voltage re
(Courtesy Fairchild Sem iconductor)

Application notes for building a large variety of vol
based on the integrated unit as a control device are presented |

7.1 Fairchild 723 Integrated-Circuit Voltage Reg ]

The detailed circuit diagram of this regulator is shown in
in block diagram in Fig. 7-1B. It can be used as a regulator
series-pass elements as shown in Figs. 7-2A and 7-2B and
or pnp external series-pass elements as shown in Fig. 7-3 10
current capability.

In Fig. 7-1A, the raw, unregulated dc (any voltage |
40 V) is applied between +V and —V. The series-pass element is
its driver. Output can be taken at the emitter of Q15 and if+V. 18
functions as a Darlington driver. Output current up to 150 mA (

Constant Error Amplifier Current

"_'hus,-in Fig. 7-1A, emitter follower Q13 is used as a constant-current
de a constant emitter current for the common emitters of the dif-
mplifier, Q11-Q12. As discussed in Sect. 6.5.4, this decreases the drift
Or output voltage resulting from temperature variation of the base-

' Data presented here on the 723 are by courtesy of Fairchild
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(V.=2to 7 V)
Yin . e of Q1 1-Q12. To compensate for the temperature variation of the
) ; Wner voltage (which would change Q13 collector current and, hence,
iy] Vg i : ), the base of Q13 is fed from the base of Q10, The network com-
Y e Seser diode D1 and R1.R2,Q2, Q7, and R4 provides a constant current
v p ector of Q10 and, hence, for R9. Thus, the base of Q13 is above
v fge V) by Vi ™ Voo NOW if the base of Q13 were fixed in potential with
S R e Eﬁf‘!‘-‘r"' ' —V, as temperature say increased, V,,. of Q13 would decrease and the
i cs — Q13 would, hence, decrease. But the base of Q13 is not fixed with
n i T 81"’““‘1" rather, it decreases with temperature as V,.,.of Q10 decreases
f ure at the same rate as ¥y, of Q13. The effect is thus a constant

at top of R11 and, hence, a constant emitter current for the com-
s of Q11 and Q12.

g e

=) = TYPICAL PERFORMANCE
Regulated Output Yoltage
Line Regulation (AVin=23V¥)

Load Regulation (Al =50 mA) Voltage Reference Circuil

B B2 The voltage reference circuit is made up of zener diode D2 and Q4.

Mote: R3= Zr="o0 for P drift. R6, R7, and R8 arranged in a local negative-feedback loop. Zener D2,
el . 6.2-V unit, has a positive temperature coefficient (Fig. 1-10F). This is
ated for by the negative temperature coefficient of the base-emitter
Q6. The output reference potential at V, is equal to Vs + Vis, Vis
BASIC I;I\I’(.i! ;D;T;?Ev ;!EGULATOR olled by the local negative-feedback lolcp to assume such a potential
- hase of Q6 is at the proper level so that its collector can carry away most
y onstant current supplied from the collector of Q3.
i The circuit consisting of zener D1 and R1, R2, Q2, and Q3 supplies a
4 (B current from the collector of Q3. Most of this current must be carried
Vr Vo collector of Q6, since the base current of Q4 is small by comparison.
top of R8 is at a level sufficiently higher than the Q6 base, that the base
e ws Re e P hed via R7, rnulti;_alied by the 8 of Qﬁ is equal to the current supplied
ouTPUT llector of Q3. Since the base-emitter potential of Q6 decreases
s the potential at the top of R8 must decrease at the same rate so that Q6
NI ol | ?l: ¥ carry away the same current supplied from the collector of Q3. Se-
- TCowe I+ the ma,gljatude of R8 fixes the dc operating point in current for zener D2
J T 1005 :'nz fixes its temperature coefficient. This temperature coefficient is set
= £ ' + Ve is constant to 0.015%/°C. The negative-feedback loop around
Rm":'::t:rw:?:::'m l’esuits in low-output impedance at the output terminal ¥, and makes its
Line Regulation (AVin=3¥) wﬂent of load c}urent drawn by the base of Q11 to which it _is
Note: R3 = 21=EZ. for minimum temperature dr;:"‘ Regulation (411=50 mA) onnected externally directly or via a resistance voltage divider as in
+R2 p " i

R3may be eliminated for minimum companent count. o
@m -Current Supply Network (Fig. 7-14)

is composed of three constant-current sources: First. Q3 supplies
cument to Q6, which, as described in the previous section, improves
J of the reference voltage output. Second, Q7 provides a constant
e collector of Q10, which thus permits making Q13 a constant-
ce for the common emitters of Q11 and Q12. Third, Q8 supplies a
(high impedance) to the collector of Q12 and thus permits very
= g.R, from Sect. 6.5.2) between input and output for the Q11-
amplifier. This obviates the need for a second stage of voltage

(B}

F!g. 7.-2. Basic low-current applications of the Fairchild 723
circuit voltage regulator. (A) A fraction R2/(R1 + R2) of the
?.15-}" reference source is fed to the noninverting input of
amplifier. The regulated output is fed to the inverting input
negative-feedback circuit forces ¥, to equal [ R2/(R1 + R2)]
(B) Here a fraction of the output voltage, I/, [R2/(R1 + R2)], i
the inverting input of the error amplifier and forced by the n
feedback circuit to be equal to the 7.15-V reference source ¢
to the noninverting terminal. ¥/, = [(R1 + R2)/R2]7.15 V. For
currents, external series-pass current boosters may be added
Figs. 7-3B and 7-3C. (Courtesy Fairchild Semiconductor)

206
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NEGATIVE VOLTAGE REGULATOR

'ir
\/
R | V¢ s RS
1 > ;M) T
b | ZNegsg
vz % K)
pAT2IE o)
R4
o cSH—
L8 Inw
R3 m t_ ln
| %o > -V COMP T 100p¢ .
| ouTRUT

TYFICAL PERFORMANCE

Regulated Output Voltage —15V

Line Regulation {AV;,=3¥) 1

Load Reguletion (A1 = 100 mA) 2

(A)

Fig. 7-3. Some applications for the Fairchild 723 int
voltage regilator. (Courtesy Fairchild Semiconductor)

The scheme for generating these three constant
cludes zener diode DI, n-channel field-effect transistor |
divider chain R1-R2, temperature-compensating base-emitter
emitter followers Q3, Q7, and Q8. These elements generate
from the collectors of emitter followers Q3, Q7, and Q8 b
across the emitter resistors R3, R4, and RS constant and ind
voltage (V+) and temperature. This can be seen as follows:

_ V= (Fuga + Views)

Ty = R3
But Vign = (V) — [R1(Ig)) + Viegai]
Then Im:(V+]—(V+}+RI(Im)— Viewazr T Voeras
R3
_ R1(1g) — Viewn + qua:

R3
And since Vg0 = Vioap @nd tracks it with te mperature,

= Rlln)_ (SO0 (Vo Vi)
e R3 25,000/\ R1+R2

=( 500 )( 6.2—-06 )
25,000/ 1500 + 15,000

= (500/25.000)(360)= 7.2 pA

Integrated-Circuit Voltage Regulators

POSITIVE VOLTAGE REGULATOR
(External NPN Pass Transistor)

Vin

m

Vr IN3054
FEDs cL ‘_n?_nesuursn
" ‘—’_;,m ouTPUT
Nl Iny _I_
Sr2
"i el

TYPICAL PERFORMANCE

Regulated Output Voitage +15V
Line Regulation (V=3V} 1.5 mV
Load Regulation (1. = 1A) 15 mv

(8)

POSITIVE VOLTAGE REGULATOR

(External PNP Pass Transistor)

S e M4608

|

|

|

.

oS %'ﬁﬁ

A REGULATED

) ouTRuT

3% o]

1 il CUnF TYPICAL PERFORMANCE

= = Regulated Output Valtage <5V
Line Rezulation (AV, —3V) 0.5 mv
Load Regulation (Al — 1 &) 5 mv

S

{5}

ont'd.) Some applications for the Fairchild 723 integrated-
€ regulator. (Courtesy Fairchild Semiconductor)

y r= (g_%) e (_520_) (360) = 180 A

1,000

| 3 (;-51') (1) = (—9(}—)(360) = 180 pA
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FOLDBACK CURRENT LIMITING NEGATIVE FLOATING REGULATOR

Y RS 10KE
-y Y *"""jiT v :
Ree 300 =
\ 7 SC 00 ayguiATED % Yr Yo
— 0 WA GUTRT 012V 7l
Ri N1426 i— M5287

PRLEY pATZ3C

. uA7zit
Rl o
R4
(Sp— 2 38K0 ’
: [TW8 Iy —s =
R —v|come L‘l
IIH Inf
TYPICAL PERFORMANCE
Regulated Qutput Voltage 45 o
Line Regulation (WVjp=3V) 0.5

Load Regulation (21. = 10mA) Im
Short Circuit Current

LS—

T i G
%&1 I ;MQ% -¥ COMP T~ 100pF I e
E
1 = : * QUTRUT

TYPICAL PERFORMANCE

Regulated Qutput Voltage —100 ¥
Line Regulation (AV;; =20V) 30 mV
Load Regulation (Al.=100 mA) 20 mV

(D) (F)

7-3. (Cont'd) Some applications for the Fairchild 723 integrated-

POSITIVE FLOATING REGULATOR it voltage regulator. (Courtesy Fairchild Semiconductor)

‘ e WA
[ vy
v Wi
0 va i s o ﬁ

ed, integrated resistors have temperature coefficients ranging
and 0.2%/°C.2 However, the above currents are proportional to
s, and, since these resistors are on the same chip, their temperatures
ure coefficients are very nearly equal and the resistor ratios are in-
| temperature. Thus, the percentage variation of currents Iy, Iy,
temperature is identical to that of I, alone, Then

Wi L T 75 10
R £s Iy = Voo = Viewn _ ( Vo )( A Vmaza)
. ML Inv T‘ | Rl + RZ R] + R2 \ VD]
_: R3O Er { Vo, :
iﬁ = oot J*nwurlm =g e Vo> Ve
1 | o (Mn) =*]_(AVm) ___]_(A(Rl & sz)
e aT\v, ) AT\ Ri+R2
TYPICAL PERFOR!
Regulited Output Voltage change of 7y, per °C is equal to the percentage change of ¥,
i change of R1 + R2. The zener voltage Vp, changes roughly
i 2/6.2 = —0.03%/°C. Temperature coefficient of R1+ R2 de-
G Iconductor impurity concentration or “ohms per square.” As

mentioned references, it ranges from +0.05% to +0.2%/°C.
of +0.1%/°C for the resistor sensitivity, the temperature

i8—0.03—0.10 = —0,13%/°C. This is a sufficiently low tempera-

satisfy the constancy requirements of Iy, In,, and Ix,.

Fig. 7-3. (Cont'd) Some applications for the Fairchild 72
circuit voltage regulator. (Courtesy Fairchild Semico

T and J. M. Fordemwait, Motorola Inc.. *Integrated Circuit Design
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Error Amplifier Gain

It has been shown in Sect. 6.5.2 that the gain from ba:
difference amplifier such as Q11-Q12 is 4 = g, R, (Eq. 6-26),
effective collector load impedance and g, is the transcond

large gains are achievable even with modest values of Ems AE
large.

=g R = (0.0036)(1.18 x 107%) = 4,248, This compares quite well
Lsurements running in the range of 4,000-6,000.

ot-Limiting and Short-Circuit Protection

feature is discussed in general in Sect. 6.8.4 and is implemented in
Q16 (Fig. 7-1A)and a small resistor in series between the V, terminal

Now the impedance seen by the collector of Q12 is thy This can be seen more clearly in Figs. 7-2A, 7-2B, 7-3B, 7-3C,

collector of emitter follower Q8. It can be shown (from Eq.
fective impedance looking into the collector of an emitter folic

Ryy=R(1 + R /R, + guR,)

circuit works as follows (Fig. 7-4A). Normally, Q16 is turned off.
terminals are bridged across the output-current-sensing-resistor
in series with the output load. The value of R, is chosen so that Q16
= 0.65 V at 25°C) at the current, /,,. at which current limiting is
| to commence. Then, R, is chosen as

R,. = 0.651,, 7-1

v it can be seen in Fig. 7-1A that the collector of Q16 is connected
ctor of Q8. When Q16 turns on, its collector robs most of the current
from the collector of Q8. Only enough current is allowed to flow
of Q14 so that, multiplied by 3 of Q14 and Q15, the Q15 emitter

where R, is the emitter load resistor, R, is the slope of the
£ is the transconductance at the operating point. For alow cur
Q8 operating at 0.18 mA, R, is approximately 150,000 ohms. N
the emitter current (= collector current) of a transistor is

I.=1 =1 exp (V,./0.026)
Then the transconductance is
_di, _Lexp(V,./0026) 1. _ 018
L 0.026 0026 0.026

Then Ry=R(1+R,R, +g,R,)
= 150,000[1 + 1,000/150,000 + (0.0069)(1
= (150,000)(7.9) = 118 X 10*% ohms

And since the sum of the Q11 and Q12 currents is 0.36 mA, th

from either Q11 or Q12 base to the Q12 collector is from Eq.
= 10(0.36) = 3.6 mA/volt. Hence, gain from the base of Q11 ¢

&mnt limiting, Q 14, Q15, and Q16 form a local negative-feedback
takes over from the main voltage control loop and maintains constant
Q15. This can be seen more clearly in Fig. 7-4. Assume that V,, g,
potential is approximately 0.65 V. The collector potential of Q16
to its emitter is

Vie. + Voeiarar + Vioorausy = 0.65 + 0.70 + 0.70

=205V

circuit remains locked keeping /,. flowing into R,.. If I,. for some
O rise, it turns on Q16 harder. This rohs more of the collector enr-
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Power dissipation under short-circuit conditions sho
since this is the worst case. Maximum power dissipation at 25°C
the vendor as 800 mW for the TOS package and 900 mW for
(DIP) packaged regulator. .

Total internal dissipation is the sum of the dissipation
pass element plus the internal dissipation due to the maximum
(which flows from V,, directly to ground). The former is

drop from base of Q14 to-+V. This drop is Vp; + V,.ie. Forlg; =0.18
the constant-current supply network section earlier in this chapter),
(1,000)(0.00018) + 0.70 = 0.98 V. Then the total minimum input-
tial is

0.98 + Viewsr + Ve = 0.98+ 0.70+ 0.70=2.38 V

inded off to 3.0 V for safety.
mum input-output voltage differential of 38 V is set by the voltage
ratings of the transistor junctions on the integrated circuit chip.
sut voltage range of 9.5-40 V is specified by the vendor. The 9.5-V
independent of input voltage. Hence, dissipation due to is fixed by the 6.2-V zener diode D2 and the sum of the required
Viniman(0.0035) W. Thus, total internal dissipation, which is a | - ss the base emitters of Q4 and Q5 (2 X 0.7 or 1.4 V) and the drop
short-circuit conditions, is _ ,gia the collector of Q3 (= Vay + Vega) = 0.18 + 0.70 or 0.98 V. Thus,
A b input voltage is 6.2 — 1.4 + 0.98 = 8.58 V. With tolerances on the
PDuss = Vincmax Toe +0.0033) this rounds off to a required minimum of 9.5 V.
Now the maximum internal dissipation as specified b; ‘maximum input and output voltage specifications of +40 and ~ 37 V,
dissipation that brings the transistor chip junctions to their are fixed by transistor junction breakdown ratings.
when operated in an ambient of 25°C without a heat sink.

!l specify the device is to convert this maximum dissipation to
b in °C per watt. Then, if lower junction temperatures are de
= i margin of safety, any internal dissipation can be converted :

' perature rise above ambient.

Since 800 mW of dissipation in a 25°C ambient brings
tions to 150°C, the junction-to-ambient thermal resistance
device is ;

Vinimax) — V oomim M stmax) = Vintmaxdse

Maximum standby current is specified as 3.5 mA at 30 V ¥,

2 Integrated Regulator Applications Using the 723

any of the possible circuit configurations with external pass transistors
in the vendors’ data sheets, and some are reproduced in Figs. 7-2
‘ 723 is a versatile, flexible device, and many other configurations
by the designer’s imagination are possible.
baslcale most configurations are similar to or outgrowths of Figs.
3C. The general rules to be followed are:

the external series-pass base requires outward-directed current
(,ﬂfch as an npn base with emitter loads or an npn Darlington driver
tter drives an npn emitter-loaded power stage), then output is
Ysl];lken from the “¥V,"” terminal or the emitter of Q15 eutput
L the external series-pags_elew.cments require a current Siik (current
ﬂ;ll:*‘::ltli into the 723), such as pnp bases, the 723 output terminal to be
B ector th" Qi5 or V which is then connected via a collector load
as in Fig. 7-3C. This connection is used whether the pnp collector

the .
94 load directly or the base of an npn emitter-loaded output stage as in

AT/AP = (150 — 25)/0.8 = 156°C/watt

And if the maximum junction temperature is to be
for safety, then in a 65°C ambient, the maximum permissible i
PD,.. is given by

T'tmnxj = Taml:lemlm.—,xr g 1 PD—“ 56) or

?

105= 65+ 156PD
PDya = (105 — 65)/156 =256 mW

For 105°C maximum junction temperature, it is this di
should be used in Eq. 7-2 to calculate /,. for a given maximum 3. What, _

Current-foldback techniques as discussed in Sects. 6.8.3, . aSe rev. * o the configuration, there must, of course, be an odd number
6.8.6 can be used to decrease the internal dissipation under short Thm?ls in the loop for negative feedback.
tions. This permits higher output current, since under short-circuit ¢ Ry U, if sampled input is to the inverting terminal and output is from
folded-back current I,, can be as low as one-fifth of the maximum O - P:a];: phase reversal in QI12. Then. external to the 723, there must be
(Sect. 6.8.5). ¢ driving anm::l:s:];_g'lz’ﬂreﬁl‘liller follower or npn Darlington emitter fol-

. [ 1tter follower ou st i 5 i

Input-Output Differential and V oltage Ranges T there musq be two external ;E:;esz-ﬁirfal;na? ?h: n:pr? ;n\?:nilf;

In addition to the internal dissipation, there are precautions NP0 emitter follower combination of Q4, QS, and Q6 in Fig. 6-17A.,

in the ranges of input-output voltage differentials and input and ¢ ; it mpled input is to the inverting terminal and output is from the
The input-output voltage differential is specified by the  of Wo phase reversals internal to the 723. There must then
minimum, 38 V maximum. The 3-V minimum limit is set by the T phase reversals externally (pnp inverter as in Fig. 7-3C

7-1A) to maintain base-emitter voltages of about 0.7 V for Q14 and Q' = "1VIng npn emitter follower as in Q2 and Q1 of Fig. 6-9A).

Ctos .lhere are t
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Switching Regulators with the 723

The 723 can be used as the control element in switch
the type described in Sect. 1.2 and Figs. 1-4 and 1-5. These
consist of a transistor switch and an LC filter network. The switch |
driven and is forced closed with essentially zero voltage drop for
of T units of time. For an input voltage, V;,. the output voltage
V, = V,,(T.IT). Regulation is achieved by varying the ratio 7,/T.
vantage of such regulators is their high efficiency, which res :
switch transistor operates at about 1 V across it when its current is
zero current when the voltage across it is high. This is discussed i
1.2.1, in which it was shown its efficiency is E = V,/(V, + 2).

Design details of switching regulators are taken up in C
design points are selection of the operating frequency, calculation
values of L and C in the L-C filter and design of the T/ T ratio conl
All these points are discussed fully in Chap. 9 and are essential to
ing of the application of the 723 in switching regulators.

Design of 723 controlled switching regulators is well co
application notes® and will not be taken up in detail here. Discu
limited to the unique feature of the usual 723 controlled switch
its operation in a self-oscillating rather than an externally driven

The basic operation of the self-oscillating switching re
seen from Fig. 7-5. It consists of the switch transistor Q1, the E
“free-wheeling” diode D1. In the driven switching regulator of
ternal pulse of fixed period and variable width or fixed width and
is used to switch the transistor on and off. In contrast, in the

SWITEAIME regiAror 61 Fig s <o Nl eAterahi plas B aCint. 5
ing circuit “trick” shown in Fig. 7-5 provides the variable-
use of only a dc difference amplifier and does not require
width- or period-modulating circuits.

The circuit of Fig. 7-5 works as follows. The dc diffes
senses the difference between a fraction of the output voltage 3
P1. The voltage at P1 is the sum of a dc reference voltage,
tion of the voltage between V, and P2.

Now if the switch Q1 is closed, P2 is essentially at !
and P1 is slightly above ¥, or

P3
%M
=

7.5. A self-driven switching regulator requiring no external vari-
able-width pulse-generating circuitry.

‘Now with Q1 open, the inductive impulse at the input end to Li drives
ve. It falls toward ground and is caught and clamped to one diode drop
it 0.8 V) below ground by free-wheeling diode D1. Now P1 is slightly
at a potential of ¥y, = V, — [RI/(R1 + R2]¥,. It is also below V.
reversed polarity at the input to the difference amplifier, its output is at
t polarity to hold Q1 off.
- With Q1 off, and the input end of L1 at—0.8, the current that had been
g in L1 when Q1 was on continues to flow, but now through the load and
h free-wheeling diode D1. Now a constant voltage of reversed polarity
of L1 negative relative to the end connected to C1) exists across L1.
e of the voltage across L1 when Q1 is off is (¥, + 0.8). Now the
Caratps'aownward' imeakry avarate 6t di/ @ =", + B Tine
t s supplied partly from this decreasing ramp of current from L1 and
I. As current flows out of C1, its potential falls linearly and so
ly does P3. As P3 falls toward P1, it overshoots slightly and the
nce amplifier reverses polarity, turning Q1 on again.
ag?m.Pl is positive relative to P3, C1 starts charging positive again
with it. When P3 overshoots P1, Q1 turns off again. This process
Hically with P3 always racing after P1. As it catches up on the way
and P1 turns around going below P3. P3 starts falling down toward
IS it, Q1 closes, driving P1 up again, and P3 turns around to chase

RI
R1+ R2

The output is substantially at ¥, and a potential (¥, — V.)
e -cdrierit mneranpEreriicat g ate WY T Lo
flows into the load and into C1 to replenish any charge it lost when'
Now as the voltage at C1 (V,) rises, that at P3 rises propl:)l'ti(lllil.’-f_Bl i e
Q1 remains closed, P3 continues rising. As it reaches equality with ; )
at P1. it overshoots slightly and the output of the high-gain dc ©
fier goes negative and opens switch transistor Q1.

Vi ¥ 4 ( ){Vm gy - . t must, therefore, operate with a small amplitude square wave
1. This l'l?ple voltage goes positive and negative relative to the dc

V.. Since the voltage at P3 continues to chase P1 and switches
hml:i :{Len P3_has caught up to P innd averdhratn by @ £54% ..
Bt o0 VP isa;l;h:l{d;al P3is essenﬁﬂly equal to that at P1. Then t
Wﬂ\'e;onn‘ ply (R3 ~ R4)/R4 times as great as that at P and
;"n{l::;[ecllh:; generates its own switching waveforms in attempting
€ switching u'out a dc voltage of V, = [(l_U + R4)/R4](V,). The ti
litude 2 p3 resholds of A as P3 races either up or down depends
» Which fixes the ripple amplitude at V,. But the ripj

® nds on the magnitude of C| and the dc load current.

3M. J. English, Fairchild Semiconductor, “Switching Regulators &
Integrated Voltage Regulator.”
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In the self-oscillating regulator, the ripple at P1 (and hence at P3) is
1 lection of R1, R2 to be such that multiplied by (R3 + R4)/R4, it
~ermissible ripple at V.

since the ripple at P1 is small compared to V,, — V, orto V,, R2
; most easily as a constant-current source supplying current to
R1. When Q1 is closed, the current from R2 is (V, — V.)/R2 and
ve V. by (Vi — VRI/R2. When QI is open, P1 is below V, by
‘Thus, the peak-to-peak ripple at P1 is

In Chap. 9, magnitudes of L1 and C1 are calculated for a
ing regulator. Equation 9-14 gives the required value for L int
load current, V,,. V,, and the switching periods T, In the self-oscil
regulator, L1 is calculated from the same expression. Equation
required value of C1 as a function of L1, V,,, V,. switching
permissible peak-to-peak ripple, V..

Vin
Y R1 RI
Vi (3t P11 = (R5) Wi = V. + V)= (55) Vi
I
R5 3KQ 12
R3+ R4
4 ™ wan Vo (58,1 = (S ) Vo (st P1]
Ny Vg ::(5‘55 ol ”“ (R3 5 R4) (Rl) v (7-3)
=|—||— i i
R6 510 = . R4 it
uA72iC L

~ And with fixed V, and ¥, (R3+ R4)/R4 is fixed. Then with a known ¥,

ed output ripple, R1/R2 is given by Eq. 7-3. Generally, R1 is taken as
istor in the range of 100-500 ohms.

. The self-oscillating switching regulator is very economical in compo-
23 is convenient to use in building it, since it has the built-in dc dif-
aplifier, voltage reference source, and low-power output driver, which
=d to control an external high-current switch. Typical applications are
Figs. 7-6A and 7-6B, and further details are given in the aforemen-
lor's application notes.

should be noted that, although the self-oscillating switching regulator
al in parts, the fact that its operating frequency depends on dc load
d magnitude of the output filter capacitance is often objectionable.

R3 1KQ

o ! Li' rﬂi 4 .'
M. Inv }

Oy = TYPICAL PERFORMANCE
Regulated Output Voltage
Line Regulation (AV;n=230 V)
Load Regulation (41 =2 A)

1]

()
Vin
Semiconductor Integrated Voltage Regulators®

LM105 Integrated-Circuit Voltage Regulator®

regulator is shown in Fig. 7-7. It has the same basic components
reference source, an error amplifier, and an npn series-pass emitter
t f?d from an npn Darlington driver. The current-limiting feature
and it can be operated either in the constant-current or current-
(Sects. 6.8.2 and 6.8.3).

¢ -Vﬁtﬂgc range is 4.5-40 V, input voltage range is 8.5-50 V, and
: tial is 3-30 V. Output current capability is limited by the
ble chip junction temperature, which is specified at 150°C but
e for a safe worst-case design. Allowable output current thus
input voltage, short-circuit current limit (/,.), and thermal design.
taken up subsequently.

m‘“ﬂf can be used with external pnp or npn current-boosting
Vide output current up to ten or even tens of amperes.

Wl yAT23C :
0.F 7 [l = T ”

CS—

RI IKQ
e A s Nl Inv

R " b —y | COMP_ C1 15pF
MO S B I

TYPICAL PERFOR)
Regulated Output Voltaze
Line Regulation (2=
Load Regy lation (AL =2

(8) on these devices is by courtesy of National Semiconductor Corp.

o - ar, National . e i
Fig. 7-6. Use of the 723 in the positive (A) and negative (B Vi oltage nlamir:l'mconductor Corp.. “The LM105—An Improved

regulators. (Courtesy Fairchild Semiconductor)
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Circuit Details

The detailed schematic is shown in Fig. 7-7A. Alth

Regulator with Foldback Current Limiting
it performs are much like the 723, the propriet

10A

" ary “‘circuit
achieve good reference voltage stability, high-error amplifier 0 T=he=p s 67
current sources for low drift and temperature stability are differy v %"
-In Fig. 7-7A, Q2 and Q3 make up the error amplifier b S
pedance is R6 in the Q2 collector. Gain to the bottom of R6 is 2@, » j
the bqtlom of R6 is further amplified by the difference amphﬁq- ¥ Y6 o
Load impedance in the collector of Q5 is the constant-current s w
of one of the multiple collector outputs from Q12. Because of the — R
¢ B u <
o i®
?:J:- RE T talum
+ | T e
£ (e

1.0A Regulator with Protective Diodes

TPratects against shorted inpur ¢
inductive Inads on uniegulated
supply

“Prolecis against inpul vallage
ieversal

IProtects agamst oulpul

vollage reversal

FEEDEACK 4

an .
15 HEFEREN]

EROUND

(o)

Metal Can REGULATED U’

REGULATED
QuTPUT

CURRENT LIMIT @ s

BOOSTER O uTPUT (2)

VOLTAGE
ADJUST

UNRECULATED INPUT B

NOTE Pin 4 conne
0P V!

Flat Package

NO CONNECTION —1g

(E)
BODSTER OUTPUT =32

I. (Cont'd) Some applicati f the National Semiconduc-
Fig. 7-7. National Semiconductor UNREGULATED inruT 3 105 regulator. lC; &-‘?l’hhiiﬁr"nifpn.}ipnipn current booster
LM]OS_ regulator. (A) Circuit foldback, (D) With pnp-npn current booster and cur-
schematic, (B) szu_lable pack- REFERENCE BYPASS ——15 k. (E) Basic regulator with no external current-boosting
ages. (Courtesy National Semi- NOTE: Pra & zonnacted to at mode with /,. = 0.65/R,. = 0.65/10 = 65 mA. (Cour-
conductor Corp.) b Semiconductor Corp.)
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e of a com
e [-)’(il;l‘ld pnp-npn-npn external boosting amplifier
: mt—hmitir_!g lr&qsismr. It is normally off and when th
e-emitter terminals rises to 0.65 V, it turns on and divertz
m ba;u:- of Q14. The configuration of Fig. 7-7C or 7-8
_limltmg because of R4 and R6. This was discussed in
Bneﬂy. current fn}qback operates in Fig. 7-8 because of th,
-@wward drop in R4 on the voltage rise in R When Ve
;ngﬁcant curre'nt through R4, and the resultant vs;itage dro 5
e rise iu R,., which tends to turn Q16 on. But when V. is | 4
by R6 is low, and there is less of a drop across R4 Heance (1):
mrfd. to generate the 0.65-V turn-on potenu:aj is lo, i
cteristic foldback curve shown in Fig. 6-18B S

of this source as seen looking out of the collector of QS, the gain of the
difference amplifier is 1,500. Output from the second difference ampjig
the base of Q14 (level shifted upward by the base-emitter drop of Qg), i
Q14 and Q15 make up an npn Darlington emitter follower out

when collector load resistor R10 is shorted out. When no external currepi.
ing transistors are used, R10 is shorted out externally and output current
at the emitter of Q15. Open-loop voltage gain in this configuration is the
of the two difference amplifier pairs discussed above or (20 X 1,500 =
When external npn emitter follower or npn emitter follower drj

emitter follower power stage boosters are used, the LM105 output must
current source and is taken from the emitter of Q15 with R16 shorted exte;
With a compound npn emitter follower output stage, the minimum

output differential voltage across the power output transistor must be inci
to accommodate the 4-V minimum input—output differential in the LM105
the two base-emitter drops or about (2)(0.8) = 1.6 V of the external
A preferable external boosting amplifier consists of a pnp inverter

emitter follower configuration as in Figs. 7-7C and 7-7D. In this case,
regulated input can be as little as 2-3V,, or about 2 V maximum 2
regulated output, and the consequent dissipation across the external sel
elements is minimized. When the external load is the base of a pnp d
LM105 must be used as a current sink, and its output is taken from the
end of R10, the collector load resistor for Q15. The emitter of Q15 must
moved down to a lower potential as shown in Fig. 7-7C. There itis moved
to the junction of R4, R6 to permit carrying away the base current from
ternal pnp(Q1) plus the current from R10 inside the regulator. o).
Tombien: + PD(3;,)

T~ Tonpien: _ 105 — 65
B 150

ation and Maximum Output Current

5 mm?az :)w-pl_'oﬁlc 'I‘O_S Packfage and § x § in. flatpack
e r:;?:;;um chip junction temperature of | 50°C
ol [gk)of45°waa‘:f_ (8;,) of 150°C/watt and Jjunction-

al dlsafipa‘m'on_ and, hence, maximum output curr:
imum permissible junction temperature, Although ratedenl
ﬁelron;eq;:l: for a safe worst-case design. Assume a maximuzf
_ . Then for a 65°C ambient temperature and no heat

= 266 mW

Vin
Ani-current overcurrent protecti i

: 1on, maximum dissipati
= | voltag? and is equal to PD,,,, = A i
: o g&“, is 30% above the normal maximu:lm;;)eraﬁng
. B0 prematurely into current limit at high dynamic

AAAALAARASAASINAANNANY,

¢ .' z.'3llnxyhl(mul

30, and 40 V, this gi ;
3 ‘V:]y_: 1S gives maximum output currents of 17.3,
can be j ;

mcreased by going to current-foldback over-

the internal dissipation i
o e sipation in the nonshorted case is ( Koo

. max/ 3 (Which is easily i i
» possible), the availabl
by a factor of 5 before the circuit becomes dissipaticn:

;
3
$
s
;

33

ANAAAAAAAAANAAN AN € 6

3

Fig. 7-8. LM105 integrated voltage regulator driving an ememqltl::?'
npn compound current-boosting amplifier. When the first transt b
the external chain (Q1) isa pnp type, the minimum Vi, voltage C‘;“'mi ge
close as 3V, = Viwan T Vet + Vs above the outpul. This :
mizes power dissipation in Q3.

_ t::teLmMalI?:i can be used by itself as in Fig. 7-7E at
iy rrent-boosting transistors as in Fig. 7-7C
el n.- can also be used as a switching regulator
ansistors. A large variety of circuit configura-




Power Supply, Power Converter Design

LIMIT
OUTPUT
SENSE
QUTPUT
REFERENCE
ac SHIFT
QUTPUT
NOISE
FILTER
SHIFT
SENSE

7

-0

8

QO

5

—0

5 4 cyRRENT

03
D4
D
Q13
5
6

—0

v

UNITY GAIN QUTPUT SERIES

o2
VOLTAGE REGULATOR

©,

1.0K
Qi

Y

e

50

16K

a)

k 010

32K
de LEVEL SHIFTING SERIES

VOLTAGE REGULATOR

@y

=

e
=
[
=
=2
=X
=
-
=
R=]
b
oy
w
L=
AN
=
m
Q
=
m
|
WA

lﬁll

Bl

Dl

OTC REFERENCE AND SHUTDOWN

3

<
<
b3

+Vin

i}
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dagmm of the Motorola MC1560/1561 integrated-
or. (Courtesy Motorola, Inc.)

ors’ application notes® and will not be taken up here.
variations on those shown in Figs. 7-7C and 7-7D.

ated Voltage Regulators’

Integrated-Circuit Voltage Regulator

matic of this regulator is shown in Fig. 7-9A and its
OB. It has all the elements that the Fairchild 723 or
LM 105 has but circuitizes them in its proprietary and
the temperature-compensated constant-voltage refer-
-amplifier, and an npn-npn Darlington emitter follower

a low-profile TO5 (G package) at a maximum power
mW at 25°C ambient. In a TO66 (R package). it has a
It can be used at output currents limited only by thermal
s are a function of internal dissipation and thermal
on has a thermal resistance of 184°C/watt from junc-
from junction to case. The TO66 version has a 42°C/
| resistance and 7.2°C/watt junction to case. From
‘maximum current ratings at various dc input voltages
previous section.

of the MC 1561 is 8.5-40 V, output range is 2.5-37
ntial is a minimum of 2.7 V. With these voltage limits,
and LM105.

al Semiconductor Corp.: “The LM105— An Improved Posi-
Versatile, Monolithic Voltage Regulator “New Uses For
‘Designing Switching Regulators.”

here courtesy of Motorola, Inc.
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Circuit Details

The circuit schematic of Fig. 7-9A shows the MC156] 1g have.
unique configuration. It consists of a regulator within a regulator a5 can |
more clearly in Fig. 7-9B.

The error amplifier Q14, Q15, Q16, and Q17 together with ¢
a local internal series-pass regulator. The reference source supplies g ¢ ] B '
temperature-compensated 3.5 V to the base of Q14. The output of ¢ A
amplifier feeds the series-pass emitter follower output stage Q 10, The ¢ ' '
of Q10 generates an output voltage fixed by the external resistors R] g
The output at the emitter of Q10 (pin 9) is [(R1 + R2)/R2]3.5 V. This v
made equal to the desired output voltage and serves as a stable, temp
pensated reference source for a second error amplifier, Q12-Q 13,

This error amplifier and series-pass transistors Q7 and Q8 form
gain voltage regulator. Thus, when pin 1 is connected to pin S, throus
current-limiting resistor R,. as in Fig. 7-9B, the output voltage at pin § js
to be equal to the voltage at pin 6, i.e., [(R1+ R2)/R2]3.5 V.

In actual operation, the R1+ R2 network is forced to carry 0.56 m
R1 and R2 are calculated to give the desired output voltage. Thus, in Fig, 7 /
it is seen that the junction of R1 and R2 is connected to pin 8. Potential at 1
+3.5 V, since the negative-feedback loop forces pin 8 to be at the same p i L] ] L] ni S i
as the base of Q 14, which is the 3.5-V output of the reference source, T - Wﬂo
= 3.5/6.800 = 0.56 mA. Now since 0.56 mA flows through R2, it als ' :
through R1. Then the level-shifted reference voltage at pin 9 is . ' (154) 3INYLSISIY ‘LY

V,=V [pin 8] + 0.56 R1 ]
Then for a desired output voltage V,, R1 is selected as k

(UN) 3DNVLSISTY '2y

7.0
5.0

35

11

R2
I

R1= (2 Vp - 2.0) k02
LAl
[
|

|

|
I

(R1= (7 k&2 — R2) ke2)
Rl
~

(R2 = 2 (V) ku2)

[
]
|
]

Vg, OUTPUT VOLTAGE (VOLTS)

R ik st
1
1

25

(c)

45

_V,—35 i, 18 AAA——1
R1 = 555056 — (1,785¥, — 6,250) ohms : !
This is a somewhat smaller resistance than shown in Fig, 7-10A (R1=2
—7,000 ohms). The discrepancy arises because the reference source is not b
ISV, b
When output lower than 3.5 V is required, connections are as - 2
7-10C. Here, pins 8 and 9 are connected together, and it can be seen | :
7-9B that this forces output at pin 9 to be equal to 3.5 V. Now 3.5 V_:_
down by R1 and R2 and their junction is fed to pin 6. The negative-feedt
around the output regulator (Q 12, Q13, Q7, and Q8) then forces |
5 (pin 1 through the current-limiting resistor R,.) to equal that at pin
output voltage is [R2/(R1 — R2)]3.5 V. I ;
Now R1 and R2 are forced to carry 0.50 mA, since s | w|o|e
8 and 9 is 3.5 V. Since R1 and R2 are chosen to equal 7,000 ohm: — N\
through them is 3.5/7,000 = 0.5 mA. Then potential at the top of R2} :
potential at pin 6 and, hence, also at pin 5. The output voltage at 3! ; ‘
7-10C) will be ¥, = 0.0005(R2) volts. Thus, for a desired output = B it
2,000V, as shown in Fig. 7-10C. ' i 5 o E

25

(B)

15
Vg, DUTPUT VOLTAGE (VOLTS)
1. e
oA
4
5
1
2
]E
A2~ (2 Vo) ke
RI~70kn  R2

Select R1:

1]

6.0
R2
Select A2 to give desired Vo

Fig. 7-10. Various applications of the Motorola MClSﬁl.V (%' i ¥
Connection for ¥/, = +3.5 V. (C) Connections for V', = +3.5V.A 1
Motorola, Inc.)




228 Power Supply, Power Converter Design

Integrated-Circuit Voltage Regulators

229
2N4304 DR EQUIY
= 2% : '
+ Y T ‘
P AT 1 o b
'3 = u E X
= I - T T 5 : L AL o
o< =5 S et ey Eﬂ;g = ¥ .
=P g e =] 'i z2 g " 9 ioﬂ
-5 E=S 5 —O=1  mcis6R
=4 5 6 §
= 3 L yans
g 3 2 ol L
o ts T
= = Ec .31
=2 s [~ +
o E: & z e 500 uF
= o T
2 8% =
ﬁ _’é‘; g _;-'-_i g R = =
2 SE% 3
= £83 %
g (A)
w
I § TRIADCAVOREQUY ||
01 . y
It & BO K ====504 —3 [
E 450
- ] 1N3879 Vg
A = z
A —— |l g OREQUIV Iy
.8 5 el =
of Rvigs = ) 7 15
= £ Ax - vt | |-
= = =] = = s
3 s @ MeisgIE |5 Toour
= o 1 = = LT
2 —-£& = 3] 7
= wy Rl
TT.___;_W,——-W s A
o ° CASE
B “1t i =] 01 uF
Y g S £ .
! w % §Ees s Fig. 7-11. Additional appli-
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10 e O E55EE & i
plu=2 52282 & b
gl = J<]e]~ e Sl 2 Circuit Configurations
& g | et E shows npn current boosters, and Fig. 7-11 shows pnp
o g - _0as no load collector resistor for the series-pass stage,
: S [ 3.2 105 nor external as for the 723. Thus, when a pnp
: N S sink™ to absorb pnp base current is the +V,, termi-
| mjeleis b in Fig. 7-11A. The MC1561 can be used in a variety
3 [y " " urther details on these and other applications and
ST R s v o able in the vendor's application notes.*
- L =B = “ =
A . & o B
- S0
= =N E
= ]

Motorola, Inc., AN473, “MC1561—A Monolithic High
e Regulator.” E. Renschler and D, Schrock, Motorola, Inc.,
nt, Analyses, Operation of the MC1561 Monolithic Voltage

and D. Kesner, Motorola, Inc., AN498, “Voltage and
ues Using the MC1561."




DCIDC Square-Wave Converter Design

6.7 in.
17.1 cm
19.66 in.-!
772 em™!
.342 in2
221 em?
2.306 in.3
3795cm?
7.21 oz
206y

8
DC/DC Square-Wave

AT 30006, 100°C

Al (mH PER 1000 TURNS)

= 1690 (ua 5> 1050 REF.)

(B

'
e
Ag
L]
Ve

-Converter Design

Ho
(REF,)

2700

AL
mH PER
1000 TURNS

{120%)

MAGNETIC PATH LENGTH
EFFECTIVE CORE AREA
EFFECTIVE CORE VOLUME

CORE CONSTANT

WEIGHT

8.0 Introduction

()

4350

In Chap. 2, the elements of square-wave dcfd:: converters wem
sented. Their merits were pointed out, and the general desng_u equations
details were discussed with emphasis on component selection for reliable

CORE
MAT L
TYPE

i i converters
Chapter 3 showed in block diagram fo;rm t_low square-wave cor
combination with series-pass and switching regulators to build comp

; g
6.77 in.
8431 cm™
316 in.2
2.04 cm®
214 in3
381 cm®
1.600 in.?
9.675 cm?
5.6 oz
160 9

21.42 in,1

17.2 cm

CORE
PART

voltage power supplies. :

In this chapter, specific e
output-current and voltage levels will br_a taken up. _
will be taken up in more detail, and design of the tr_ansforr_ner t::Id
presented. Frequently occurring circuit problems will be discussed,

configurations to minimize the problems will be shown.

L

EA,

Ae

Ve

Ac
'7 NUMBER
L 144 TS00

8.1  Transformer Core Geometry, Hysteresis Loss, and

Peak Flux Density

Most present-day power (above 50 ;
of 10-50 kHz.pIn that range, as pointed out in Sect. 2. !.8, {cmleo:;m
erable to metallic-tape cores. Ferrite cores are inex'pensnfe and ¢ e
of shapes that lend themselves easily to diffen?m pfackagma I‘E;l . c
of the various-shaped ferrite cores are shown in Figs. 8-110 8- '_

The U-U and toroidal cores are generally used for hrghel’rs
of 300 W or more. They have the advantage that 01_1tput ['0""‘3“=s
obtainable for a single core can be achieved by stacking twofc;'iss'
and threading windings through both. Cup and E-E cores 0 i

come with bobbins, making coil winding easier and less exp_ensms .
In driven converters, unlike the square-wave oscilla e

core geometry and number of primary turns are S0 ch{)sf-l';l 35
safely below saturation flux density. This a\"Dld? Ehe ;ug squarc-¥
2-19) at the end of each half cycle, charactgnsuc oﬂa A s
oscillator. Since core losses increase rapidly with peak \::low 1
converter operating at a controlled peak flux level safely G

core dissipation low.

MAGNETIC PATH LENGTH
CORE CONSTANT
EFFECTIVE CORE AREA
EFFECTIVE CORE VOLUME
WINDING AREA

WEIGHT

W) converters operate i

(a)

u-u
2625
6562
562
1.00
212
1560
563

SINGLE
2825
562
562
500
1.06
1.60
583

U CORE

<o 00wuw

DIMENSION

NOMINAL DIMENSIONS IN INCHES
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electrical characteristics and dimensions
core, (B) chhanical characteristics and
haracteristics of the type 144T500 to-

roidal core. (Courtesy Ferroxcube Corp,)

dimensions and (C) electrical ¢

Fig. 8-1. (A) Mechanical and
of the type IF10U-U ferrite
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M2.6 THD. i
(FURNISHED MAGNETIC PATH LENGTH | ¢ | & eoh characteristics and dimensions (A), electrical
onc:‘zgfa EPAS - . (B), and standard bobbins for the type 4229 cup core
j-x~| | | CORE CONSTANT g_:i:_ 2 erroxcube Corp.)

|2 1IN
EFFECTIVE CORE AREA | A, |

t EFFECTIVE CORE VOLUME UL : 4

4239P-A & v 7 MECHANICAL CHARACTERISTICS
- i i
4220C-A W : Al NOTE: Values given apply to a core set.

NOTE: MINIMUM CORE AREA 2,05 et TR
NUT MAGNETIC PATH LENGTH | & i g o
POT CORE DIMENSIONS SUPPLIED ON *
y £ 3622C-A ONLY)
All dimensions are in inches. i =4 CORE CONSTANT z_i'g_ 6.7 in.!
MIN.__| MAX. MIN. | MAX. MIN._ | MAX. J ne | 284cm™
A | 1641 |1697 |E | 577 | 5871 038 | 048 T 313in2
G 1.402 1456 | F 400 408 | J 1154 | 1174 'I EFFECTIVE CORE AREA As 202 cm?
o 673 697 | G 213 221 | K 800 | 816 & K 2 3
D 177 225 | H | 1.232 | 1288 EFFECTIVE CORE VOLUME | v, 10.7 cm®
(a) '
WEIGHT ;f;""
- J622P-A &
UNGAPPED POT CORES 3622C-A
AL ‘ NOTE: MINIMUM CORE AREA 1 66 cm?
mH PER t Ty S
CORE CORE 1000 TURNS | Me
PART NUMBER* | MATERIAL (+25%) (REF.] | § !
4229P-L00-3C8 ace 11,500 g?g: !
4729P-L00-3B7 387 10,300 - T
o Tor s cove Tail, T Par pair of cores. MAXIMUM MINIMUM MAX IMUM
e % 1418 G 213 221
h 1217 H 1007 1.055
e 3 3 630 | 019 029
k i i as indicated. -
DIMENSIONS: Al dimensions in inches, except as | o 217 . P 268
Al B | c| D | E |MesnLength | Winding ! 433 K 574 590
Part No. |max.| max. |min.| ref. [min.| of Turn Arsa - . o
o 217 in2
4229F1D 701 i 1.40 cm
3.39in. 4 - (a)
780 1384 | 700} — 97 geem [1@sInd !
4229F2L 1.26 cm® i ALt
E {mH PER
CORE 1000 TURNS) ot
TURNS PER BUI R MATERIAL (£25%) (REF.}
oo r—T— T———— il 3c8 10,800 2250
— — i %
—— | . T 9680 3000
— o e _ 380 7050 1440
____._3"';,.—_ . ‘tPer pair of cores.
i o = 4 {B)
: 3/
- L1 . g5y - -
§ f= :f Mechanical characteristics and dimensions (A) and
I3 —- /A 4 c teristics (B) of the type 3622 cup core. (Cour-
g . xcube Corp.)
ORDER: 4229F10 ORDER: 4220F2L = e i
MATERIAL: DELRIN & LEXAN —=— -
MAX. OPERATING TEMP : 130°C. b Y
! L
NOTE: All dimensions on this page are in inches, 90 = = :.: = L
and are nominal, unless otherwise indicated, Al :
(c) 5 5

232
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DIMENSIONS: All dimensions in inches, except as indicated.
Al B c p | E |Mesn Length m.."

Part No. |may.|max. | min. | ref. | min. of Turn Ares
116 in
3622F1D 509 748 oo

2082in. | 110in2 |
as22F20 | 568 |12 | a6 | 202 [n3| JUTCR | o0t

102 in?
3622F 30 186 710 crn?

TURNS PER BOBBIN

10,000

NUMBER OF TURNS
T

MATERIAL: DELRIN.
MAX.OPERATING TEMP.: 130°C.

=
b B

NOTE: All dimensions on this Single Section
page are in inches, and Bobbin
are nominal, unless ORDER: 3622F1D
otherwise indicated. () I

Fig. 8-3. (Cont’d) (C) Standard bobbins for the type 3622
cup core. (Courtesy Ferroxcube Corp.)

From Fig. 8-7A, it is seen that ferrite material 3C8.' 5_‘_1 ;-.
having low losses at high frequency, is still safely below s;hll';:z“mi
From Fig. 2-6, it is seen that at 20 kHz, 2.000-G pcgk ulll - mz_c-
losses of only 55 mW/cc. Thus, U-U core 1F10 of Fig. 8_- 193*3
volume of 35.1 cu cm and will have losses of 0.055(35.1) = L i

operating points.

rties, I
 Proprietary material available from Ferroxcube Corp., Saus:ﬂ o7, P3

i i ics, Inc., B
imilar materials are available from Magnetics, s
:;'hpcﬂssm;: “H." and “J"; Stackpole Carbon Co.. Sl‘wb'i';{y__
type CERAMAG 24B; Allen Bradley, Mllwaukceéoocfe =
WO3 and WO4: Indiana General, Keasbey, N.J.—SR13 rrifes

DCIDC Square-Wave Converter Design 235

:  seen from Fig. 2-6 that there are no core loss limitations

ms, at 50 kHz, 2,000-G peak flux density, core losses
. and total core losses for the 1F10 are 0.18(35.1)= 6.3
ive if the thermal design of the transformer is adequate, but
s design for 50 kHz would be to go to about 1,300 G, at
the losses to be at 60 mW/cc. This yields total core losses
or a 1F10 core.
‘versus frequency relationship for 3C8 is shown in Fig.
neability starts falling off significantly only beyond 1 MHz.
pove the point where transistor switching time parameters
he frequency-limiting factors.
e

nr

MECHANICAL CHARACTERISTICS
NOTE: Values given apply 10 a core set,

1.78in.
MAGNETIC PATH LENGTH ' it
L | Baint
CORE CONSTANT E: 3.0 em=!
2
EFFECTIVE CORE AREA Ag f; 'c"mz
A%
E i .a
EFFECTIVE CORE VOLUME | Ve it
3010 A 20
-A 1 oz.
WEIGHT 34q
NOTE: MINIMUM CORE AREA 1.10 cm?
MAXIMUM MINIMUM MAXIMUM
1.201 G 213 221
e 1.016 H 787 827
d 532 | 019 029
183 3 732 748
i 374 K 512 528
264
(A)
' 1 AL'
i mH PER
3 CORE 1000 TURNS) be'
= MATERIAL (+25%) (REF.)
L ace 8300 2180
387 7580 2020
389 5750 1480
1. TPer pair of cores.
(B)

Aechanical characteristics and dimensions (A) and
teristics (B) for the type 3019 cup core,
cube Corp.)
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DIMENSIONS: All jons in inches, except as indicated,
Al . c D E |Mean Length | Winding
Part No. |max.| max, | min. | ref. |min.| of Turn Ares
091in2
3019F 1D A58 587 et

244in. |.085in2
3019F2D |.508| 880 | 535 | 216 | 078| . gy

in2
3019F3D 136 l m:..t ‘
' TURNS PER BOBBIN

10,000 — -

2
£ oo
5
H
2
2
z
!
!
MATERIAL: DELRIN,
MAX. OPERATING TEMP.: 130°C.
Ero—
| r\\\
A
I\\' | \,/1
o DR _Y o
NOTE: All dimensians on this page Single Section Double Section .
are in inches, and are nominal, except Bobbin Babbin -
as indicated. ORDER: 3018F 1D ORDER: 3018F

(cl

Fig. 8-4. (Cont'd) (C) Standard bobbins for the type 3019
cup core. (Courtesy Ferroxcube Corp.)

Detailed design to set the peak flux (_iensity at any 1'-;-‘:1 '
permissible core losses or core satura_uon. will be lak'en l:)]f)memsp R
first consideration in a transformer design is the selection
the required output power level.

82  Transformer Core Selection: Core Geometry V"""ﬁ"

Power-Handling Relationships

Guidance in the selection of a transformer core f](:l!';e
is provided by the following quanlitatiye rFlallons. It Shou‘uggling e
ever, that these relations are only guidelines. Often, by ]

gi\mll ut
kept in P
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srrent densities in windings and peak flux density, a smaller
can be used for a given output power.
‘magnetic relationship in the transformer is

'(%) 10°# 8-1)

aneous voltage across a winding in volts, N is the number of
‘A, is the transformer core area in sq cm, and ¢B/d¢ is the

5
Al
5 MECHANICAL CHARACTERISTICS
HD. NOTE: Values given apply to a core set.
PPLIED ON 148i
8C- ONLY) o n,
oLy MAGNETIC PATH LENGTH | % 276 cm
b
CORE CONSTANT gle | 1019in7
Ag 400 em™'
T + 147 in2
L EFFECTNF CORE AREA Ae '8as om?
216in3
EFFECTIVE CORE VOLUME | Vg B3 end
261608
0.707 oz.
WEIGHT 259
Y NOTE: MINIMUM CORE AREA .720 cm?
——
Al MAXIMUM MINIMUM MAXIMUM
B 1024 G 213 221
N B66 H 693 725
¥ 453 | 019 029
174 J 626 642
321 | & 432 448
224 |
(A)
B " Ayt
{mH PER
CORE 1000 TURNS) g t
MATERIAL (+25%) [REF.)
= 3c8 6700 2100
" 387 6000 1880
.n" _‘ 389 4390 1380
¥ an3 2340 735
— acs 390 120
. tPer pair of cores,
(8]

ical characteristics and dimensions (A) and
wlactenistics (B) for the type 2616 cup core.
“IToxcube Corp,)
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STANDARD BOBBIN DIMENSIONS
All dimensions in inches except as noted.

AT B[ C [0 | [MeenLongth | Winding |

Part No. 1...:. max.| min. | rof. |min.| of Turn Aves
063 in2
2616F 1D 380 406 orak
208in, | .059in2
2616F2D | 420 | 832| 467 | 180 | 075| 53cm | 381 cmi
113 056 in.2
2616F3D g l 361 om?

TURNS PER BOBBIN
e ===

L= # - Ly
X &
000+ - &
=i :
/

MATERIAL: DELRIN. e =
MAX. OPERATING TEMP.: 130°C AW WIRE SIZE
=] 8l»s

A l—-—' &
|
Single Section Double- Section
Bobbin Bobbin
ORDER: 2616F1D ORDER: 2616F2D
e —— e ——

(ch

Fig. 8-5. (Conr'd)) (C) Standard bobbins for the 1Y
cup core. (Courtesy Ferroxcube Corp.)

instantaneous rate of change
form of Eq. 8-11s
7 i e

T2
1 = E‘dl
AB [over a time 2} NA. L

where T is the operating period in seconds. mary winding 5 % :

18 fed in at B
Jt has 2/

In the converter of Fig. 2-1, the entire pri
the core in the same direction and supply voltage E,

Thus, for instance, when Q1 is on and in saturation. e 2
A e = e e e amant During the BEARSS

pe 2616

of flux density in gauss per second. /
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the driving winding is reversed, [¢ df has a negative volt
 negative flux change equal and opposite to that occurring

wave converter, when any transistor is on, it is in satura-
the voltage across a half primary (N, turns) is = E,. — |

Ti2
e dt
Ea(T12)
; _N‘“ OB s
N,A,
ELECTRICAL CHARACTERISTICS
CORE MATERIAL acs 3E2A | CONFIG.
e Al mH per
1000 turns *25% g EE
b ref. 2585 3500 E-E
Ay mH per 1000 turns | >>2450
at 3000g., 100°C %3"*'050 - E-E
ref,

MECHANICAL CHARACTERISTICS

CORE SET EE
MAGNETIC PATH LENGTH e | 382in
970 cm
CORE CONSTANT 5 2_' 13.97 in!
a 55 ¢cm™!
EFFECTIVE CORE AREA A, 274 in?
1.77 cm?
EFFECTIVE CORE VOLUME Ve 1.05in?
17.20 cm®
WINDING AREA A A29 in2
i 277 ¢cm?
WE 2.7 o2.
IGHT e
1 cm)
All dimensions in inches {nominal)
1.248
f— 618 —=t
J1B—~ |[=—
(" ™\
£
]
_Lr.:) !
: 8B MIN,
F P |
97 BT
i J

s and dimensions of the type 783 E608 E-E
e Corp.)
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: DCIDC Sguare-Wave Con verter Design
R a7 FER@
723 — e I Im : ‘rﬂ»
o — 1 —]_" | 1 [r‘
o M1 ! 1]
i & T i : i H
w L 1] [ T ! Hir i ] I[
; || - Ll IR E |
i o i : : : HH : H
= i g A 14
LT : e e g
g B .--ul' I"I ] I| J_ { |
S \ o 3 10 10° 108 10’ 108
g E FREQUENCY (Hzl
w \ i
> 5] > mmau —rray
z " = il , 3C8 FERRITE
a B EE r‘\
\ T
0 N —3+ ‘
7 AN . g i h
L L% ] | N
E \\\\\ " = T
T N i
* =
o ‘g E
]
l | I | | |
= o 4 5 ¥
8 1 10 10 o 10
% % E % } FREQUENCY (Hz|
(55N¥D) 8 'L' I (8)
.- neability of low-loss power ferrite materials 3B7 and
W o ¢ l ¥ Ferroxcube Corp.)
b= 0
— O
3 & ~H
i T | UM excursion in flux density around the zero flux density
g : g .10‘*!] = Edc{l(}”) {8"-3)
4 CEAREE B oBuax — 4fN,B
x - Rl e ;
3 L I ating the required number of turns forany transformer,
o | ‘I EEEEE- :'.!ht'mld be used in Eq. 8-3. Assuming a Viasof 1V,
E t i i._. I : B ms 1s
u Jl r_‘_’ L 1)10"*3
w . >
u = o 5 (8-3A)
ey ~% 11 [§ & -
> 131 "
3

A. s the core area in square centimeters, T is
(ssN¥9) 8

_ operating
‘mary turns (either side of center tap), B

max 18 peak flux
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excursion in gauss, E,. is supply voltage in volts, and f'is operating f % 10*8
cycles per second (or hertz). y ) : . i
Now let 4, be the total winding area in square inches for the

(= A, of Figs. 8-1 to 8-6), 4,, the total winding area (in square inc} (1.27)B e fA.A, % 1073

for the all windings together, and SF the winding “space factor” s

goal is usually to make SF as close to 1.0 as possible so as to fill up ( 4

possible of the winding window. Values of S generally average 4 B fA.A. X 10 @-7)
Then let A, be the winding area (in square inches) allotted to the prj B

: indings occu ual areaord, =9 e | ; :
Usually primary and secondary winding ide »=034, ndling capability in watts, B,,, is the peak operating

A, =054, the operating frequency in hertz, A, is the core area in
=0.5(SF)A. is the core (or bobbin if used) winding area in square
= 0.5(0.75)4, the coil current density expressed in circular mils per
=0.3754,

6 and 8-7 are valuable guides in the initial selection of a
| given power level. They show that power-handling capa-
1e product of the core area (4,) and the window winding
ters are usually given in the core vendor’s data sheets
-handling capability is also seen to be directly propor-
inversely proportional to the circular mils per ampere

Further, let A, be the area (in square inches) per si:.aglrf prim:u:( turn, [, §
mary current (amperes = peak), d the current density in the primary
peak amperes per square inch = I,/4,, and N, the number of primary tu
ther side of center tap). Then

oy the windings.
© 0375 will have been chosen as above for acceptable core
_ 2N A, ncy (f) will have been preselected by system require-
T3S quency some submultiple of the system clock fre-
IN. 1 upply noise synchronous with clock frequency and,
x ﬁ_;zg; ith; or, possibly, operating frequency may have been
onent size, since the size of inductors and capacitors
Or e 5.33N,l, frequency. Operating current density in circular mils

on the basis of load regulation (minimizing output

load current change) or on the basis of minimizing
D, will be chosen somewhere in the range of 200-
, depending on the thermal design of the transformer

where A, is in square inches, 4 in amperes per square inch, and
A.(sq cm) = 6.454 (sq in.) = 34.4N,1,/d

& L) i; 24 2
Then, multiplying Eqs. 8-3 and 8 in Eqs. 8-6 and 8-7 but P, and the 4.4, product are

P (E.,L.(m“)) (34-4N..1 ..) input, P,, is fixed by system requirements (output
LN B d rectifier and low-level control amplifier losses), the core
(8.6 o 10“‘)(E )= (8.6 X IO*R)PU i and a core with the required 4.4, product can be

= an’ fd dedde Bmaxfd

capabilities of the four often-used cores of Figs.
ated from Eq. 8-7 and tabulated in Fig. B-8. This
sities of 1,000, 1,500, and 2,000 G and frequencies of
50 kHz at primary and secondary current densities of
‘mils/ampere.
2. 8-8 that quite high power levels can be handled at
' 250 circular mils/ampere. Now an often used “in-
h’ current density in magnetic components is 1,000
current densities down to 250 circular mils/ampere
Possible without excessive coil temperature rise. This
ce between coils and case, between case and ambient

!-I |
where P, is power input to the primary in watts and A, and Ar

centimeters. Then
P,=1.16B o fd(A.A)107*
Current density is often expressed in terms of ¢

(Doma)- It can be shown that this is related to current
square inch (d) by

.
ircular mﬂs i
density It

2 A circular mil is the area of a circle 1 mil in diameter. Then SISEEES
(10-%) [area in circular mils].



circular
mils/

250
ampere
500
circular
mils/
ampere
circular
mils/
ampere

1,

}
|

|

50
kHz
995
948
1743 2324 2905
5
475
145
1930
25

23

40
kHz
4623 6164 7705
796
758
2313 3084 3855
400
380
1164
1544
200
196

30
kHz
1746 2328 3492 4656 5820
597
569
300
285
873
1158
150
143

20
kHz
398
379
1162
1541
199
190
771
95

B = 1,000 G
100

15
kHz
2312 3081

299

285

872
1157

150

143

437

579

75

71

10
kHz
1164
1541

199

190

581

771

100

95
291
IR6

50

48

50
kHz
8,730

11,556

1495

1420

4360

5780

745
710
2180
2890
375
356

40
kH z
1196
1136

596

568
1744

300
285

30
kHz
897
852
1744 2616 3488
447
426
1308
1156 1734 2312
225
214

kHz
598
_568
298
284
872
150
143

Ban= 1,500 G
20

1734 2312 3468 4624

3467 4622 6933 9244

15

449
426
224
654
867
113
107

kel z
1746 2619 3492 5238 6984

10
299
872 1308
149
142
436
75
1

kHz
284

1156
578

50
kHz
995
948
2905
500
476

11640
15405 | 2311
1990
1893
5810
7705
3855

40

kHz
9312
1592
1514
4648
6164
796
758
2324
3084
380

12324

300 400

30
kHz
1194
1136

597

569
1743

285

Buux= 2,000 G
200
190

20
1542 2313

15
kH: kHz
4622 6162 9243
597 796
757
1743 2324 3486
2312 3082 4623
299 398
Z85 319
872 1162
1157
150
143

10
z
398
379
1162
199
190
581
1
100

kH
1E10-UU | 2328 3492 4656 6984

Toroid

3081
1541
77

Core

1F10-UU
Toroid
1F10-UUu
Toroid
144T 500
783-608

144T500
Cup

Cup
144T500

Cup
783-608

4229
E-E
783-608
4229
E-E
4229
E-E
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 if transformer is tied to a heat sink), and power level. Further
ent density will be presented in Sect, 8.8.1.

losses for the cores of Figs. 8-1, B-2, and 8-6 are shown in
that the hysteresis losses at the highest frequency of Fig.
of the power-handling capabilities shown in Fig. 8-8 for
,000 circular mils/ampere and a peak flux density of 2,000 G.
y of 1,000 G, hysteresis losses are under 0.25% of the
ity at a current density of 1,000 circular mils/ampere.

of Number of Turns per Winding

core selected to have the required A A, product calcu-
, the next step in the transformer design is the selection of the

s are calculated from Eq. 8-3A. Values of peak flux density
d core area A, have already been tentatively fixed from the
calculations of Eq. 8-7. Now if there are variations in the
 parameters about their nominal values, these must be con-

oblem if B, had been chosen low enough —say, 1,000
S and P,. For then, from Eq. 8-3, if f decreases and
for a given A, B,,,. will increase by 20% to 1,200 G.
sis losses are still sufficiently low. But if N, is chosen
2,000 G, at nominal values of fand E,, similar variations
ase B, by 20% to 2.400 G.
Fig. 8-7A that this is already on the low slope into the
e !Jysteresis losses and primary magnetizing current
Chus, 1f I!mere are tolerances in f and E,. in Eq. 8-3, N,
' ‘at minimum value of f, maximum value of £ e (ripple
dered). B,,,. is no more than 2,000 G,

desired secondary voltage, V,, its turns, N,, are

Ny,

& Vl:e_(mﬂ i
voltage ¥, is required after rectification with diode
'\ + V)

W Hce‘mt} (8_9}
pi' and ¥, = 1.0, thus making a fairly unique rectified

e for a constant E,,. But if an exact output voltage
BV, V.. ai» and E,. must be considered.

er Losses

in effect been chosen when a core has been selected
: Bl chosen value of current density. For a given value
current density D,,,, the circular mils area is
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50
kHz

1.05

40

kHz

021 033 046 0.67

30

kHz
0.17 023 034 053

20

kHz

’Bmx =y I ,U’ﬂﬂ G

15
kH z
0.11

0

kilz
lo.14

0.07

S R0) Wit

»

102 148 224 342|015 g23 036 045 072 33%

50_

kHz

116
164|007 gy 017 024 035 055

1.59

40

kHz

07
1.07
04

1.

2

30
kHz

1.36
0.69

frequency, and core 1ypes foy i 2-6.

20

kHz

049 071
0.48

B = 1,500 G

15
kHz
060 095

0.31
0.30

1
kH:
0.42

0.22

l

6.32 |

]

50
kH :

12
319 | 0.21

Elt
iz
421
4.55 6.83 | 0.46 0.65
2.18
2,13

<

30
kHz
2.88
.49

1.45

000 G

4

1.06
1.03

_ZU
JLH;:
2.04

B
Fig. -9, Hysieresis losses in walts for vanous B e

15
KH:
23
0.64
0.62

Ls

i
kiilz
).39

077
0.40

|

~11_83 133 220 311

|

Core
fype

1F10-ULJ
Toroid

144T500
Cup
4229
E-E

783
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in Fig. 8-10 then give the required wire size and,
dissipation for the known current in each winding.
r is used up to the maximum power as given in
ither by thermal calculations or measurement that,
s and various thermal resistances, the coil tem-
d or safe limits for the selected class of trans-
wire-insulating coatings.
e rise is excessive for the materials chosen,
tenials must be used or lower current densities
wire diameter, which perhaps results in insufficient
Then higher values of B,,,, must be permitted,
winding turns (N, of Eq. 8-3). Since core hysteresis
oppeerloseas cunlesa B upre A are
resort, the next larger-sized core having larger coil winding
g larger wire size, can be used,
densities in Eq. 8-7 can range from 1,000 down to 250 circular
even less. An often-used “industry” rule of thumb for safe
in magnetic components is 1,000 circular mils/ampere. But the
are temperature rise and temperature limitations of the materials
y-step procedure in the design of the coil is thus as follows:

.

core with the required 4,4, product from Eq. §-7. Inputs to
are P,, f, a desired safe value of B,,,,. and an initial esti-
circular mils/ampere for D,

ema -

number of primary turns from Eq. 8-3A and the number
turns for each winding from Eq. 8-9.

L Wire size in circular mils from (cm), =/, D, where (cm),
imber of circular mils in the nth winding, /,, is the peak current
mmndmg in amperes, and D,,,, is circular mils per ampere

such as in Fig. 8- 10, selecte the wire size for the calculated

Tesistance of each winding from
1 .":".RwN n
= mitRIN,

I8 the resistance in ohms of the nth winding, N, is the number
lhenth winding (from Eq. 8-9), R,, is the resistance per turn

inding, mlt is the mean length of a single turn in feet (calcu-
BEOmetry or given in core data sheets), and R1 is the re-
the given

wire size in ohms per one foot, from wire tables.
Copper losses:

=212R,

¥ ‘h total copper losses in watts, !, is rms current ampere
Winding, ang R, is the resistance of the nth winding in ohms.
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r Thermal Design

plus hysteresis losses and a knowledge of the various
§ tow~®m oorne sooks 2R IQRNR RIS 3885 theoretically permit calculation oft!1e winding temperature
5 tion is very difficult to do exactly, since the heat-flow paths
8| saase zaees seses 5833% BRI5E 3EREE EREEE R 1hess pathsarc not known,
e EE = ¥ = helon mer is encloseld and dxss‘lpan'_:s its hysteresis_ and copper
5 5 s A surfaces, and, if there are various encapsulating materials
3| 88357 38223 38235 AR5AS 33832 R84y nevag paths with differing thermal conductivities involved, this
LA i al heat-flow problem. The calculation of temperature
58| 2302z SEON st a n'etwor!( of many thermal resist‘annes interconnect.ed
Flegl 85555 25228 3Eens §Rcee B3ann s . S : @mmm,umﬁergmc%\lm?mnwhnc-m'.mu'\ahm
R O AT , a fairly good estimate of winding temperature rise
(< simplifying assumptions as to the heat-flow paths. This
'%.’Eg %ﬁ?;?ig $323¢ enssg, YEES . ssm- o culation to a one-dimensional heat-flow path. Thermal
£8| 88885 23357 RAWSh HTRIN 232 RRERE 2R can be calculated as in Sect. 4.3.3 from simplifying
% | average geometry. Such calculations can predict tempera-
o®g§| §2838 Eleas B288% 25202 53258 2550 g0 are in most cases sufficient for initial design purposes.
Ul iEs s BT s R : rise depends on the way the internal heat is
g—‘g sl o cel mer is encapsulated and cased and the case is thermally
2| |Bg| szyz 28555 BRERY DEREE SRRRE REEE2 230 . at a known temperature, the thermal resistances in-
5| |83 sink to case and winding to case. If the transformer is
E%ig 8382 2r5%y S8eas s28aY 28353 $TE5E 58 %ahﬂtsink.thether.mal resistances involved are pri-
88| "TFRT UGATU IWIDT KEARY Fo0EE R53%3 R q surfacea:catoamblent(whlchcanbereadfmmFlg.
g =1 e L often-negligible resistance from interior of the winding
2| |82| sazse sx=8g gasgy 53238 RERAS TARAS RS
2| |28 zegsR 8RLR? ©2TOF . some typical simplified thermal resistance calculations
Sle gyzes pages p8328 B38sd 521aE S2aas HEARAS ' s ofia Typical Ferrite
EEX BRRR SRASR A%R4S Do:i:.;-a;.—; soece T2222 SO ‘mer
e gé_%é%%%g’%é’ g2ags 88558 fasas Sgg:f;: 229 cup core of Fig. 8-2. Assume the coil is wound on
% 53532 25888 38888 §888¢ ZEEEE 53555 88 'of_Fig.8—2.A]so,asinFig.S—II,assume!hecupcare
35| 82288 BES8C BRCss B _— case with a thickness of 0.10 in. of silicone rubber
sg (382| srggz guqge cqgas Huiac TRARE BOONT “ L}s’)ebemen the outer periphery of the cup and
5E=| CEYEE BEESe FANEE &7 & Lo .
q =eE ;:Mmmgga 55295 35888 §589b IEBEE 2881 case sits snuggly in a round hole in the solid metal
- iy 28228 “caik 24823 38888 “’::: na‘gg: 23 ure T),,. Then, to a close approximation, the heat
8 (¢l goues zopge 35358 15095 5838 22EHE el will flow radially out through the windings them-
= £ 8:*‘: ;;;g: ;;8“; e 25888 g%gé ferrite core, the 0.1 in. of potting material, the metal
B [o|5 883 B8Ess EERE R L G352 _
z e oneun soebd SELE THSER ARFIR AN W path is radially outward and confined to a height
g g o e PONds to the dimension D of the bobbin in Fig. 8-2).
ice from the windings to the heat sink is
FFR,+R,

‘Mal resistance in °C/watt, R,, is the thermal resistance
€opper windings alone in °C/watt, R, is the thermal
1P of the ferrite core in °C/watt, R, is the thermal re-
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 WINDINGS DN BOSBIN
POTTING MATERIAL s ni veS oF

/" METAL CASE /° /FERRITE CUP CORE
3

7 PERIPKERY OF CASE FITS IN
’ A CIRCULAR HOLE IN SOLID
/ e METAL HEAT SINK
r o

ASSUME HEAT-FLOW PATH 1S

- RADIALLY QUT FROM CENTER

" OF WINDINGS THROUGH A
CYLINDER OF HEIGHT "p*

sistance of 0.1 in, thickness of silicone rubber potting compound is

)G) [K, = 0.0026 W/sq cm/cm/°C (from Fig. 4-5))

H= 0=

(1.79)0.8)  [from Fig. 8-8]
'sgin.= 29.1 sq cm

' 1 )(0.25)
' 0026/129.1
|.797 in. f

°C/lwatt

; : aluminum case that the heat flow is normal to the cup
istance calculation for a 4229 ferrite cup m . . : me e . ose.
Fig. 8-11. Thermal res ith 0.1-in. wall of silicone rubber (G.E. type st b et o i sorma b e i
pﬂlt‘l\e'{)i s telli;etni::uerialw‘.:detai case is snugly embedded in a circular 1
0 i .
Eole inF; solid metal heat sink. thro

case of thermal conductivity of 2.25 W/°C/sq cm/cm
(g,_) L ( Bt ) (0.02)(2.54)

A 2.25 29.1

= 0.0008°C/watt = 0

Vi s d R, is the thermal resi:
2 ting material in °C/watt, and £, 3
sistance ?If] t‘é\g;tt Thermal resistances will be calculated as in Sect.
the case y

)

i (?E] A o

i in K is thermal conduc

. resistance in C!watt: e

i }i 5 ﬂ—le(]tgi;?a(lthemxal conductivity in Blufhou:’rsq ﬂ{lﬁiw 11:1:;h ol

cmilcr:i l%wwpz;th in centimeters, and A is the zfre:t :ﬁoug

iz to the direction of flow in square E:e:num th' i

N since the thermal conductivity of e coret B

W!"Cisch:’nTc’m as compared to 0.0020 for tgm m:a;t;;r: by

ite (Fig. 4-5), it will be assumed R, = e -
o 1 c.c between the inner and outer po o

e 3 "li"f:nre!flor the ferrite lip, the heat-flow path leng
the lip, which from Fig. B-2 is

1al resistance between coils and outside of case is
+R,=0.18+ 33
= 3.5°C/wart

¢ case is kept in good thermal contact with the heat sink,
losses, the coil will rise only 3.5°C above the heat sink

isolated on a PC board and loses its heat only by radiation

ambient air, the thermal resistance from case to ambient
- This thermal resistance -is mainly a function of the outside
thermal resistance can be read from the 4,, area curves for

n Fig. 4-7. This case area in Fig. 8-8is
A—B_1.697— 1457 _ 55 —0.30 cm

e

2

i ea of the lip nOF
The area through which the heat flows is the ar ;
the radius. From Fig. 8-2, this is

+ B

2y 7(1.797)(1.26)
+7.11=9.7 sq in.

4-7, it is seen that for 9.7 sq in. of surface area, the
Clwatt at a 1-W power level. Assuming an internal
- 4-8 shows at that power level, thermal resistance is
0 = (0.70)(16) = 11.2°C/watt at the 10-W level. Thus,
~of the transformer of Fig. 8-11 from coil to ambient

2
fpe cm
(1-597 x l'45)(0.8 16) = 4.0 sq in. =26 54
i e O

Then thermal resistance of the ferrite lip is

Ry= (Kif) (%) [K,= 0.063 W/sq cm/cm/°C (from =58

I _L)(‘l_-"_ — 0.18°C/watt
_(0.063 26

ENt air) = R (coil to case) + R (case to ambient air)
' =3.5+11.2 = 14.7°C/watt

i

10 3.5°C/watt if the case has a low thermal impedance
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s Rise in a
5.2 Winding Temperature
z’![‘yspical Cup Core Transformer

ig. 8-11. Assume it has been
i sformer of Fig. 8 pr ] o
a(l:un;der 01;1‘;- ;‘;}}" G at a peak current density in all its win
20 kHz a D max ¥
. ils/ampere. it has a power-
Ty “,}l::én gﬂm ool msc:lh'ese ;a‘:::er;ze couverterpsmh = FiRu = (60¥(0.00022)=0.79 W
1 . " l“ a - 5 o
capacity of 298 W. Assumit:g:: ;nd a center-tap secondary generat_n:g : , are then
2-1 witha 3(}-V1 ;::el:h;:; winding temperature rise are calculated in the fof
of 5 V. Copper

ing sections.

able, No. 6 wire has a resistance of 0.40 ohms per 1,000 ft. Fora
: of 0.28 ft (Fig. 8-2), the resistance of each half secondary is
Rigi = NR(per turn) = 2(0.28/1 .000)(0.40)
~ =0.00022 ohms

dissipation is

PDyai = PD, + PD, = 0.56 + 0,79 = 1.35 W
Primary Copper Losses ! 1

300 W of input power at 30 V dc, peak ‘;‘(’ir;::‘;& :?:c]:ll:lf

o A. Since the transformer is to be designed s (S

is 300/30= 10 tal number of circular mils in each half primary is (09,0
i M mFr:m the wire table of Fig. 8-10, lh;ss(t:rand o
mu{{?rcir:cﬂ\;;: mils). The winding can be °?f‘:‘;r‘:;]_ The two peiail
s ds of No. 16 (2,580 circular mits St © " 0o ny
parallel strant; same area may be easier to wn_ld, Smfated from Eq. 8008
haﬂ'gf al:'-ro;: m;nber of turns per half primary is calcu T
fiexible.

8-9. core hysteresis losses at 1,500 G and 20 kHz for the

0.49 W. These losses, as predicted, are small compared to the
will be neglected.

Sect. 8.5, the coil thermal resistance 10 heat sink is 3.5°C/
.35 W of internal dissipation, the coil will rise (1.35)(3.5)
e heat sink.

ormer is not thermally tied o a heat sink, its thermal re-

air for its 9.7 sq in. of outer surface area is 14°C/watt at the
igs. 4-7 and 4-8). Thus, its temperature rise is (as calcu-
T= (3.5 + 14)(1.35) = 23.6°C.

erature rise so low, the choice of 500 circular mils/peak

have been quite conservative. At 250 circular mils/peak

y and secondary, primary and secondary resistance and total

have doubled. This would increase the winding temperature

- for the heat sunk transformer to 48°C for the nonheat sink
gh values in most cases,

Enc(lo-m)
N e 4meu.Af

b r ig. B-2as _”:; |
area in square centimeters 1s obtained from Fig
, the core
é;r B = 1,500 G at 20 kHz

____—-———-———-—-—'—'_'30 x 1042 =939 = 10 turns
f =
No =22 x 1079(1.5 % 107)(2.66)

inding !
i 20-turn center-tap Wi .
rimary consists of a W
i Thi;’s', ttil;i-g, the mean length of tu_m on thi:;:smme v
wire. From | 'gt' ble in Fig. 8-10, No. 13 wire hasa T o B
From the : 1::‘ :lhe 10-turn half primary 18 t{l)l-ll; :quare_c.u il
s i flowsasa 1 O ol
i mary current ( e
‘;EMlai:;l; f)r:l;sﬂl;r;ycles to one or the other half pnimary
ern:

pation is

ig Fit within Available Winding Space

tion of Eq. 8-7, it was assumed the primary plus secondary
80% of the total available area. Since a bobbin was used in
‘must be checked that the windings as calculated in Sect. 8.5.2
available winding space. Thus, total primary winding space is

times area per turn. (Assume area per turn is D? rather than
20 tuns of No. 13 wire (diameter 0.074 in.), the area occupied

= 20(0.0742 = 0.11 sq in.
PD, = IR, = (10)(0.0056) = 0.56 W % A

dary winding space for four turns of No. 6 wire of diameter
et = 0.10 sq in. Thus, required winding space for primary plus
A, Dlssmm?" wer at a 5-V level, secondary € : o 0:10=0.21 sq in. And, from F
For 300 W oilg_;nz:.!isj?:mpere» the secondary winding Te
— 60 A. At 500 crc

ig. 8-2, the available winding
Thus, the coil will just about
area occupied by one turn is actually #D?/4 rather than
fit. The fit is so close, because in the initial selection of a
TS that the full core winding area is available for winding
the area available for winding the coil is that offered by the
only 70 to 80% of the winding area of the core itself.
actually too close, smaller-sized wire can easily be used as in
it was seen that a current density of 500 circular mils/

5t tion bobbin is 0,217 sq. in.
. in Fig. 5~y

0) = 30,000 circular mils. From the wire l:b(!;f:.uo circuldf 28

(500)(60) , 5 (33,090 circular mils) and No. 6 ora number
bebetwieen 5 the wire may be single strand No. jer wiring-
wire is ChOAER, total circular mil area to pe o eahs:»_n secondary
wires of t::::;:?l V drop in the diode rectifiers. T

T -V Yy turns is
fora recuﬂed 5 Ol.ltpl.l!. Number of secundar
be 6 V fo
N, = N (V “‘ ,,) = 10(6."30] = 2 turns
¥ pA\¥ 5
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ere was comservative. Even at 250 ci_rcular mils;famperg, it vl
aSI::L 8.5.2 that the coil temperature rise is only 9.4°C for the heat s
former and 48°C for the nonheat sunk transformer.

perature equilibrium to be established, power is removed
ce quickly measured as, say, R,,. If the second measure-

30-60 sec, thermal inertia of any but the smallest transformer

re constant. Then
i 0.0039(t, — 1,
8.5.4 Coil Temperature Rise in Unpotted Transformers R,[1+ t, —1,)]

without Heat Sinks

temperature under worst-case operating conditions) is
In the previous section it was seen that the largest temperature

i - R,

to the high thermal resistance of the potting @tenal in enclose:d rans 4 B Ry
g nk transformers, the case-to-ambient temperature rise was
For nonheat su - s . |

In most instances, U-U or toroidal core form T - (T) s

k. and, hence, the coil-to-ambient air tcmpe‘ra@re rise is most' riou 1, :
sgn't?ans.fumcrs a good estimate of temperature rise (accuraie 1o within 5- .
0 :

ractical to run the entire supply in its final operating and
i urface area of the outer surface of th : | ;
can be obtained fromg ::";:%:iied from this area from the curves of t ;It'h:eu-ansfomer SRl feitanis chs b macmsed
istance i .

Thcrmagl r:\’silfh its thermal resistance and the copper losses‘ calculam; .
an.d 4_ i d current as in Sect. 8.5.1, the coil temperature rise can}:ec :
wire s:zc:'; an example, the thermal resistance (coil to arr‘lbleut1 a::} will
culated for a transformer using the toroifial core lF_ldl) Dfd],::;;;tz;d-s s;s; g
i cupies most of the inside hole in the toroid an e -
l::ii:;y beyond the 2.9-in. outer diameter of the core. .Also the heig .

0o extends 0.125 in. above and below the 'U.S-in. he_ighl :l)f the toroid.
lt::])?al radiating surface area of the winding IS approximately

T1D*
A= 2(7) +TIDH

R, = thermal resistance (winding to case) in °C/watt
) 2([i_(;._9_j_(_l}_5f) F 29 +025)05+029) = (len—1)IPD
5 4 p

1 ends of the primary are shorted and a dc current is run from
lap through to the shorted primary ends. This current is ad-
the same power dissipation as the worst-case total trans-
operation. The transformer is isolated on a low-thermal-
so that it loses heat by convection and radiation only.
‘transformer is operated thus until it comes to thermal equi-
¢ and primary resistances are measured initially and
quilibrium. From Eq. 8-10, the coil temperature at the given
calculated. Then the thermal resistances are

15.6 + 7.4 =23 sq in.

i i i 1-W

And, from Fig. 4-7, the thermal resistance to amb;le:\tt t::ra :al:ro g

level is 3.4°éfwatt. From Fig. 4-8, ata 5-\? power :v:; (e

ternal dissipation in this size transformer), its ther;'n e+
— 6.5°C/watt. From this and the core plus copper 10SS€S,

can be calculated.

rature of the winding when hot, as calculated from Eq.
d case temperature when hot, and PD is dc power dissipa-
resistance from case to ambient air in °C/watt. Then

= (‘nﬁ o0 fa)fPD

air temperature and 7., and PD are as defined above. Now

resistances, winding temperature for any power dissipation
1§ calculated as

twe D+ R PD + 1,

8.5.5 Coil Temperature Rise Measurements

i jous s€
Coil temperature rise can be c'alculated ?15 I;: ::—i E:?;ua
accuracy of 5-10°C, but these calculations shoul st o
ments on the transformer in it.s final packageg ;m:] e :
supply. Coil temperature rise 1s bgst measured by Us padiess - 0’
istance thermometer. Since its thermal coefficient 01! "
z:x:x?:mcm of any winding resistance before‘ fhe' apla_l;crta : .
and after its application when tempgmture ?quﬂ“;r;:r:lslfol‘lows.
temperature rise in the actual operating emrlrom:; e &
B (pmfembly'lfh;llﬂmpemmf‘ 1o 18 sformer windings. Since transformers for frequencies of
o e wm?emmre ’:- ““;‘ and the heat i small and have few turns with negligible layers of insula-
air temperature if the transfon;::; ;::l‘i:: :1::11 : et iads v
if it is heat sunk. Now, power1

W e i m mass of copper of high thermal con-
811 U p!._ B t -4 ill[e] na.i heat iS genelated ill ﬂle coppet Windiﬂgs,

i i ]Oads at

i i i 1 ollage ith maximum of h

Coﬂﬁgl.lrﬂ.lloﬂ at maximum mput v -

led by radiation and convection alone. PD is the sum of
‘losses. And for a transformer embedded in a heat sink at a

wePD + R, ,PD + 1),
al resistance across the heat sink to case interface. This

‘under 0.5°C/watt and may be neglected.
‘noted that all of the above is predicated on a uniform tem-




r Classes Designated by

Table 8-1. Transforme
Transformers —Mil T-277

“Military Specifications on
Maximum operating

Transformer
class temperature (°C)

Q 85

R 105

S 130

A 155
T 170
=170

U
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ption that there are negligible temperature gradients inside the

Temperature Limitations

vious sections, it was shown how coi

ious s coil temperatures are cal-

: t:;tltt;lns on temperature are dictated either by the speciga;j
g5 M_IeTu-zanfformer must conform to *'Military Specifica

5 f| I- 7 or by the temperature at which the insulati :
yc.:ll.'s of wire or wire film coatings degrade i

s “‘classes” of transformers defined by Mil T-27 specification

and similar inorganic

Temperature Limi

of lransfonner'insulﬂ‘

e 8-1. i i
Maximum operating temperature” is defined therein

Permissible r
Limiting above 40°C |
[ UL insulation ient temperature plus tem :
{1 i perature rise measured as i
i | temperature for a transformer embedded in a heat sink, *‘maxi as in Sect.
. |~ (hottest spot) By ther- defined as maximum heat sink IAXIRID Operat-
| I“1I I Class Insulating material u in °C mometer sink. nk temperature plus temperature
I'|I"|"f' o0  Cotton, silk, paper and similar organic used as insulato P T
I , silk, ) Ll rs between win ;
mnaterials when neither impregnated 90 35 B croupsd in Classesd!:g !ayers: or between primary
nor immersed in & liquid dielectric insulator classes are defined i aving different temperature
A (1) Cotten, silk, paper, and similar or- Fig. 8-12. ned in A1EE Standard Number 1°
ganic materials when either impreg- limitati ,
nated or immersed in aliquid dielectric: tionltalbllons of th‘? Va“m_‘f' magnet wire coatings are defined
or (2) molded and {aminated materials ¥, E agnet Wire —Mil Spec. W-583C" classes and thei
with cellulose filler, phenolic resins n in Fig. 8-13. eir
and other resins of similar properties; 105 50
or (3) films and sheets of cellulose -Type Selecti -
, ons and Circuit Decisi
acetate and other cellulose deriva- 1 ons
tives of similar pmpmies; or (4) var- pe selection has .
nishes (enamel) as applied to con- o been T..aken up in detail in Sect. 2.1.9
choice can be summarized e
iyt as follows for a two-transistor
B Mica, glass fiber, asbestos, etc.., with suit- B e with )
able binding substances. Other ma- e ith a vendor’s maximum il
terials or cambinations of materials, Sl th f’: 2-2. Vee (01 Vep,) raling in
not necessarily inorganic, may be in- transistor with a peak collector-curr s
Z /1 4 - n . :
cluded in this class if by experience oF 130 70 | having a current gain 3 equal to alf t capability given in
acceptance tests they can be shown to i east 20 at that current
be capable of operation at class-B tem- stor with minim: .
e j um rise, fall, and :
perature limits operating current i storage times at the
g Silicone elastomer. mica, glass fiber, Boiee drive ci 2
Y : = 5 EC
asbestos, €lc.. with suitable binding ircuit so that the worst-case base input :
¥ e current calculated fi put current 18
cubstances such as appropriate silicone Bttwo at 1 rom Eq. 2-3. This ensures an over:
resins, Other materials or combina- i \ ‘_’”t and results in fast turnon. i
tions of materials may be included in 180 100 Vi circuit to minimize transi :
: be d . istor rise, fall, and sto
this class if by experience Of accept- one as discussed in S gl it
fo ; ect. 2.1.9 by using a Darlin
ance tests they can be shown to be r the inverter or antisaturation feedback diod: hgwn
capable of operation at class-H tem- " iodes as shown
perature limits ernatively, various circuit tri s
¢  Entirely mica, porcelain. glass, quartZ, No limit 5 B can be used Sl’t tricks P_"(?‘:“_jll'lg large reverse-
materials selected B Ve Base current .'kome possibilities are: capacitively
nt spike at turnoff; - i
low : ; momentarily turnin,
er-current transistor to short the base to grouzd or to i

Fig. 8-12. Characteristics of various classes
materials from AIEE standard No. 1, “General principles ]U &DZMI\% 3 .
ts Are Based in the D si of Electrical M " ples upon Whi ey
e Based in esign nesj_P(’“ hich Temperature Limits Are Based in the Rating of
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voltage source. Since the current and voltage require-
d -ttlle neglessary reverse-base drive current pulse to the
_ low, there are many transistors available havi
speed and low storage times. i g
cted power transistor has adequate forward-

dimm ratings (Sect. 2.1.9). - f1rih i
sistor’s dc-:_md ac power dissipations as in Sect. 2.1.9.
thermal reslsftances from junction to case (8,.) and case
case to heat sink, calculate maximum junction tempera-
2.19. Eusure_that the temperature is within the derating
type of equipment (less than 105°C for military equip-
135-150°C for commercial equipment).

Wire with single and multiple insulation r

Class 90— For use in insulation systems rated to operate at a maximum
of 90°C*
Types C, C2—Cotton insulation
Types S, 82— Silk insulation
Types F. F2—Synthetic-fiber insulation
Class 105— For use in insulation systems rated (0 operate at a maximum tes
of 105°C i
Types E, E2 — Oleoresinous-film insulation
Types T. T2, T3, T4— Film insulation
Class 130 — For use in insulation systems rated to operate ata maximum tej
of 130°C
Types GV, G2V _ Glass-fiber-treated-with-varnish insulation
Types B, B2, B3, B4—Film insulation
Types Dg, Dg2—Glass-and polyester-fiber-combination insulation
Type AV — Asbestos treated-with-varnish insulation
Class 155 —For use in insulation systems rated to operate at a maximum tet
of 155°C
Types L, L2, L3, L4 — Film insulation
Class 180 — For use in insulation systems rated to operate at a maximum ie
of 180°C
Types H, H2, H3, H4 —Film insulation
Class 200— For use in insulation systems rated to operale ata maximum tem

Circuit Problems in Converter Designs

K

ion of Etwdiinverft:r transistor type, transformer core, and

former windings for the desired output voltages, about ’90

‘have already been made. o
-must now be verified. The maximum inverter transistor

be calculated as in Sect. 2.1.9 and the transformer

-anc! measured as in Sect, 8.5. The details of the

B zm ve circuit must be worked out so as to yield enough

turnon and adequate reverse drive for fast turnoff.

of 200°C
Types GH, G2H — Glass-treated-with-a-high-temperature-varnish-or- details tended to, the converter design is practically com-
witghion it be paid to some frequently occurring circuit problems,

Types K, K2, K3, K4—Film insulation rophic failures. Some of these seabileuss ind faitire

Class 220 — For use in insulation systems rated to operate ata maxi

of 220°C
Types M, M2, M3, M4—Film insulation

mum tem
s Inverter Conduction

arises from the possibility that at the moment the on-

: base turn-on signal, the off-turning one, although it
signal, still remains on because of collector storage time
the conventional inverter of Fig. 8-14A. The base drive
IW out of phase. The transitions between high and low
for the two inputs, but storage time in the turn-off
Ctor on and at V., of 1 V for times of 1-5 usec. Since
shorter than storage time, until the end of the storage

Combination insulations are d€ il
hove. The elements designating
to the bare wire.

Wire with combination insulations:
combination of the type designators listed a
are listed in the order of application of the insulation
Class 130— For use in insulation systems rated to operate at a maximum tempes

of 130°C
Types TGV, TG2V, T2GV, T2G2V, BDg, BDg2, B2De B
BG2V, B2GV, B2G2V
Ei! 3]555 5}::(’35*_1: or use in insulation sy ' m ﬁ_m“lmqeo“fﬂ!’ o
Types LDg, LDg2, L2Dg, L2Dg2, LGV, LG2V. L2GV, L2G2V ph]c iy e e~ - e
_ ps a.vol.;age V. across its half primary. By transformer
.si:;-,:dq ata p(l)tcntial of 2V, and cannot begin mov-
;{ns transistor has received a base turn-on signal
_Opposlte device, it carries a very high current (about
2 of 2V,
;l;?gmon occurs once each full cycle for each tran-
t!m _enough., the average power can raise the junc-
isihépomt This average dissipation per transistor is
= HtI€ square-wave frequency and 1, is the storage time.

stems rated to operate ata maximum [

+ It is expected that this class will be deleted from the next revision of this specification. Users

more modern types of magnel wire. 4 e cither fi
+ The G servings must be bonded with Class 155 (F) varnish and the Dg servings must eithe

with Class 155 (F) varnish.

i il
Fig. 8-13. Classes of magnetic wire insulation as defined i

specification Mil W-383C.
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E;ESULTIH.G FROM STORAGE TIME IN
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power is not sufficient to destroy the transistor,
nay destroy it. Thus, Fig. 2-10C shows safe-area,
nt limits for a typical high-speed transistor. This
under 20 psec the operating limits are not significantly
: voltage and dc current limits,

such as in Fig. 2-10C are for single nonrepetitive
not readily available for second-breakdown limitations
jency pulses. Thus, to be safe, circuit means should be
pus inverter conduction. Two such schemes are as

Up to Avoid Simultaneous Conduction

o avoid simultaneous conduction is either to reduce
turn-off transistor on too long or to delay the turnon
of Darlington inverters or antisaturation feedback
 reverse-base drives serves 1o reduce storage time.

reducing storage delay, it is still necessary to delay

sive means to delay turnon is shown in Fig. 8-14B.
each base to ground to integrate and delay the
f the square-wave input signals. The input resistors R1
polarity shown. For positive-going inputs, they are

lively out of the circuit. For negative-going signals,

f forward-biased diodes D1, which quickly discharge
currents from the turn-off base.
1 to be effective, the lowermost dc level of the
tial of at least 0.8 V below ground potential. This
D1 when their anodes are at the halfway-on/
about 0.5 V during base turnoff.
the lowermost base potential to be below ground, a
0. This raises the common emitters by only about
to about ~1.7 V. Now a lowermost input level
Wward bias diodes D1 and quickly discharge C1 and
dissipation in diode D2 is not very significant.
g the dc level below ground to discharge the Q1
ut drive from a transformer (Fig. 8-14C) whose
are equally spaced around ground. Peak-to-peak
than 8 V to provide margin against exceeding the
Which are normally about 5 V. This avoids adding

*ntia

Fig. 8-14. (A) A_convenmnﬂl
each inverter driven Dnrs b
may have both mverte‘_m:-mi
tion because of sgnrag: 1 .
diode combination at - M
turnon and speed npmﬂdu
simultaneous i!:wm_er b
viding base drive ‘f‘a b
the dc level below & s
odes D1 for dischargt
charge in Q1. Q2.

n Turnon and Turnoff to Avoid

lor delay of Fig. 8-14B has no uniquely defined
Nperature dependent. At higher temperatures when
1-0n delay should be longer, it is actually shorter,
15 fixed by the base turn-on threshold, which de-
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Fig. 8-15. Logic o n, the time to bring a capacitance to its full voltage
i v Yoy & 'St O debig charging time, the_ capaci'tm: can present such a low
i each of whose er transistor that, with the limited current, the collector
is de!ayedla m - half cycles.
0 h Vo2 Eﬁ::‘ﬁ“im of many half cycles, collector voltage and current are

inverter conduction, r dissipation is high. With a sufficiently large
y - can fail either because of excessive dissipation or
vi ‘ |__I——\__l—— _ the safe-area limits curves such as in Fig. 2-1C.
happen at power supply turnon.
ipacitive loads on inverters are low and this is not a
often overlooked is in inverters used to generate
D0 V) for CRT displays. Such voltages are generated
secondary of a high-voltage step-up transformer.
either to 1,000 and use a X 12 voltage multiplier or to
for 12,000 V.
voltage for the inverter is 30 V, the high-voltage
the secondary is 100. Then any capacitance C, at the
the primary by the square of the turns ratio. The effec-
ary is then C,(100)* or 10,000C,. Often the input
liplier is an 0.0 1-4F capacitor. This, then, is seen at
or 100 uF. Depending on the power rating of the
vy capacitive load can easily result in failure at

T i s Y PV

1o avoid heavy capacitive loads in inverters. Ca-
high-voltage step-up transformer are particularly
cited above, an isolating resistor should be used in
secondary and the input to the voltage multiplier.

for inverters is to switch them on and off 100 or

A better means of providing the nem:h:c:l c(l:j::,; ];smsg;ouwn
Here a delay pulse of width T_d is ger_wratedN kg o
start of each half cycle. Positive logic EA i tie o ot o i e Eer
v i s Vo V. . at turnon and are often overlooked or are not
‘l:f?lmand ¥2. The resulting outputs V,, and V,

i T, from the s ey
forms whose positive-leading edges are delayed l;:.; mdwith et

cycle. Their negative-going edge is ume coinc | e
o oing turn-on edge tectio
b £

is a very useful feature to have in dc/dc con-
rn-off edge of the 0

It can thus be seen that the positive-g Ots or overcurrent impulses can destroy the in-

v . is delayed by T, from the negative-going tu
02

pulse. 10 implement the overcurrent feature is by a current

This is simply a high-frequency transformer with
Ween secondary and primary. Secondary current is

the magnitude of the secondary load resistor, the
I measure of primary current being monitored. This
'€ secondary voltage is rectified and the dc
d detector. When the threshold is exceeded. the

ved permanently by setting an “overcurrent”
ntermittently by setting an “overcurrent one-shot
€ the inverter drive and restore it after a delay.
useful if the overcurrent was simply a momentary
d short, the supply continues to turn on and off
ng’" overcurrent tone.

itive Load Problems |
8.7.2 Capacitr e

issipation in the inverter is g Ber ;
power dissipation in t e

rise and fall of collector voltage and cumﬁl'lcg;t)x'i b:ﬁ?s
voltage and current during turnon and turnof S‘“ﬂ’

tpet : ount &V
R The time required to charge a capacitance on am! |

: = CAVIL. ol ate

e 1'11'51.13; for large C and small, limited cur;r:l;; \{ener

Normally. am‘r capacitive loads in the_ ??E;aac el
d up, since they operate Wi |

onl{;:dd::%z di:charge and deliver load current only 1

ca

i ming off.
between one inverter turning on and the other tu
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from the bridge will be 5 V less two bridge rectifier diode
= 3.4 V. The relation between ¥, and power transformer
and is given by

vl

T
<
(®) (&) _vun power
Ip S22 rRansSFORMER

.

|
®

-2V, (8-11)
rent-sensing transformer core must be selected and its
s ferrite core and in each half cycle flux density moves

G. Then, from Eq. 8-1, assuming the inverter operates
d= 25 usec)

il
s

Ve
®
]
.
]
y Vi
@ CURRENT-SENSING WCLTAGE

TRANSFORMER COMPARATOR
(A)

N
'.r,,=[nn“ﬁ£-r.a

= 100. Let N, = one turn and N, = 100 turns. Since there

15 ' :
ONE-SHOT ‘S%?Eﬁ ; secondary, the core area is
MULTIVIERATOR SHUT- e o
2 Mt 10
. - =0.063 sq cm
00)(2,000)

roxcube “Linear Ferrite” catalog, find a toroidal core
063 sq cm. The smallest toroid is the Series 266 core,
in., ID of 0.187 in., and thickness of 0.125 in. This
00-turn winding carrying 50 mA and two one-turn
5 A on alternate half cycles.
he winding area of 0.187 in. diameter is 50% filled by the
 that area is occupied by the 100-turn secondary, half by
Thus, windings will occupy an area of

#m(0.187)* = 0.014 sq in.

one turn of the 100-turn primary is (1/100)(0.014/2)
St wire size to this area is No. 30; this wire can easily
/ current.

he two one-turn primaries is 0.007 sq in. Area per
nearest wire size of this area is No. 15, which can easily
f cycles.

of 0.187-in. OD is thus large enough to support the
es can be used with no change. For a 1/100 step-up
of R.., the relationship between rectified dc and peak
as given by Eq. 8-11. Larger area cores will simply

Fig. 8-16.(A) A current-sensing transformer for over-

current protection. (B) The same current-sensing &
transformer monitoring peak secondary current in the

main power transformer.

The current being sensed can be eithPr that in l-he ;T:-m
ondary of the main power transformer. Dperatlor! of the_ inv g
Because of the large current transformer tur‘nls ratio, the impedance
the current-sensing point can be made neghgmly f,ma‘ll. A,
The circuit is shown in Fig. 8-16A,1n w!u;!: it s:;!e e
‘ i - s . =
gl it Th{: iy pnmarT!;lmt?lr:lnsgraﬁo on in flux density as can be seen from Eq. 8-1.
e sty ply e : ay be done in the secondary of the main power trans-
RS a;:ksztricm:t ?)sfgdz!ﬁo;‘riséach collector is to res . B. anc? the lransfor:ne_rs are small, there is no
Alsfsum:daalgsume at 5 A the drop across AB or CP—‘. .‘ : lllndw'd"au.y and “oring their outputs so :h?.t
g gl ligibly small so as not to INEFE : " put will remove inverter base drive. The turns ratio
e oo ::‘)ﬂgﬁ '5 : d assume when 5 A flows It ¥ be different for the different outputs being sensed.
operation. Let this drop ! , an :

: nsfo .
CD, the voltage across the secondary is 5 V. The current tra D bl

ratio is then N,/N, = 5“]-_05 = 100. { step-down ratio 0.0, | the main power transformer acts like a small in-
For 5 A in the primary and a current step 'WEr transistor collector leads. When current in either

,at
o koo e mé- e ft{r i alcm'?l'ls Ll;ecsf;:elf?;ywke % leakage reactance causes an overshoot spike (Fig.
ik o e 3"; “? llloagalwt: ting resistor) is 510 positive-going collector waveform.
cantly less than 50 mA. Thus, R, (the calibra
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COLLECTOR SPIKES
RESULTING FROM
7 TRANSFORMER LEAKAGE
| REACTANCE

Fig. 8-17. Collector spikes resulting from transformer leakage reacl

and RC despiking network.

I e e e
=1y otl'ferwise, th:i::::rg“:;m by causing mqmcntary col]
T:fszgi?e:.ﬂ;h;igrlc-ollector 'currents and oferating frequency,
i ca_l;}::: u::etr?;;ilz;ifka:ui;eﬁsually (:::Iz;n;;:;dg :jonfnrrg r:oc ;:!10?
:smsll:;l\l:: l?lyFt:e :f lsgllf;"‘lllge T:fea;:: l:; g:‘islchnsen empirically to

‘?

N0z of 2V he time constant of R1-C1 sk
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2

TRANSISTOR
N

TRANSISTOR
OFF

DISSIPATION

of high voltage and current at transition times—
times—can cause transistor failure,

saturation, its impedance drops toward zero, and its
ing exponentially. For a given base drive, a point is
’s collector can no longer be kept in saturation. Col-
€ simultaneously high, and the transistor can be
reased power dissipation or by exceeding the bound-
ea curves,
which the transformer core “walks"” up or down its
from Eq. 8-2. Ina push-pull-driven inverter such as

AleS 1] () . .
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astrous condition exists, or, at the end of a half cycle as core sg
the transistor comes out of saturation, applying less voltage to that
and automatically balancing the core.

The effect and an assessment as to whether a dangerous
can be observed with an oscilloscope current probe in series with the
center tap. This shows both transistor currents simultaneously, an
be seen by a concave upward rise in current in one or the other

the end of the conducting half cycle. Peak currents should be eq

The core flux density “walking” effect can be minimized
and V cesan and ensuring equal “or

ly in balancing the volt second areas

Fig. 2-9) helps considerab
and equalizing storage times and equalizing the transistor “on” voll

an air gap in the transformer core flattens the hysteresis loop
sudden disastrous increases in magnetizing current as core
proached. _
Addition of a transformer air gap, matching V. and V
antisaturation feedback diodes are almost always sufficient to avoi
large current imbalances. In some cases, designers add feed '
equalize the peak currents in each half cycle. Current-sensing
peak detectors can be used to give dc voltages proportional to the
i e. These dc voltages can be used to produce slig!

n_each hio

"

DCIDC Square-Wave Converter Design 269

es gre from one end of a signal source to the chassis
output ground, and from the output ground to the oth ‘
us, F:Eﬂess the capacitance from the output ground :r
.f.r.actxon of the square-wave voltage appears betw x
le‘m of the power supply. o
ipple and noise voltage between an ou
very louf_, this noise voltage between th:‘.p:ltla:zli;a::dn(:.‘li:
blems in systems which have high-gain amplifiers and

. n_‘;ttlse voltage travels down the output ground wire to the

&:zm frame afld has a different phase at different points
us, two points spaced apart along the output ground
ge between them. If_t.hcse points are at the input to a
_ epwm;of a transmitting amplifier, the noise voltage
series with tht_z transmitter output voltage. With high-
: mputer logic circuits, this can result in false outputs,
> output ground .and frame generally appears as spikes
&mpod oscillations at the leading and trailing edge of
| :f 1;' the power supply. Their amplitude and dura-
" f:;m ;‘ wiring from the output ground to the com-
: ]a1 efi. jod ﬁ:yﬂz\:;;slgply is not connected to the
olatec , the noise v
frame may be square wave in Shap:!tase i
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Then for 4 A of load current and 1.000 uF of filter ca

peak ripple is 8-9, the number of turns either side of center tap for the

CIr_ A8 X107 _
AV == 1000 % 10 42N

For a minimum dc line voltage of 140 V, the bottom of the
angle is at a voltage level of 140 — 32/2 = 124 V. Thus, the pres
regulate to a voltage no higher than this. Assume, then, the prereg:
a dc voltage of 120 V, constant to +0.5% over all line and load
this de input, assume it is required to build a dc/dc converter with
after secondary rectification shown in Table 8-2. i

Vot Va) _ (38)(5.0+0.8) _
Vewn | 120—08 -84  or, say, two tumns

the 5-V output after the rectifier is exactly from Eq

— 0.8)(2/38)—08=547 V

r computer logic circuits (T2L logic circuits are specified
00 = 0.25 V). By reducing the +120 V, the +5 can be

e closer to 5.(? can be achieved by choosing the pri-
ping the 5-V winding at two turns. At 40 turns on the
sqmewhat lower from Eq. 8~3. Then for a two-turn

Table 8-2. Required Output Voltages
and Current in & Typical Design

Volts Amperes Watts e
s 20 150 iR 5-V output after rectification is
+30 2 60 —0.8)(2/40) - 08=5.16 V
-30 2 60 A
+15 3 45 en the number of turns for the 15-V output is, from Eq
L. 15 _3 .ﬁ 'y .
" 0 L 5+0.8)

08 — 33 or say, five tumns

Now for conventional silicon rectifier diodes with about
drop, the total rectifier dissipation alone at 40 A of load current is
the power to be handled at the transformer input (not including trans
is 360 W of load power plus 40 W of diode rectifier losses for a total of
120 V of input, this is a peak square-wave primary current of 3.3 A,

0+0.8) _ 40(30.8) _
08 1192 1033 or 10 tms

tegral number of turns on th
int e transformer is i
ther than 5.3 turns will be at P

=) (NN ,) — Vs
0.8)(5/40) — 0.8 = 14.1 V

8.8.2 Design of Power Transformer
Core Selection and Winding Current Density

Choose an operating frequency of 20 kHz and a maxim
of 1,500 G. From Fig. 8-8, it is seen the 4229 cup core at & CUis
500 peak circular mils/ampere has a power-handling capability of
At 2,000 G peak, it can handle 398 W. But to avoid the possible
core saturation if there is current unbalance in the two halves of the P
safer to stay at 1,500 G peak. : -4

Now, it was seen in Sect. 8.5.2 that safe thermal dcs@
ble with current densities considerably greater than 500
Since from Eq. 8-7 power-handling capability is inversely prol
density in circular mils per ampere, then at, say, 330 circular
4229 cup core can handle 298 (500/350) = 426 W. Thus, choose
core and design the windings for a current density of 350 circ

= 0.8)(10/40) — 0.8 = 29.0 V

g ontt]l;z:tcac;?tl: pl:dbleT in dc/dc converters with
. made close to what is required b

;g tutll'ins ratio, but this fixes the other outputs. Thcz

Y the voltage corresponding to a single turn only,

DI _ 428y 10
' T2 = ABuade X 107 (8-12)

max = 1,500 G, 4, = 2.66 sq cm

Number of Turns per Windi - (

/ & s e of centel 10%)(2.66)(1,500) 10—+ = 3.1

From Eq. 8-3, the number of turns either sk € g ; 4 3

primary is 1 . Ythl,S(}O G. Actually, By, is fixed by the primary
 (Eg10™* 120 x 10** _ 115 and thus the exact value of ¢/N is

120-0.38
40 =298 Vftum

= :_————'-_-'_-_-
P 4fA,Bray (2 x 10"%)(2.66)(1,500)
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v’ult's per turn may be lowered to the point when a one-

e desired output voltage. But, of course, as can be seen

and operating frequency lowers the power-handling

'mer core, and a larger core would be required.

nt purpose, it will be assumed that the low 15- and 30-v

The transformer and means of deriving the various out-

 changing any secondary by one t_um v‘zill c.hange its g
ce, SHANEINE & = 1o the *15-V" winding will bring the output g
*30-V" winding will bring tha

Hen
Thus, adding one turn
to +17.1; adding one turn to the

2

+32 V. In most cases, an exact numerical rectified output is not e
hat the ripple and regulation qbuut the actual output
is required, there is little chplce 'but to follow the rectj

with a series-pass or switching regulator as in F igs. 3-10 and 3- .
still high even with a series-pass postregulator, since t_he de/de conv
is constant to =0.50% because its preregulal_.ed input is constan
I the addition of a postregulator is not practical, re
s closer to desired values are still possible as can be seen
volts per turn is proportional to By [T,
T is the switching period. By opers

8-19.
e Size and Copper Losses

m’j?;cided earlier to operate each winding at a current
s/ampere. Characteristics of each winding at that
wn in Table 8-3. E
sglf-explanatory. For a tentatively assumed current
mils/ampere, and specified currents, the wire size is
an length of turn for the bobbin (Fig. 8-2) and the

on}y imp()l'taﬁt t
a specific output

voltage
That relation shows that

the maximum flux density and

Winding Characteristics for a 400-W, Five-Output

],——————,ngcumin AT 4120V
¢ RI Voltage Transformer
: B, Winding
F ERROXCUBE CORE B Prmary 5V 430V -0V +isV sy
=172V 3 4229-3(8 i
i
;; 40 2 10 10 5 5
Iy
11.2 0.56 2.8 2.8 1.4 1.4
\ 33 30 2 2 3 3
15 Ve 1155 10,500 700 700 1050 1050
20 10 22 22
20 20
\ 0.010 0.001 0.016 0.016 0.010 0.010
— SWITCHING :
iDGE PREREGULATOR ?-;(‘] 000056 0.0448 00448 0014 0014
REEI‘;IHEFI 2( 0.50 0.18 0.18 0.13 0.13
CAPACITIVE
FILTER 0.035  0.106 0
: . 028 0.028 0.035 0.035
Q1,02_2N6251 LT e
o 04-2W003 ‘ o 0.00123 00112 0.000784 0.000784 0.00123 0.00123
D2 IN388C
D3 IN3878 0.045  0.0157 = 0.0123 .
LOW-PONER watts
AUNILIARY
SUPPLY
112  watts
232 watts
Q.l?l sq in.
t-voltage dc/dc converter OPEEE sq in.

Fig. 8-19. A 400-W, five-outpu
20 kHz from a preregulated 120V de.
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number of turns, the wire and resistance per foot (Fig. 8-10) for
wire size and the coil resistance each side of center tap may be 2w 2
coil resistance and specified currents yield copper losses in each 5 s 8 8 S 8 S g 2
gives total primary plus secondary copper losses of only 2.32 w, R R R R OR R
From the wire size, number of turns and area per turn of S . o
D? rather than 7 D?/4), the area occupied by each winding and the e = = 3 & 4 8§ 8
area may be calculated. Table 8-3 shows the total required winding BN ® 9 & ¥ g &8 =
sq in., and the two-section bobbin of Fig. 8-2 shows 0.195 sq in,
There is thus no problem of fitting the windings in the available s
: B s B o 2 e
Coil Temperature Rise N s o o 3
Section 8.5.1 showed that the 4229 cup core had a the
from coils to outside of case of 3.5°C/watt. Its thermal resistance IS
ambient air at a 1-W power level for its 9.7 sq in. surface area is 168 EIS §|§ :|“;; T E‘TE
Fig. 4-7, and from Fig. 4-8 at a 2-W power level this drops to 0.9(1¢ S —_— »-53 == %3
waltt, o - - RS,
Then, if the transformer is heat sunk around its outer periph o i

2.32 W of copper losses, its temperature rise above the heat sink

= 8.1°C. And for a nonheat sunk transformer, the coil will rise above a g2l nis e Fle ~ls wilg
14.4(2.32) = 33.4°C. e © W o & w o
With proper choice of insulating materials (Fig. 8-12) magn 0 e R
coatings (Fig. 8-13), and with a maximum bobbin temperature of 13 R e
above temperature increases present no problem even at a maxim - '2—'; glq S|= QIS T&f’f—:‘a =z|—: 2= " e
S ale =S =g =g m|a

3 S e —lo o
or heat sink temperature of 70°C. T e

S o It e agl W
o & -— I=) d 5

For a maximum ambient of 70°C and a rise of 33°C for
temperature, maximum coil temperature is 103°C. If this were a Mil 1=

200 | 0.6 {
200 | O
Fig. 8-20. High-energy power transistors in frequent use in off-the-ac-line switching regulators and dc/dc power converters

former specified as Class R (Table 8-1). this would be too close B . &8
limit of 105°C. Either the transformer would have to be heat sunk of Y o
sizes used. The single-section bobbin with insulation between Ly
secondaries would permit larger wire size. g & g £ 8 £ 8
Hysteresis losses have thus far been ignored. Figure 8-6 " s
20 kHz and 1,500 G, these contribute 0.49 W. At 14.4°C/ = 2 “
sunk t(r:ansformer, hysteresis loss increases temperature by of < § A P ,.8., ] §
=7.1°C.
ol = po o
8.8.3 Power Transistor Selection § - - N B - -
There are a number of choices possible for the main pOWe! § § § «"o‘-. § S ] 8
and newer improved types become available from various Ver e = .
Thus, a list of types in current frequent use is likely to be obsolete E B 2 & E- E- 5. §. g
1-2 years. Yet, a history of types in frequent use over t.he_
value and is given in Fig. 8-20. The types shown are only higt o i
those having high-voltage and high-current capabilities. TYPES o R
lector-voltage ratings (150 V or less) are far more numerous
here. g
The types shown in Fig. 8-20 are those used in 11 R L . 2 e
either directly off the rectified ac line (115 or 208) or from P g 8 g 8 T 8 8 3 §
rectified ac line and generating dc voltages in the range of 73~ & z z :% é % g i E

With a regulated 120-V output from the preregulatoh
subjected to 2(120) = 240 V plus a possible 20% turn-off SPE
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i i j tois thus 1.2(240) =288 v
transistors will be subjected 58V,
;glst;fg:t;h f)peration should be at no more than 80% of ve‘?dur s

Véndor maximum 'mmntﬂmy;bﬁmw.l(.:v—r%gn;‘k

Peak collector current for 400 W a?t 120 Vis 3, A.

tor should thus havea V., (co]lecfor—to—emltter volta‘gle witha

50 ohms from base to emitter) rating of at least 360 V. ll' should

current rating of at least 3.3 A with minimum current gain of at

i should be minimized. .

Thermal lr:::;sﬁ:emn from Fig. 8-20 that there are a number : I oo ¥ eodioct i

~~ntizialk che above requirémenits Tratusenaspe. Grematacivingts 0 _ _ e advamgmaoe ton ! ijﬂgt: ::n!ﬁgumﬁon .

;ny P:"ﬁc“'a" s cigeen ?Vercm’:e ft:zepmps:'eqmemm' Darlmg ington driver has low storage time. By its nature, in a

ble choice meeting most 0 requi - l . ‘

HenC‘I". as.l?n];:ﬁzz?i?)-case thermal resistance (6,.) is relatively 0 :;u;?;te'};o:le;n {151!:;1;1;;;1 15. r:gd ie(;rln(;illl-e::l t.‘: h;::e its

the 2N6251. Its ] t rise and fall times at a 4-A current level are under - f o e]:d s nonsar on = ‘liis ?ge

1°C/watt. Its cuﬂ'eﬂdj /1, (reverse) of 10 (Fig. 2-8). Its typical gain of 5( llngouba ver does have i ase-collec or junction for-

B reively high, Wik 0 ohms base-emitter resistance, ¥, is 375 V. large reverse-base currents are required to reduce its storage

B g piabp ired value of 360 V. Its maximum contin Fig. 8-21 shows the various possibilities, since Darlington
thus meets nﬁ?:'gin;nﬁgru;blv above the required 3.3-A level, have storage times in the range of I-4 sec.

rent rating o )

ufficient base drive is available to achieve fast turnon (/./1,,
transistor, the antisaturation scheme of Fig. 2-9A may be
gton configuration. Storage delay will be negligible and a

€ of /./l,, = 10 will yield fast current fall time. In the scheme
,diodes D1 and D2 provide the antisaturation effect discussed
R, are small in value and can be used to keep the voltage

in series about 0.1 V greater than the drop in D2. This en-

stor base-collector junction cannot take on a forward bias
delay essentially to zero.

s possible with a large range of power inverters and Darling-
Fig. 8-19.

“ana’vaiiaoié choice is to use integrated power

e power stage and its driver on one chip in the same

W SVT 6250 series devices meet the above require-

space and assembly cost savings. The power Darlington

characteristics must be specified for one unit only

Power Transistor Base Drive Circuitry

Figure 2-8B shows that at i3 A_ coﬂwtor curre:;i ali(i ;-
of 3.3/10 or 0.33 A, collector current rise time 18 Q.3 use(;.urregm e
lurr{oﬂ' a reverse-base drive of 3.3/8 or 0.41 A gives a
HEe But Fig. 2-8D shows a storage time of a_bo_ut 4 pusec fo:-_ :1
drive I, equal to Ithe forward-base drive (/./10). This is log:::izzulbe
the lra;lsistor will not be permitted to saturate. Sturt?gﬁ e
tially to zero by going to a Darlington configura Oard-b e
ain fythe Darlington driver makes the 0.33-A forw- adriver i
E?:Iz g‘om a low-power driver at the base of the Darlington ;
e Shm%.'l n:el?fe :iw.::; choices available for the Darlingtzn ;1:11;;23
ilities are :hc IN3585, 2N3439, 2N6079, 2N5661, an R
o others with adequate V,,, ratings have rclatwebyse gt
?i?:}t?; acl::()l{er of 1-3 psec) and should have large reverse-ba
fhese tﬂﬂfﬁ;e resistor-capacitor combination R1-C1 mfol:«:ﬁ:d:iicp
turn-on delay effect discussed in Sect. 8.7.1. The r;r::sw"age o ol
to the Darlington driver should have a pcak-_lo-p e ode drop i
8 V. for, on the turn-off half cycle, V;, minus 0 " iage i
e b,ias to Q3 and Q4. These have rever-se-bas?d = :
l'e"’_efse'lt:‘l:fd not be exceeded. The 4-V peak.limit provi :e nsiuqvmagufﬂ
:r?t;c:e:p: avoid second-breakdown effects. which are very

reverse base-emitter bias.

+160

Integrated Power Darlingtons

An apriori best-transistor choice cannot glway'  ormance
board testing, for characteristics needP:d to predlcfeﬁzom' iyta sheetS
operating conditions are not always available from v

oo Antisa aluration feedback diodes (D1, D2, R,) for reduced

' &nd RC-delayed trnon (R,C,) plus diode pullthrough
Speed-up.
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Diodes D2 must be ultrafast recovery types (Unitrode ve-going turn-off edges of the opposite inverter. Note in

; recovery current spikes low. Such diodes have high-current, positive-going spikes occur after the high-current,
keep their rev&tl_‘s:bom 75 nsec but generally have low reverse. T spikes.
covery times O

; : 60-V rover

i i d be required to sustain the 3 .

i Iglﬁ: I(;l:l Ry, and C,; provide the delayed turn-on f

8- 14B. Diodes D3, on the negative half cycle, :ieach around R
. ts and decrease storage time, :

iy mvﬁhh:rfﬁzmnbase drive available from the input tra

1t in faster overall switching speed.than the D ; i M

e tisaturation diode scheme of Fig. 2-9A can T, i .

ﬁg'lt]hmug;:rhnpugmt [:f:::}lguration to reduce drive requirements from the

;'?r:n:r and to reduce Darlington driver storage time.

Capacitive Overdrive for Fast Switching Times ! * -
B o
If the positive-edge, delayed, square-wave ;n;t::;?s :,:e ;
ilable. resistive base drives with speed-up capacito s -
i I:‘e us:ed to give large tum-on and turn-off base ct.lrre:n da;s h.nwn. !
% differentiated spikes of high current at the leading railing

ff.
ult in fast turnon and Fuma ] . -
voltage “’;V: t;?];?:cr::mc is only possible without the risk of - . b -
ion if Llil)e positive-going edges of input voltage square waves
duction

el o s essapoiifh oo o |
- e

sistor Junction Temperature

design must be performed to verify maximum junction
some preassigned safe value. Junction temperature is cal-

mperature rise of the heat sink above ambient air tempera-
- temperature rise of the transistor junction above the heat

rmal resistance of the heat sink above ambient air (obtained
d curves as in Figs. 4-7 and 4-8 and Py is the total power

§ junction-to-case thermal resistance equaling 1°C/watt

thermal resistance from case to heat sink (= 0.5°C/watt

0 a standard 2-mil mica washer), and P, equals dc plus ac
all power transistors on the heat sink.

me that the heat sink absorbs the heat from only the two power

ipating elements such as power rectifiers and the trans-

own thermally isolated heat sinks, which, it can be safely

their heat directly into the ambient air without delivering
inverter heat sink. Then

12

T O0ha(2P)) + 1.5P, (8-13)
do + Py,

(8-14)
r dissipation per inverter — (Vcotonl actmaxn)/2. And for a
ton) 18 the sum of the base-emitter potential of the power
® (about 0.8 V) plus the saturated collector-to-emitter
2ton driver (about 0.4 V). Then, for a maximum inverter
A
[ Z‘| AL O!B " i 0.4x3.3)f2= 1.98 W

losses result from the overlap of high voltage and cur-
#MOiL. The transistor current rise time is generally so fast

Overlap of voltage and current at turnon,
(as shown in Fig. 8-23), we can assume current that falls
ZEr0 in a time #, and that collector voltage rises linearly
f;. Then the ac losses averaged over a time t; may be

Fig. 8-22. If positive—cqgt
wave voltage drive of F'i&
apacitance
d to obtail
currents WE
ction.

conventional ©
drive can be use
and reverse-base
simultaneous condu
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T
P =1j’enﬁ
Iy !,f 3

1
= l Jffzyrr(i)[jclmaxl (1 5 f_)}dr
hle N i

i ZVcclrtmax) J"f(‘_ ﬁ) dt
a

T
o0
ra
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& maximum ambient air temperature is 70°C and if maximum
permitied is to be 135°C (Sect. 2.1.9) then

s

. 9.04

. 135-70-6.78

f? Iy . ) N . 9.04
Wolgnon | £ £l Wl (1) 88 ke
=7l \ 2 34, f il / and 4-8 for a heat sink-to-ambient thermal resistance of
: R I 0 (AR . : W power level, the heat sink area must be 25 sq. in.
= 2Vr.c{rl.mﬂ!ﬂ (5 ™ 5) R _-3— I3 I i

And the power dissipation averaged over a complete cycle of period £ |

. Vcrl'tlmax} t)‘

tic design, there would not be a separate heat sink for
and all other power-dissipating elements. All the high-
nts would likely be located on one heat sink, From Sect.

0sses are 40 W. Then, if these 40 plus the 9.04 W are
Fa 4% ik, from Eq. 8-13
b + 6, (49.04) + 6.78
Now for the 2N6251, 1, is about 1 usec. For most of the ._ ot By (49.04) +

I: = Wi l‘.hﬁ
i 8 20 ! Will I'a.nge bet 'een 1 and 3 F.SCC. ThEH at 20 kHZ, 1=
Ig’ g

power dissipation per inverter transistor 1s

Vrr.-’ c{maxr) (_l__)
Poe= ( 3 50

And for V.. = 120 V, L imax = 3.3 A

- (120 ;( 33)(516) — 264 W

ac

Then in Eq. 8-14
P,=Py+ Ppe=198+264=452 W
t

And from Eq. 8-13
T, =T, + O (2)(4.52) + 1.5(4.52)
1 n
=T, + 0, 9.04)+ 6.78

\
Teimos) \

‘l_‘
Ic"lclmuﬂ["' 1,}

ey it e

Fig. 8-23. Overlap of falling cu r::ntlha;:_lddz
A r

in power losses equal to or grea

:'grpoverlap at current turnoff only, averag

Poa=1l F’ ei dt =1 maxl Vel 3)

2 Ve

0

sing collector voltage
losses. Overlap 3 _ . v
od over a time I : ol

B=ju-678
4904 = 1.2°C/watt

Rectifier Dissipation
ied load current as specified in Sect. 8.8.1 is 40 A. The
Fig. 2-4 have forward voltage drops of close to 1 V
currents. If these types are used in the rectifiers of Fig.
alone will be 40 W,
losses can be cut almost in half by use of the “Schottky™
available with reliable, useful characteristics within
al versions of this device proved erratic in their char-
Junction temperature limit of 100°C, and were limited
tage.
$ (TRW-SD41 and SD5 1) have reverse voltages of
Junction temperature ratings of 150°C. Current carrying
the TRW-SD51 is rated at 60 A at a forward drop of
temperature (Fig. 8-24).

5-V output of Fig. 8-19, the forward drop with SD51
maximum (Fig, 8-24) and the resulting dissipation would
. in which two IN 3909 are used in parallel for each half
P at 30 A is 1.0 V and dissipation is 30 W. If only one

f cycle, the forward drop would be 1.] V and the rec-
Would be 33 W.

Wave rectifier, the maximum reverse voltage experi-
Wice the peak, the 45.V reverse voltage diodes could
uts, but they could be used with an adequate safety
uts. Thus, using the SDS1 in the +5- and +15-V out-

losses !
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3880 in the =30-V outllJu.ts resu r los

o them1 Nred to 40 W with the original com_plcment Ufrecuﬁu'.

ek tharacpa teristics of the SD51 rectifier dloc_ies are ,:,mwn in §

nd a comparison of the SD41 and SD51 rectifiers is given in Table 8-
al

Tuoi

Forward Characteristics Reverse C

400 |

100

T 17

i

\\
™~

M
\\
\
\
o
=

5 10 15

0.1.12)

- 3 =
1L o 3 04 5 ] Ve
043 vy — Valls i
Typical Reverse
Seoe Characteristics
T;unmion =
150 |
100 ¥4 4 L )
i 1/ -
L 5 / / 150 f—— 1 ‘
1 e — s
40 { 1 = S A0, -
g i e L aed i
& / } E G0 I £ L ;
£ L —a e S5 &
T i 2 & ?
sy / / 20 7‘“‘*‘? s b
E 10—~ .
- : _/
0
(dpea il a 10 20
T R L v, — Volts
" Vs — Volts
(8
(A) TRW-H

ky-type rectifiers. ( p
i . Low-forward-drap Schott gl
b 4E;§:hottky diode. (B) TRW-type SD 51 Schottky

TRW, Inc.)
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. Comparison of SD41 and SD51 Rectifier Characteristics

SD4] §Ds5i
se voltage (volls) 35 45
average forward current (amps) 30 60
esistance (°C/watt) 2.0 1.0

Filters

.1.4 it was pointed out that there was a notch at the rectifier
at the instant of switchover from one inverter to the other.,
1, an output filter capacitor is required to hold the output
d supply output load current.
tude of the filter capacitor depends on load current and the
droop at the instant of the notch. Since the voltage droop is
e absolute value of output voltage, the capacitor must supply
ant current equal to the full load current for a time equal to
> rise plus fall time. Then, for a permissible droop AV, the

-DE_-’"-AV( 3 )

the 5-V, 30-A output, for an allowable droop of 0.1 V, rise
time of 1.0 usec, the size of the filter capacitor would be

30015 x 107%) _ 555 uF

hﬁm required size of the output filter capacitor if it ap-
L terminals as a pure capacitor, but all types of electrolytic
Citors behave as if they have an equivalent series resistor
their stated capacity. Then, during the notch, when the full
lied by the capacitor, the output voltage dips an amount AV,
e load currents, output voltage can dip down to the bottom
Or a sufficiently high ESR.

R depend on type of capacitor and details of its construc-
voltage rating, and temperature. For many electrolytic and
Used primarily as filters at 60 or 400 Hz line frequency,
ed to the capacitive reactance and is not specified in vendors’
f ESR can vary from 0.27 ohms for a 10-V 4,200-.F capac-

ms1.000 uF) to 0.37 ohms for a 50-V, 800-uF capacitor
1,000 wF).

ch times such as in Fig. 2-3B, if the load current had to be
F capacitor, the ESR would cause output voltage to dip to
an inductor L] s placed in series between the rectifier
- Capacitor as in Fig. 8-25. It serves two purposes. First,
{%ihe rectifier diodes move below the output voltage, since

€ attempts to remain constant; as one anode goes negative

10de has not yet risen to the conduction level, the input end
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\f‘)

Fig. 8-25. Output LC filter is rcq'uiled to eI[_im_i-
nagl;. the commutation notch of Fig. 2-3B. LI ISr

ired because the relatively large valve o
1;;]; does not permit C1 to hold the output up
at notch time.

ate with a dc current in it Des

u_ various dc load currents will

ign of such inductors with
be taken up in Chap, 9.

Te is no transient overshoot
output of the L1-C1 filter. It is we]| known that a step of

input of an LC filter can Cause a ringing overshoot at the
circuit is underdamped, Damping, which prevents a ring-
provided either by the shunt load resistor R, or by the
istor (ESR) in series with the capacitor.

0.5(L/C)"* or if (ESR) > 2LfCy

nped and there will be no rin
0ts, is more often supplied
or and is very temperature d
overshoots by oscilloscope
ertainty in ESR,

to check for ringing overshoot at turnon because even
e pulse can destroy voltage-sensitive semiconductors,

Line and Load Regulation
put from the
all rectified

is due primarily to effective impedance of the rectifier

Primary and secondary dc resistances and resistance of

- generally insignificant,

of the rectifier diodes for small current changes is their slope
ts. For the IN3909 diodes (Fig. 2-4D) used in the 5.V

slope is seen to be about 0.1 ohm at a 30-A current leve],

Bl

|H, »

e 1 ive i d follows the falling anode do

negative inductive impulse an ! : _
?f Licl;ari; g cfmliulles to flow through the oﬂ'—tummﬁ dm(i:,l :111;2‘1
Ure,hés risen high enough to supply load Cm"(tl- ‘mogéR - ou
:gf be supplied through the output capacitor, and 1 .

dip.

ging overshoot. The damping,
by ESR, which generally is not
ependent. It is generally simpler
examination than by calculation

A further advantage of l;il n:; :;'uaitsd:;itnfhr:tm;n; }:Bel:)r:?_ |
Zf;iﬁ;j, li:::) tl::f n:"rinls:zrige: with it. The criteria used in selecting
are as fl"[g:r?;g notch time, assume putentia! at A (f]}g 2_1255} :f;c .

e e

Eon:; a 5% droop of current in L1 for 1.5 psec. Then

i

Vo= LI(E L+

_Ktt
o LI=ShRT

preregulator, constant to *0.5% for a +10%

secondary outputs are also constant to +0.5% for

For the 3-V, 30-A output

' change from 30 to 27 A, output voltage will increase by
S(1S X 10°9) & 4 This is generally good enough, since for 5-V logic circuits
== =5u
Ll=
1.5

remains constant,

€ of load current, A/, there is an initjal step change of out-
1'%, In Sect, 8.8.5 it was shown that dynamic filter im-

designed to be 0,033 ohm and give only a 0.1-v change

i n

be shown that if a step of load current A/ lg;i{au:n g

%3 cMB (effectively, L1 and C1 in parallel) the_- rf:su‘da1 b

e+ de is an’exponentially decaying smg?tzn W
::alfth:yzl?: has an amplitude of AV, = M(UCF) II[:; g

#(LC)"%, Then, for a step of loatfl current :signed ke

choose C1 so that AV, is some maximum prea
Then, for the 5-V, 30-A output

s losses of Cup core types 4229, 3622, 3019, and 2616 at
AV,=0.1 V=0.11,(L/C);"

1,500 G at frequencies of 20, 50, and 100 kHz? Assume

0.1 _ 6,033 ohms ndling capability of Ferroxcube cores 3622, 3019, and
C)le = ——— i .
or (L/ 0.1 (30) erial at 20, 30, and 50 kHz at a peak flux density of
=i 10-2 densities of 250 and 500 circular mils/ampere? Assume
L/IC=L1x .
L LK 5 A 4,500 uF 4
and C=1ix10® 11x10°

e de/dc converter, such as in Fig. 2-1, operating from a
0 V. Select an in

- tegral number of primary turns that vields
of about 2,000 G at an operating frequency of 30 kHz.

ctance With

L1 must be designed to have the specified indu g

i i air gap
dc load current. This requires a magnetic core with an
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a. What is the actual peak ﬂtgﬂcxcursion for the integ .
i V= 120 V?

b E‘?hﬁ?ri: :;anuonib; of volts per turn of this design?
c' What is the closest we can approach to_5 \:h ?Iltput' :
.wcﬁﬁer (assume 1 V “tl'f)rwar:i l:;op) with this design’

is ]

seml;dﬂu?p?: a‘ii??:rsthe ourf:ut rectifiers assuming 1 V .
. E::ronc-, two-, and three-turn secondaries, falculm l‘b
primary turns for primary voltages of 114, 120, and ;?f
the required dc supply voltage for each gf these cases? ¥
eak flux excursion in each case? What is the \folts per
. :stic for each case? What is the power-handling cz

t:sle assuming a current density of 250 circular mils/
C )

1622 core? lossless trans

rimary power and a los -

i Ass?lﬂepimmaryw azfdpsecundary currents for N/N, of 19,
are

: i re (N,/ . ] : o % B,
f. At zlso ;;:;::2; sm;i's{;?i; T ary and secondary windisgdtll th-Modulated, Step-Down Switching Regulator
circular

uired wire sizes? '
t‘};;:{ire the wire diameters and total spaces ociuglu o
g. d secondary windings for the cases of N,!N,b;bbil; m;
h :Vnhat is the total available winding space of the oy
.core" Which of the three cases of Prob. 3g can
gy N. = two turns (each
= 1,N=4Dturns,and . ! ¥
e Imar:.rn i 3ur[r?11;1: dpcrun;rzy wir; size in No. 22 gnd secomtlary ta;:} I:&_}
th pz-‘i;sasry and secondary resistances (each side of center
e
total copper losses? b o oY SOV
i as in Fig. 2-1, operating ofi ¥ ¢
. push-p:ll-‘l‘én:l::::; fall and collector voltage rse 1:cllll:llei5'1 ::';:mll inpm
01{ ’ i;::;p as in Fig. 8-23. What is the ac power dissip
they 1

at a switching frequency of 10 kHz?

9
witching Regulators

mes referred to as a “down chopper.” Its basic circuit
m in Figs. 1-5 and 9-1, and its merits relative to series-
discussed in Sect. 1.2.

out in Sect. 1.2 that its chief advantage is its high effi-
‘being independent of input voltage. The efficiency of a
regulator, it was shown, can be as high as V,/(V, + 2) what-
is. In contrast, the series-pass regulator efficiency is

hing operation occurs at frequencies of 10-40 kHz, filter,
Ors are small. With the smaller heat sink volume permitted
- 4-11), small filter components, and no need for a power
rmer, packing densities of 1-4 load watts/cubic inch are
ng-regulator techniques, In contrast, conventional-power
regulator power supply systems yield packing densities
bic inch.
plex electronic systems, overall specifications on volume
be met using switching regulators in some of the block
discussed in Chap. 3. The step-down switching regulator
these new power supply systems and details of its design

chapter.

and Current Waveforms in Step-Down
sulatc

k diagram of the regulator is reproduced in Fig, 9-1,
(Fig. 9-2) at critical points clarifies many of the design

Cuit operation is to close switch transistor Q1 for a time
@t a switching period T. When Q1 is closed, it is in satura-
Of V... ca, which is approximately 1 V. When Q1 is opened,
L2 drives its left-hand end negative until ““free-wheeling”

and Conducts—initially at the same instantaneous current



ing i j i its opening. The voltage
that had been flowing In Q1 just prior to 1 |
Fig. 9-1, is then only Vcan OF about .l V below ¥;, when Q1 is
or about 1 V below ground when Q1 is open.

neglected, the voltage at point A is shown in Fig. 9723. It i; Tat_-l—l;!,
Q1 is closed (T,,) and at ground for tht? time Q1 is c;;;e; ( g
L2-C2 averages out the peak-to-peak ripple voltage of Vi,

at V, a constant d¢ output voltage whose average value is

automatically adjusted so that

3 the
choice of L2 and C2. Selection of these cnmpfmcms is perhaps
portant decision to be made in the regulator design.

Sh et
frequency or period T may be fixed and T, tl}e d‘uranor;i g:; 130 o
be varied, or T,, may be fixed and lthe switching pesimpler
operating at a fixed frequency and varying T,, leads to ;eep )
many systems require fixed operating frequency 10 e ot
pulses locked in time relationship to fundamental par )
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SWITCH QI ON ! p of current flows through D1 when Q1 is open. Thus, Q1 current
FOR Tog OUT OF (o) (Ton\ /i e pen, and DI current is zero when QI is closed. The dc
TSEONDS (), No=\Viny |75 ,"\_ﬁz_‘]“r- which the current ramps in L2 are centered is equal to
ql : s 4 current.

on i:or' the linear current ramps can be seen as follows:
since it 1s assumed the potential at ¥, is constant and rela-
s a constant voltage across L2 equal to Via

i i — ¥,. Since
o tor is £ = L(di/dt), then for a fixed voltage of Vv
: = > T, the current change in it is an upward ramp of magnitude:
i =.{ﬂﬂ;%
LINE
FILTER -
TROLLED  SQUARE-WAVE
CRABLE MOTH NPT v
TURN-ON SIGNAL e i
g AT 1 by, in I3 Lt
Fig. 9-1. Basic step-down switching regulator.

T

[oon] oo [oon] oo | | ®

3 I o o
§ I ' Ton Taft T Tt n

Assuming for the moment the 1-V drops of ¥, a and

V,= Vi (TalT)
] > W L]
with the feedback network shown in Fig. 9-1, the “on

V,= Vil Toal T = [(R1 + R2)/R2]¥:
Ripple voltage at ¥, can be set at any arbitrarily low value

Output voltage V, is regulated by controlling the ratio

t
=

o N Uigad(min)
; display systems: | . ;
k frequency or horizontal sweep rate in
(:r[:t:ed atc{uhc instant the switch Q1 closes or opens can be tole | - ~ X

ncies-
when they are locked in time phase to these other system frequc

form shown in Figs. 9-2C to 9-2E. The dc or average \:als:t 5
in the inductor L2 must always eqnal the dc load curr;?)\;n e
ramps upward linearly when Q! is closed and mmpslI phwmi
open. The upward ramp of current fiows through Q

-0
"< NOTE dc LOAD CURRENT
SHOULD NOT BE PERMITTED
T0 FALL TO VALUE BELOW
WHICH T, RUNS DOWN T0
ZERD BEFORE A NEW 0]
TURNS ON y

; 2 ha
Currents in the switch Q1, diode D1, and inductor L

4]

wav. : wke
n it R4S eforms in the step-down switching regulator of
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m Load Current in Step-Down Switching Regulator

2 at the bottom of the current ramp is given by Eq. 9-5
that time is equal to current in L2). It can be seen from
minimum load current is equal to half the peak-to-peak

3 . ;1 3 F the iﬂdﬂcﬁve kick
1 is open for a time (T T e k
int A lmgl (actually —1V) and a constanf voltage of ¥} is in
I;_(; But this time the voltage polarity across L2 is reversed and the ¢
downward linearly by an amount

T,:)/2L2, the current in L2 falls to zero. This condition
Al V(T = Ton) her by choosing a value of L2 large enough so that
T ERET S L2 4

and, again, from Eq. 9-1,
= Vl] [Vin == Vo]T
A=k

When QI opens, since the cunepl in an indulctm- cannot
stantaneously, the inductivé ‘Rick-ul lz'.'tﬁar'ﬁnane:us:y '?;::pscu’::m
where “free-wheeling” diode D1 latches in an cor;{ uc s; e
D1 at the moment it latches in is equal to I, the peaﬁ ::iurr i:
it turned off. The currentin D1 at the end of the Q1 off time

< 1 a¢ oadimin) (9-8)

value of L2, minimum value of dc load current should be
above inequality holds.

e inequality does not hold and L2 current at the negative
iangle (Fig. 1-9E) does fall to zero before the next Q1 turn-on
¥, can rise to V;, and possibly damage some of the load

-uncontrollable by the feedback network, can be seen in the

load current falls to zero. For if load current falls to zero,
- VolT — Ton) iverage current through L2 over one Q1 “on™ and Q1 “off™
I, — AL=1 L2

e current must flow somewhere. If the load current is truly
ws into the capacitor, charging it to a higher potential. Then
until there is no voltage across L2 during the “on” cycle
be no net current flow into L2 and, hence, no load current.
current, ¥, would rise to the peak input voltage or ¥,,.

thus effectively becomes a capacitive rather than an inductive
currents between zero and V(T — T,,)/2L2, dc output volt-
linearly between V,, and ¥,[(R1 + R2)/R2). This can be seen
as ¥, and ¥, are constant, the average dc current supplied
18 V(T — T,,)/2L2. For decreasing T,, would decrease V,.
increased so that at the output node, the current
not be carried away, ¥, would have to rise so that current
t node via L2 is equal to that carried out by the load im-

I 1
where the peak current is the average dc l_oad currenl_ plius o.ne-half the peak
peak current ramp. Then, the peak current in D1 whenitisonis

VD{T = Tml)
I'primax = g -——ZIE_"

and the minimum current in D1 when it conducts 1§

VslT — Tl'lll}
{ pigmim = loe — 212

And during the Q1 off time, the current in DI r_am{;i ;:rr;eia:;);lﬁw 2
values. Maximum and minimum values of current 1n et
Egs. 9-4 and 9-5. Current in Q1 ramps upward b;:wzeen i
Q1 .“on“ time and current in D1 ramps downward betw

. ((}Iftflrr:geh'l L2 (Fig. 9-2E) is the sum of the l;rz‘mslisl:rogl i
9_2C) and diode D1 current (Fig. 9-2D). D(? power illis:-fﬁ[s. o'
may be calculated on the basis. of I.-V drop in the;; e Vs
conducts only during its “on” time, its average dc

 manner in which the output rises can be seen in Fig. 9-3.
arrent is so low that at the minimum of the current ramps,
it falls to zero. Now if the dec load current were decreased
ent ramped down to zero at time T 1, before the start of the
8 zero, no voltage can appear across L2 and the potential
_ : TS up to that at the output end —V,. Thus, the average
PD secan = Uaeaoaa (1 Ton! T) ) 10 L2, the area under the ¥, curve of Fig. 9-3B, goes up.
on—the current in L2 running down to zero before the
is often referred to as the inductor “running dry.” When
current waveforms become erratic and output voltage
no longer be controlled by the feedback loop.
Output voltage at currents below a certain minimum is very
of a choke input filter in an ac line frequency rectifier-
be recalled such choke input filters have a critical minimum
unique frequency. For a given inductance, output voltage
rtain minimum is the average of the rectified half sine wave
Of load current. For load currents less than the minimum,

And similarly, dc dissipation in D1 is
PDgeony = u umuacu)( 1)(Tam‘ T)

i n and
Overlap of high voltage and current durmc.:gu ::r;?othe =
2.1.3) will increase these dissipations. The exac; ;lllmlimes‘ Integratioft
on circuit details fixing the voltage rse :?.nd ad e gives
stantaneous voltage and current during rise anc e
overlap or switching losses. A}s a first appr(:laf.lrge ancf ransistor
overlap or “switching” dissipation in both the dio

to their respective dc dissipations.

¥




B L S =

294 Power Supply, Power Converter Design

the output filter capacitor starts charging toward the peak of the rectified input
sine wave rather than remaining at the average value.

9.1.3 Input and Output Currents and Dissipation

Current in Q1, which is also the current taken from the input source,
is seen in Fig. 9-2C to be a series of pulses having the characteristic shape of a
ramp placed on top of a step. During the Q1 “on” time, the average load current
is supplied from Q1 (i-e., the current from Q1 averaged over the Q1 “on" time
is equal to the dc load current). During the Q1 “off ™ time, the dc load current
is supplied from L2 and flows via D1 into the load. This current averaged over
the Q1 “off " time is also equal to the dc load current. Thus. total current in L2
averaged over the entire period is equal to the dc load current. But the current
from Q1 alone, averaged over a whole period, which is the average or dc current
taken from the input source, is only 1,(T,,/T). Thus, power taken from the dc
input source is

Biw= (Vin{m'erusl)uhllawrage W= medc(T“,"T) (9-9)
Assuming no internal losses for the moment, the output power is at a

lower voltage [V, = Vin(Toa!/T)] but at a high average output current (/ 4) than the
average input, which is La(Ton/T). Output power is then

Py= tVa(avﬂm})“u(avemgel) = Viu(Taner)fdc (9"' 10)

which is equal to the input power. This. of course, was what should be expected,
since it was postulated that there are no internal losses.

The step-down switching regulator thus has the interesting property
of a step-down transformer. It takes a high input voltage Vi, at a low average
input current T4o(TolT) and transforms it to a lower input voltage Vin(Torl T) at

a higher output current, /.
9.1.4 Switching Regulator Efficiency

The width modulation and low-level control circuitry of Fig. 9-1 gen-
erally dissipate negligible power, usually in the range of 1-2 W. Most of the
internal dissipation is in the 1-V drop across Q1 when it is on and in saturation
and in free-wheeling diode D1 when it is on. These respective dissipations from
Egs. 9-6 and 9-7 are

Ll Tl Y 4= LT — Tl TH(1) = Ly, (1) watts

Then, assuming ac overlap losses are equal to dc losses, total internal dissipation
is 2/ 4.. For an output power of Pp= Vul 4, input power is

Pm':VDIdc+21dc=Idc(Vn+2} (9"‘1 1)
Then efficiency of the step-down switching regulator is

E= Fs l‘q.ic(Vo) 2 Vo (9—12]
Pin !m{Vn"'Z) Vn+ 2

9.1.5 Filter Inductance Calculation

Filter inductance (L2 of Fig. 9-1) is selected large enough so thal, at
the top of the current ramp, the peak current given by Eq. 9-4 is not signiﬁcaﬂﬂY
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i

F15.9-1) I Qi on Ql OFF ol oM e
G

— e’}
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(F16.9-1) Df'

i |
i

i /\

Tl
(B}

Y

?{E.{i’-j.o}%gecl ‘;)f ?:v‘\?feri‘r.:g.dc load current. (A) Voltages and current

runs‘-down toe;eroobcf?)ﬁ tt;nme (B) When switching inductor current
re next turnon, i i

and output and feedback network lose comr‘:;?\ L e

_ ;at?::erFL:sr; : ﬂ,:fT;I}lle l.ni?:lhcr the peak current is, the larger is the required Q1 base
5 r, if the inductance is too small, it i i ini
:urrent to satisfy the inequality of Eq. 9-8. o T e
s msli.gtt the disadvantage of too large a filter inductance is that it degrades
ja e fsponse lt:.)dsteps of load current. Generally, the time constants
5 ck network do not permit too fast a ch i i
o . ange in (7,/T) ratios to ac-
b t:l:::lllt:: ifn ;::;p step chhange in load current. Thus, the circuit depends(:)ic a
nce at the output node to avoid i
‘output voltage for a step change in load it:um-,m.l PRSP AN LS
! ittcfarm .bc shown to a first approximation that a step change +A /[ in out-
amha[f.s' om- ; node such as .Va _(an inductor and capacitor in parallel) results
- gyuds;: al bump or dip in output voltage whose peak amplitude is
‘VU is-“;r i LCoth;:e output voltage is roughly that of a half sinusoid whose
- ; hovuld he ml;;i;-;?e ;’9 node output impedance for load current steps
i zed to avoid large output voltage transients for step
As a compromise, the
e : peak current at the top of th i
5 p of the current ramp (Fig.
ul; t:iﬂcll;at:ken as 209 above the nominal dc load current. This perl:n(its]ga
P c current of 20% of I,,,,, (from Eq. 9-8). This is adequate, since
current will rarely be less than 209 of its nominal value. Then

Al = V,[(T — T,,)/IL2] = 0.41cnom
_25VT~T,)

J detnom)

(9-13)
L2
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296 ower Supp T, = (Vo/Viu)T. Then peak-to-peak ripple voltage is

. T—V”T)( ) )LV,TE(V&,——V‘,)
'“”“( V. /\8L2C2) = 8V, 1303

ned peak-to-peak ripple voltage, AV, . the required filter

And, since ¥, = V,(T,,/T) for nominal input voltage ¥,y p,
2.5V, ) ( v, T )
= T -t
L2 ( ’dc(nnm) Vﬁl {nom?}
- 2-5V5T{Vimnum! == Vo]

(Idctmme'mlmml)

BT (Ve — V)
: : 8(L2)V,, AV, (9-15)

And for instances in which this large a value gives poor load [ .

responses, L2 may be decreased at the price ot_‘ a higher mmimu_m de

in accordance with Eq. 9-B. Also, peak transistor current during the

will be greater (Fig. 9-2C), thus requiring a larger dc base drive. '

apacitance Equivalent Series Resistance
9.1.6 Filter Capacitance Calculation | selected in accordance with Eq. 9-15 for a certain specified
ally, viald_a lauiger ripple voltage. This is so because high
ors —either aluminum, electrolytic, or tantalum — are not
een their input terminals, a more exact equivalent circuit
20 kHz is a capacitor in series with a resistance, usually
valent series resistance” or ESR (Fig. 9-4A).
arises from the detailed internal construction of the
ctions are made from the external leads to the equivalent
" and nature of the plates. ESR is a function mainly of capaci-
of voltage rating as voltage rating affects internal construc-
equence affects ESR. Even for the same capacitance and
will vary with physical dimensions of the capacitor can,
e extent those parameters determining ESR.
do not specify ESR in their data sheets but can supply
their various types on request. There is general confusion
also among capacitor vendors as to just what is meant by
use the term “ESR at 120 Hz" or “maximum impedance
is the impedance measured on a bridge at 120 Hz. For an

of a resistor in series with a capacitor, the impedance meas-
)is

_I,((ESRP +x)"= (EsRr+ L)

is in seconds; 1.2 in henrys; and ¥/, ¥, and V/,,, in volts for

After the filter inductance has been selected in accordance
9-14, the next design decision is the selection of filter capacitance C2 (|
C2 is chosen to provide a specified minimum output ripple voltage at
node. This ripple is calculated from the average current per cycle e
C2 and its duration. In Fig, 9-2E, it is seen the inductor current ramps
[oo— Al [2and 14+ Al ]2, where Al is givez! by Eq. 9-3. _ ,
Now referring to Fig. 9-1, it is obvious that, at any instant,
the currents in L2 and C2 must equal the dc logd current. Then. in
the midpoint of the “on” time, current in L2'1s egual to the dc load
Hence, at this instant there is no current flowing either ulto ?.r f)ut of :
entire load current is supplied from L2. At_the end of the “on um&m.
is I, + Al,/2. Since the load current is still /4., the excess from g
into C2 to replenish the charge lost when current was taken out of {
e 01}“ tllfxnee start of the “‘on” time, since current supplied fl'o
— A7, [2) and the load still demands 4, the balance of Al /2 is su
ut of C2. :
oy ta'Il";:c(:.lrrem waveform in C2 is thus shown in Fig. 9-2F. lt
about zero, of course, has a peak-to-peak amplitudf 01:.'.\‘!,,_. arictl cros
zero in the positive direction at the center of the o:n l’l!Ile_. mm
zero in the negative direction at the center of the off nrm:.nt -
center of the “on” to center of the “off” time (T, to T,), curre 5.

producing a ripple voltage
T ,
g b dr g |
AV 2l i

LI 1)
The average current during this time interval, 'whlch is (Tonl 2_;:‘;?‘ 3
where Al, is given by Eq. 9-3. Thus, the ripple voltage 1 ¥
fashion an amount

§ T . ESR 0 f
AVD", = Ei & 1 at T
¥ (8l
Al, (T,.+ T\ _ (ALXT)
= IC*LZ (_MT‘E) BT ) Equivalent circuit of an electrolytic or tantalum capacilor.
: ant at very high frequencies. (B) Applying an input
SRS o  measure ESR. ESR - V,/1,,.

B(L2)(C2)
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4 i alue of Z, ESR could pe
It might be thought that given a measured‘ v 0
from the above. But ESR from the above is ESR = (Z* — X2} §ince.
are large numbers and almost equal, small errors in clt_her_give 1
their difference and hence in ESR. The impedance Z is given as .

i i f the minimum _ 1 :

value and represents essentially the impedance o the m . . fa
the production spread. Thus, what is often called “maximum ESR Mh.fw : ‘ :
has elation at all to the value of the equivalent resistance in serj i input of 120 V, the input filter capacitance will charge

m‘)t . to the peak of the ac sine wave or (1.41)(120)V. Peak-
capaci Ol'if ripple magnitudes are important, true ESR must be ok t the top of the input capacitor (_Jl is determined by the
the vendor or measured. This contribution to ripple from ESR is simply drawn out of node ¥, and the magnitude of C1. Assu;r!e s
= (ESR)A/,, where Al is given by Eq. 9-2 of 2 A and select C1 from Eq. 5-3 for a peak-to-peak ripple
iy Lt A

ripple voltage will require bulkier and more expensive
Kl ¥y =V}
M=V O

in any case take up a large fraction of the allotted regulator
-3, the required input capacitor C1 is
This ESR ripple contribution should be added linearly to that giv
Eq. 9-15 for a preselected value of C2. i

r safe switching regulation operation is taken to be that
(Eq. 9-1) should not be greater than 90% at minimum
voltage. “On” times of greater than 0.97 can result in prob-
time delay in the transistor switch Q1.

(8.3 X 107M)I/AV = (8.3 x 107)(2/20) = 830 uF

ac line voltage, the top of the triangular ripple voltage
two rectifier diode drops or 1.8 V below that). The bottom
s at 167 — 20 = +147 V. Average dc voltage at V, is

ESR Measuremenis

Because ESR is most often not quoted in cap.acitor_data_
difficult to obtain from vendors, it is simplest to measure it. A simple s
doing this is shown in Fig. 9-4B. A step_of currer_n is applied to the
capacitor. For R1 >> ESR, the current is appmmmatr?ly 1{,, = ViulR
at the capacitor output will have the waveform shown in Fig. 4-9B.
inductance is generally negligible and, hence, the output voltage i
initial upward step of magnitude V, = I,,,(ES_R)——* (V. /RI)ESR). Aﬁer
step, the output will rise upward as shown wn_th adV/dt=1,]/C. ESRIs
from ESR = V.,/I 1. For large capacitors having low ESR, the cu
be quite large to get a significant V,. A current step of 1-5 A from al" =
convenient test signal. If the input source voltage droops on ap
capacitor load, it is important that this should be measu}*ed. !;c .
droop, the input current can still be measured by measuring vo tage
of R1 when the load is applied.

9.1.7 Design of Input, Filter, and Power Co!nponenm for .
Off-the-ac-Line Step-Down Switching Regulator 3
tions for a step-

low ac line voltage, the average or dc voltage at V, is
and the bottom of the ripple triangle is at 0.9(147T)=+132V,

the step-down switching regulator so that, at the bottom of
“on” time duty cycle of the switch Q1 is no more than
10 100% may be troublesome as Q1 will have to turn on
d of its previous turn-on time. Then from Eq. 9-1

.ﬂtToI! ﬂ

=

D.9(132) = 119 V

|V for an additional margin of safety.

the input ac line voltage or at whatever level V, is, on

ak ripole 1+ ndngé. 162 Teedback-controlled T,./T ratio will be
Voat+ 110 v.

Ehe switching frequency be 20 kHz or T'= 1/(20 x 10-3)—
from Eq. 9-14:
L2= 2.5 VJJT(P'I'NIT!HIIII =t V“}

Idr lnnlequn-_wm:-

A specific example will clarify the various calcula
switching regulator. ' -

Assume a step-down switching regulator to Pmd.ucega:' %rl‘uhe
from a directly “off-the-ac-line”" bridge recnfier as in Flg.mE ac il
output cannot be used directly as it is not dc isolated from ! o e of the)
is used as the preregulated input to a dc/dc converter as in

e econdary 0
diagrams of Chap. 3 (Figs. 3-1, 3-2, 3-9, and 3-12). Rectified secOm™ g

50 psec.

above it was assumed that at nominal line voltage the average
!h.e bl‘ldn:e rectifiar fnr avarnns siieeapt Jebn the cedfa L Man o A 4
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Now from Eq. 9-14

_ 24(110)650 X 109157 = 110) _ |
- 2.71(157) =lank

The filter capacitance C2 is now calculated from Eq. 9-15;

_ VTN —¥,)
8V, (L2)AV,,

/T) ratio occurs when input voltage is low. For 10% low ac
157(0.9) = 141 V. Then from Eq. 9-1

T imax = (VlV i) mas = 110/141 = 0.78

LV, I, of 2.71 A at 298 W of output power (Sect. 9.1.7):
o= 12.71)(0.78) = 2.1 W

L2

C2

in Sect. 9.1.4 that ac switching overlap losses are equal to dc
tion is

w=@RD=42W

tion in free-wheeling diode only during the Q1 off time. Its
! Eﬂ, 9"7)
il I}mlm(T - Tnn)JfT

(T — T,,)/T is amaximum when T, is a minimum. This occurs
wvoltage or

= 1.1(157) =173 V

Taa)’T]max = =T Thyn= 1 = (Va;an)min
=1—110/173=0.36

drop on diode D1,
m = 1(2.71)0.36) =098 W

f the fast recovery,fvpgeSF g 2-4) It recovery time to a fugh
ng forward current is too slow, the overlap of high volt-
off can result in ac dissipation two to three times the
Tecovery time is a function of the specific circuitry:
1 when it turns on, forward current just prior to turnoff,
a IN3879 data sheet). Assuming a recovery time dissi-
e, the total diode dissipation is still only 3 W,

1 and D1 dissipation = 4.2 + 3= 7.2 W. For a heat sink
say, 20°C above ambient, its thermal resistance must be
)/ watt.
shows that a heat sink at a 7-W power level has a thermal
s resistance at a 1-W power level. Thus, the required
is 2.85/0.75 = 3.8°C/watt. Finally, Fig. 4-7 shows that
area of 75 sq in. is required.

re rise above heat sink is calculated from Eq. 4-1

PD(6,,. + 6,.)

nce of heat sink to case (6,,.) through a mica washer of
thermal resistance junction to case of 1°C/watt (2N6251

Assume now a ripple output AV, of 0.1% of V, or (0.001)(110)=0.1

3 = 1100157 — 110)(50 X 10°%):
T B(IST)(1.5 X 1078)(0.11)

= 62 uF

This value of capacitance, if there were no ESR in it, would yiel
calculated 0.1% or 0.11-V ripple. But there will be an additional pes 1o
ripple voltage due to Al per. Now from Eq. 9-3A

_V IV —V,) _ 110(50 X 10-°)(157 — 110) _ :
R i 157(1.5 X 10°%) v

The additional ripple component due to ESR is then (1.09)(ESR)
ESR is obtained either from the vendor or measurements in Sect, 9.1

Al

Transistor Switch Base Drive and Minimum dc Load Current

Note that the peak-to-peak value of the ripple current in the
has been calculated as 1.09 A (Al,). Thus, the peak current in switch
Q1is 2.71 + (1.09/2)= 3.26 A. The base drive of Q1 will have to be

turn on 326 A at minimum current gain. For a minimum g of, say,
quires a base drive of 217 mA.
This may require a Darlington driver ahead of the switch
The Darlington driver (Sect. 2.1.9) is a valuable addition, since Q1,
power transistor, has relatively long storage and fall times. The Da
keeps Q1 from saturating and reduces total turn-off time conside
Fast turnoff of switch transistor Q1 is essential for minin *--
ing losses and avoiding catastrophic failures at these relatively high
ages, Circuit tricks to speed up turn-off time are considered in Sect.:
The inductor ripple current of 1.09 A peak to peak Peﬂ’ﬁ’f
to a minimum dc load current of Al /2 = 1.09/2 or 0.55 A before t
current runs down to zero at the end of the turn-off time (Sect. 9.1

Power Dissipation, Heat Sink, and Temperature Rise C

The major power dissipating elements are the transistor S
free-wheeling diode D 1. Their dissipations are calculated as ﬁ?ll :

The transistor dissipates significant power only during
Hence

PDy = Vol aclTonl T) (from Eq. 9-6)

Now from Fig. 9-2C, current in Q1 during the on time (€
is a ramp on top of a step) is approximated by a square-top

=4.2(0.5 + 1.0)= 6.3°C

ction temperature will rise above ambient by AT (heat
(junction to heat sink) = 20 + 6.3 = 26.3°C.



302 Power Supply, Power Converter Design

Switching Regulators 303

The free-wheeling diode (IN3892) has a thermal resistance gf who do supply maximum ripple current ratings generally supply
and dissipation of 3 W. For an insulating washer thermal resistance of 0 5°0 . v of 120 Hz and the maximum temperature for the capacitor
it will thus rise 3(2 + 0.5)= 7.5°C above the heat sink or 27.5°C ahov. : also suggest a multiplying factor for higher frequencies and tempera-

To keep junction temperatures to 105°C maximum, tempe | example, for the Sprague type 32D aluminum electrolyte
this magnitude permits a worst-case ambient temperature of 105 —27.5 . current ratings at frequencies above | kHz are 1.4 times their
This is above the maximum usually specified for military equipmeng. : Iso, at temperatures up to 65°C, ripple current ratings are 1.5
ambient temperatures may, of course, be tolerated with somewhag ; 85°C —the maximum temperature for this type.
sink area (Fig. 4-7). : ‘input filter capacitor was calculated earlier in this section as

1t should be noted, of course, that if other power—dissipatiug e type 32D, 250-V, B00-wF capacitor is used, the vendor
the supply are located on the same heat sink, its area must be selected to y 85°C ripple rating as 2.8 A. At65°C, 20 kHz, its ripple rating
same desired 20°C rise for the sum of all power dissipations flowing inte 5,88 A —quite an adequate safety margin for the actual ripple
sink.
rent rating in the output capacitor must also be considered.
, it is seen that the ripple current in the output capacitor is a

eak amplitude of A/, or 1.09 A. It can be shown that the
of peak-to-peak amplitude Al, is Al,/V3 or in this case
. Earlier in this section, the output filter capacitor was cal-
When a Sprague-type 34D, 75-uF, 200-V capacitor is used, the

s a ripple rating of 0.43 A at 120 Hz and 85°C. For this type,
rup to 65°C is 1.5 and that for frequencies above | kHz is
current rating of 0.43(1.5)(1.2)= 0.77 A, also an adequate
r an actual rms ripple current of 0.63 A.

Cross Talk on Switch Input and Output Wires

major practical problems in building switching regulators is
high-current, high-voltage, fast-rise-time signals at the switch
0 not couple into the inputs of high-gain amplifiers. With all
s correct and worst-case-safe, such cross talk resulting from
e routing, and wire shielding practices can be the undoing of

ESR and Ripple Current Ratings in Input and Output Cap

Current drawn from the input capacitor (Fig. 9-5) is a series
on-a-step” or trapezoid pulses as shown in Fig. 9-2C, which may be
mated by a series of squar.-topped pulses of amplitude /0040

An often-overlooked problem with switching regulators is
rent has a large ripple current at the switching frequency. This high rp
rent, which must flow through the input capacitor, can dissipate enough g
its ESR to heat it to the point of destruction.

In Fig. 5-2 itis seen that with a capacitive input filter, the capa
supplies the load current for most of the ac line period and, hence, U
current component of the above waveform must flow through the
capacitor. In the regulator designed in the previous sections, the cu
through the filter capacitor is approximated by a series of squ?:m-l
having an amplitude of 2.71 A and an “on” time-to-period rau.:._(r..,!
(see section on power dissipation, heat sink, and temperature rise

It is well known that the rms value of a rectangular wavefo
of I, for T,, time units and at zero for T — T, time units is {m,=
Thus, the rms value of the ripple current supplied by the input
2.71(0.78)'2 = 2.39 A, The capacitor must thus have a ripple curre
least this value at the operating temperature and frequency.

Many vendors do not supply ripple current ratings, howev
design parameter that must be taken seriously, for, although m?Sl ;
failures are in semiconductors, capacitors will fail if these ripple
exceeded,

it is seen that the emitter of the switch transistor and all
ted to it move up and down an amount ¥, volts. With Vi as
about 340 V for a 230V, input) and with voltage rise and fall
0.5 psec, there is a great likelihood of electrostatic (via
8) cross talk. Such cross talk can generally be minimized
wire for any wire that has a large AV/Ar.

lic cross talk (via magnetic fields around high-current-
ducing a magnetic flux change through other wire loops) is
itrol. The electrostatic wire shield does not, of course, con-
fields. These can be confined only by having, for each wire
ent in one direction, a close-by wire twisted with it and carry-
in the opposite direction. The equal and opposite currents

® ® a L2

Ve =120V —4 Mmagnetic fields. Shielding twisted wire pairs are often effective
e MODULATED _is insufficient,
=== BASE DRIVE 1g. 9-5, every time switch Q1 closes, a high-amplitude, fast-

s from the top of C1 into the collector of Q1. Its return path

® ® ©

ot r
Fig. 9-5. An ac-line-driven step-down switching regulator fo
calculations of L2 and C2,

=

88 Electric Co., Engineering Bulletin 3441, p. 14,
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)0 ohms): keep wires with high-voltage, high-current signals
harnesses; and keep such wires short and, if possible, remote
lel to other wires.

, it is easier to avoid cross-talk problems by silencing the noise
than reducing the sensitivity of circuits to noise, for there are
ors than potential circuits sensitive to noise,
ise source probe is of value in locating the troublesome noise
be made by winding a few (one to five) turns of a $-in. diam-
gitviaa short twisted pair to the input to a high-gain oscillo-
this “direction-finding’’ pickup coil around various wires
plane of the coil in various directions can usually isolate the
erating wires. If the interfering signal is an electrostatic
the input probe of an oscilloscope can often find an offending

is initially through D1 until that becomes reverse biased and thep via [
and along the return wire in the opposite direction from the bottom
(point C), picking up the bottom end of D1 and then the bottom end ¢
A). Thus, the wires from the bottom ends of D1 and C2 should be by
common tie point with leads as short as possible. That tie point should
with a lead as short as possible close to the wire running between
of C1 to the Q1 collector and twisted with it before running back to
bottom end of C1 at point A. Or briefly the wire A-B should be
X-Y. All wires off the emitter of Q1 (to cathode of D1, input of L2)
short as possible, and, similarly, wires from bottom ends of D1, C2 g
short as possible.
All of the above-mentioned wires carrying high-current p
run in their own separate wire harnesses and should. as far as possib
close to, or parallel to other wires in other wire harnesses, :
Probably the largest AJ and A I/Af occurs at the instant switch Q|
on, for at that instant, and until the free-wheeling diode D1 is starv
zero forward current and then recovers to its high reverse imped:
turning on into a short circuit. Current is limited only by g of Q1 and
drive. The resulting large A /At in the wire X-Y and A-B produce large
fields, which can be canceled by twisting wire A-B with wire X—Y..
But the wire X-Y has inductance and with the shunt capacitya
lector of Q1 forms a series-resonant circuit. The large A//A¢ grodum
shocked high-frequency oscillation at the collector of Q1. “:'hlch can
into other circuits. Generally, a small nonelectrolytic capas:lt_or of 0
0.50 uF from the collector of Q1 to the nearest ground point can
amplitude of the ring and, by also reducing its frequenc_y, can make it e
of coupling significant voltage into other circuits or wires.
v Hlf gg:;rai, eliminating cross talk is a black art and almost.an .

is a problem in itself. The general rules one can fol!ow are: avofd le
between wires carrying high currents in opposite directions; _lwml
sible; electrostatically shield wires with large-voltage. fast rise and
keep impedance at inputs to amplifiers —transistors and SCRs—as Id

Filter Inductance Design for Direct Current

r inductance (L2 of Fig. 9-5) in a switching regulator carries
l to the dc load current. This produces magnetic bias close
teresis loop (Fig. 8-7A) and prevents it from being able to
the ac voltage is in such a direction as to move it further
aturation. This can be seen more clearly in Fig. 9-6. A given
s the operating point in H to H = 0.4z N1 ,./L where H is in
ns, L (magnetic path length) in centimeters. If this value of
at P1, then the quiescent operating point in B is B1. Any
the inductor can only produce a B in the positive half cycle
ore the core saturates. If the volt second area in the positive
then the amount the core moves up in B during this half

EAT x 10+®
T (9-16)

for E in volts, AT in seconds, 4 in square centimeters, and
under the positive half cycle of the input waveform is thus
Sothat AB = B, — B1. At volt second areas greater than this,
and the voltage will collapse to zero.

avoided by introducing an air gap in series in the magnetic
this is to flatten out the hysteresis loop as shown in Fig. 9-6.
It sets operating point in B, further down from saturation to a
@ AB in the positive half cycle of B, — B2 can be sustained
before it saturates,

HYSTERESIS LOCP CF
BASIC GAPLESS CORE
/

Bs

L i FLﬂTTENEéJvHEY:;Slé[‘ﬂESlS
LOQP ACHI
[HTRODUCING AN AIR GAP

e Design for Preventing Magnetic Core Saturation

of a gapped core to avoid saturation under conditions of a dc
€S selection of the core itself and calculating the number of
Width of the necessary air gap. The design decisions stem from
J tic fundamentals, which will be reviewed here.

ental relation in magnetic circuits is Ampere's law:

= 0.47 N1

4nNTde o
BIAS IN OERSTEDS = "ETL Hi

sall
Fig. 9-6. A dc current in an inductor biases it up t0 81 CIOEB “;- By i
tion. The permissible AB before saturation occurs IS Jg u;ht N th
troducing an air gap, the slope of the B-H curve Is ahe <
same dc bias current sets operating point at P2 and nowt
AB is B, — B2.
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This states the line integral around a closed loop of length, )=l ;‘ig'{g_?'iff’dm_“ frg?p,ﬁa:f"s;he RS

product of field intensity H and element of length dl is equal to ¢, S:;!Eu IEIETgI'HﬂL' d::;{; sﬁ'n. ?s(;rf:f :e‘:::ml:biﬁﬁf #__6;;; gh;;
NI is the ampere turns enclosed by the loop. Here, H is in oersteds, ' length L, iron path length L, is

meters, I in amperes. and N in turns.

Consider, as in Fig. 9-7, a toroidal magnetic path of lengt
magnetic material and an air gap of length /,. Take the line integra]
inside of the toroid and across the air gap. Everywhere along this path
iron, the field intensity is parallel to the path of integration and ¢g
intensity of H;. Across the air gap, to a close approximation, the f
is constant, equal to H, and parallel to the path of integration. Thus

$Hdl= Hl,+ H,,= 0.4n NI

By = 4aNlp it~ p; 1,).

. MAGNETIC FIELD

for N in turns, A, is in square centimeters, dB in gauss, and
dB = B, for di=I,,,.

(Lls)10° f
NB iy e

ore winding area (4,) must be chosen to accommodate the
F turns at the specified safe-current density and fraction of the
a usable.

only 75% of the core winding area A, is usable and assume
area per turn is 4,. Then

=0.754,
NA,J0.75 (9-20)

If the air gap is narrow and there is no bulging or fringing o
flux as it crosses the air gap, then the flux density in iron, B, is equal &
air, B,. Then, H; = B;/u; where p, is the average iron permeability s
= B,/u, = B, since B; = B, and permeability of air, p,, is unity. Then

Bili/w, + B, = 0.4w NI

_04aNI _ 047 NI,
) L + 1, L+ pily

or B

Equation 9-18 is very instructive. It states that for a given
the flux density in the iron with an air gap of length /, is smallell' than w
air gap in the ratio [/, + u;l,). This states quantitatively )Hha( is
9-6—that at a given H (proportional to NT), B with an air gap is
without the air gap. _ |
This can also be stated another way; the air gap increases
path length by an amount w;/,. Thus, for permeability of _l 500 (av
ability of ferrite cores), adding on air gap of length [, increases U
magnetic path length by 1,500/,. g
In Eq. 9-18, the maximum flux density in iron, B;, will 0
mum 7 in the inductor. This maximum / is the maximum at the top
ramp in Fig. 9-2E, or it is the sum 0f / seqoaq maxo + 81012, where Al
to-peak current ramp calculated in Eq. 9-4. In Eq. 9-18, B, will be s
rite core inductor) to 2,000 G to prevent the core from rising on the s
its hysteresis loop at maximum temperature (Fig. 8—4A).. _
Thus, as soon as the number of turns N and iron core
chosen, Eq. 9-18 permits selecting an air gap length. N and
soon as a specific ungapped core is chosen. The selection of an
scribed in the following section. .49
Core Geometry Selection to Avoid Saturation 'The €
selection is related to the product of the core winding are.a A.) .
of its magnetic path in much the same way as this product is the ¢
former core selection (Eq. 8-7). 12
For any inductor, the voltage across it may be defined €t
the rate of change of current in it or the rate of change of flux

E = L(dildt) = N(dd/d)10-*
From which L = N(d¢/di)10* = NA,(dB|di)10~

e centimeters. And multiplying Eqs. 9-19 and 9-20

(L] exNA 9107 1.33(L11ayA)10* (9-21)
ENB. . (0.75) Boyax

21, as soon as the wire area is specified (on the basis of safe
V). all terms on the right-hand side are specified and the
core with the required product is then selected from the
nce this core is selected, A4, is determined from the data
9-19, N is calculated, since all other parameters in it are

ated, Eq. 9-18 determines [, + p,,, since all other pa-
- For a known core, /; is given in the data sheets or is
ometry. Finally with [, + w1, /;, and g, fixed, /,, the required
rmined.
ple: Core Selection and Turns and Air Gap Calculations
decisions will now be made for the specification of the
ct. 9.1.7. That inductor, it will be recalled, had a dc load
peak-to-peak AJ, of 1.09 A, and an inductance of 1.5 mH.
9-21, the required cores 4, 4, product will be calculated.
"__n on the basis of a safe current density. As a first guess,
300 circular mils/ampere will be chosen. Resulting core
ater be calculated to verify this is a safe choice of current
mil area of the wire is then calculated as

Har mils) = 2.71(300) = 813 circular mils
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density at peak input current at 2,000 G. Even at 100°C. this

7 begins to saturate slowly at about 2,500-3,000 G (Fig. B-7B).
is not much different in the shape of jts hysteresis loop from the
ywn in the same figure,

 Analysis of Gapped Inductor

Test to estimate temperature rise of the coil and case of the
in the previous section. First, consider the inductor is heat
‘the core is encapsulated (as was the transformer of Sect, 4.3.3)in
uminum can and has a 0.1-in. thickness of RTV potting material
wall and the inner wall of the aluminum can.

/is then heat sunk by inserting it in a snug-fitting hole in the
‘comprises the heat sink. The heat-flow path to a close approxi-
‘outward from the winding, through the outer lip of the ferrite
through the 0.1-in. thickness of the RTV potting material and
and to the inside surface of the hole in the heat sink.

aS in Sect. 4.3.3, the major thermal resistance in this heat-flow
cylinder of RTV of 0.1-in. thickness and height equal to that of
windings (0.574 in. from Fig. 8-3). Since the heat-flow path is
the wall of this cylinder, its thermal resistance in °Clwatt is

ire table in Fig. 8-10, the wire having the cl.osest circulay

tEl;r:::ls tl'lrlf).w 2ul.ewire (812 circular m.ils]. And from thv:’, wire table, the g;
this wire is 0.031 in. Assuming wire area per turn is D* rather than 5
wire area per turn is (0.031)* = 0.00096 sq in. fO.('J(lﬁZ sq cm.
In Eq. 9-21, take B, = 2,000 G, which is safely below sap

ferrites. Then the required 4.4, product for the core is from Egq, 9-21;

1.33(1.5 X 10%)(2.71 + 1.09/2)(0.0062)(10+%
A A= 2,000
=201 cm!

i rol a ferrite core vendor’s catalog’ a f;emte cup core
:ﬁ%;h(ﬂ:g;- 3) is found to have abot_lt the requrrf:d A, A, product,
quoted as 2.02 sq cm; its winding area (in the assc:cmtef:l 3?22—1]3
0.748 sq cm. This gives an 4,4, product of 1.51 cm*, which is close

The number of required turns is calculated from Eq. 9-19:

(Lipg)10° _ (1.5 X 10-9)(3.26)(10*%) _
AB 2020 x 107)

The 3622 bobbin has an area (Fig. 8-3) (_)f 0.1 16_ sq m. The
turn of wire is then 0.116/120 = 9.§7 % 107* sqg in. and ns_dn:lww
% 1074)'2 = 3] mils. But this is the diameter of the No. ?;l wire s
culating the required A, 4, product for the core. Thtlb 3622 core tmam
the required 120 turns of No. 21 wire at the specified current ¢ _

i ilsfampere.
s [:ﬂoir t}l:e air gap must be specified Enom_Eq. 9-18. In that
i is the “average” permeability of the: core ma:cn:\l. Chc;_ose gem:)
material, which has an average permeability of 1,900.* Then for ; 1;,‘
Lo =271+ 1.09/2 = 3,26 A, and N = 120 turns, from Eq. 9-18,

04mNIp; _ 0.4m(120)3.26)(1.900) _ 467 oy -

R 120 turns

eters, 4 in square centimeters, and K in €gs units (= 0.0026
. 4-5). Here A = #DH, and, from Fig. 8-3, D= 1.42 in. and
mension K of Fig. 8-3). Then

A= 7(1.42)(0.574) = 2.56 sq in. = 16.5 sq cm

n for this core is specified as having a mean length of turn for
hit-pda = =g 2,000 in. For 120 turns, this is 120(2.92) = 350 in. or 29 ft. Number
btk s . ! at 12.8 nhms.r‘l,l?(){).ft and, hence, the coil resistance will be only

Since the 3622 core has a mean path length [; ' _ 37 ohms, This gives an I*R loss of (2.71D)%0.37) =27 W.
L+ pl, = 467 uming the only significant thermal resistance is the 5.9°C/watt
for the RTV cylinder, temperature rise between coil and heat

467—5.3
Or = —-—-—1,900 0.24 cm

AE= (AT/AP)P = 2.7(5.9) = 15.9°C = 16°C

temperature of, say, 65°C, this is still only a 65 + 15.9 = 8]°C
€ coil - easily safe enough for Formvar wire insulation and the

The cup core comes in two halves. Thus, ifa SP"‘“"S:: “
the two halves, the air gap is actually twice the spacer th‘ihk;;n;ss m
is in series with both “legs” of the core. The spacer  rated at 130°C
G Dr'l?l;ilszc‘:)nnzplctes the magnetic design of the i:duc“:i :r. o |: t:.-: no:fa heat sunk'fvhils 3?262[!;&[: resist]s:ncc to ag:ie‘-::; air
; .71 A and a peak- surface area. The ot core has an outer surface
inductance Iof“:iiIS m:-l attl:.a :i: ;utl;:n; e:i %nput et it ) of
of 1.09 A. It not sa

D*4) + DM = 2[m(1.42)774] + m(1.42)(0.88) = 7.1 sq in.

. ents.”
i A sl by Mm:mls S M can in which it is encapsulated raises the outer surface
3 Ferroxcube Corp., Bulletin 330-B, p. 1

4 Ferroxcube Corp., “Linear Ferrite Materials and Components: E808 - Lhen, from Fig. 4.7, at this area, the thermal resistance to ambient
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PERMEABILITY vs dc BIAS
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Fig. 9-8. Falloff in permeability or inductance with dc current bias for = - 7 '1 * )( \ \ | & |
powdered iron (MPP) cores. Magnetizing force in oersteds =0.4aNI|L, r r:: | [ \ \ T T
where L is the magnetic path length in centimeters, N is the numberof = ! b .\
\ \
turns, and I is dc bias in amperes. (Courtesy Magnetics, Inc.) il 50 P & \ ‘
. 0 ITM_ \\
1 ado[ RERM.
air is 18°C/watt at a 1-W power level. From Fig. 4-8, at a 2.7 power | el ] t:—i\mf /\ l\ \ \ \
reduces to 0.85(18) = 15°C/watt. - AV LAY \
Thus, temperature rise of case above ambient air is 2.7(15) = ! \ \
With a coil-to-outer case rise calculated above as 16°C, if no heat sink is 1 _ \ | \\ \
vided, the coil would rise 16 + 41 = 57°C above the ambient air. At @ - \"\ \ \\ \
ambient. this would make the coil temperature 65 + 57 = 122°C —quite ¢l b \ \ N\
the 130°C rating for the plastic bobbin and the Formvar insulation. ' \ \.\ \ L\ \
Because of the possibility of local hot spots within the induct \\ \\\ \\\
average temperature should be lowered 10-15°C. This could be dnne_bl_f:;__ \ \x\\\\\ N
ing the inductor to the metal chassis to dissipate some of its heat by co N AR
or by increasing the radiating surface of the metal can by some type of elem 1 | \\\&\\
finned heat sink in good thermal contact with the inductor can. . ! . - ™ 2 hk
Powdered Iron Cores for Preventing Magnetic Core S o . . ™
Molypermalloy powder (MPP) cores offer a u§eful alu:rnall\‘c" ,!“a.B s .c MAGNETIZING FORCE (OERSTEDS)
ventional B?Dped cores for applications in which there is a direct currel r for :w!;“ bgf:ﬁin?gﬂﬁaﬁf, inducfance_ with dc current bias in
ponent tending to saturate the core. ‘Engineering Co.) y powder (MPP) cores. (Courtesy

The principal magnetic component in MPP cores is “m0! -
a magnetic alloy of 80% nickel and 20% iron. The magnetic alloy 1879

a brittle alloy and milled into a powder. The powder is then m gap
sulating ceramic, which puts an effective “air gap”” between pa'rtlcle? d o l;;%_cfr;&' The MPP core is particularly attractive for low
material. The insulated magnetic particles are then pressed into TOFE B rH.

e« Th‘]:nm;;-pal MPP core \fendors: Arnold Engineering Co?
o y offera large selection of different toroidal core sizes

.”"-!1 lowg ranging fro?n about 14 to 500. The higher-permeabilit

r dc magnetization levels (Figs. 9-8 and 9-9). i

and annealled. .
Such cores have an effective air gap uniformly dismbﬂtﬁf’" "3
the material and thus also have the “flattened” hysteresis 100P 1g. =
can stand large direct-current bias without saturating.
The advantage of the MPP cores is mainly i
assembly costs in not having to handle the two magne!

n the savings of!  Eng
v %12?“8‘; Co., Bulletin PC104E, “MPP" Cores.
- Catalog MPP3035, “Molypermalloy Powder Cores.”
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. t a given dc current bias can be done by a set of ite!-?ﬁ‘,.,
:T::?::f:lz i\:em:lf)r"s, curves (Fig, 9-8), showing percent p‘::“eabﬂ_ﬂ&[ :
versus dc magnetizing force in oersteds (H = 0."117NHL, where H isin g
for I in amperes, magnetic path length L in centimeters, gr!d N in turns) t

The problem in selecting a core size .amd ]?emwhlllty can be 3
from the following. From a curve sutfh as in Fig. 9-8, a um pe
meability, P (or inductance), mductiop is first assu?ncd for mofm
permeability. This fixes the magneﬁnng force H in oersteds, ﬂ\:.:}uch must _
exceeded if the permeability reduction is as asgumed. Fro:]'nfr is ;;,alfe of
required number of turns for the given de bn?.s is calculated from H = 0 47,
where L is the magnetic path length for the initially su?lected core.' B

For each core and material, the venc!o_r sup;_alles a proportionality
K (Fig. 9-12), which is the inductance in rpllhhennes_ p;:lr 1,00)0 _u;g&x
ductance for any other number of turns N is then L (in henrys) = KN* »

It must result that the value of N selected to gu;'e a certain p
permeability reduction yields an inductance fr(.)mL = KNt X 10“: ‘1::. m
P percent below the desired values. N can be mcre?scd P p;;c:x; : :
desired inductance, but if the calculated value of L is more g;);r.e; _
the required value, a larger core size (larger outs:d‘e dlmnet:; ool :
permeability material must be selected and the calculation ch:a .hm
calculations are rapidly done once tl}c first core selection has s'j
direction to go. One vendor (Magnetics, [.nc.} presenfs ; core :,n;dz:m
selection procedure that simplifies the chmcq ot'_ a core. Becaus by
core to avoid saturation is almost fttt;l\:cmcust ds;gnﬁcant choice in
iti ented here by courtesy o vendor. : ;
i presPawdered lr!:m Core Selection Procedure The :st:lectml'l“he
described in the vendor's data sheet (Fig. 9—!0] and malw;l l:;% I(: o
chart shown in Fig. 9-11. An inductor mec‘tmg the specific ks
designed in Sect. 9.1.7 will be chosen. That inductor h.ﬁ:;;;q iy
of 1.5 mH at a dc load current of 2.71 A and p&gk—_lc»p. 5 L e

As in g, v=1U, caictuate Lr* “wri€re T Is Yu'mmilld? J:n::.;e .
current in amperes. This gives LI? = 1.5(2.7 1)2=11. Now go :ertically

9-11 and take LI? of 10, the closest value on the ch:cxrt. Go;r:g?‘s sy

first solid line is reached, it is seen the core selected is the .’;n < mng;!S :“

core is available in the indicated geome.try and permeability b e

Fig. 9-12. In accordance with Fig. 9-10, it can be uso_.:d at an):ipthe ﬁ;biwt _

to or lower than that at the intersection of lhe. coordinate an ot

meability line. Use it at a permeability of 60, since that requir

hel’ Ofm?sigurc 9-12 shows that the 55439 core (same ge:;n‘;;t(;'}; “ari& [

but with a permeability of 60) has a K factor of 135 ml-‘::’l'= (1.5 % 10

zero dc bias, its required number of turns for l._S m}l is / ~ i i 3.

% 107%)]¥* = 105 turns. Now the percent reduction in perm

ELECTION PROCEDURE

Inductance required with dc bias
dc current

te the product of LI* where:

L = inductance required with dc bias (millihenrys)
‘= dc current (amperes)

the LI° value on the Core Selector Chart. Follow this
e to the intersection with the first core size that lies
the family of solid permeability lines. (Small core sizes

ttom, large sizes at top). This core size is the smallest
be used.

sol permegbility line that passes through the intersection
the LI° and core size coordinates or crosses the LI?
ate below this intersection point may be used.

ce of permeability can be based on Q requirements at the
frequency of the application. Use the Q curves for this

a consideration, use the highest permeability indicated,
ice will yield the lowest winding factor.

application may call for a Q requirement at a higher
than the core/permeability combinations indicated in
and 3.

the LI° coordinate to lower permeabilities and larger
an optimum choice for this type design may be made.

permeability, always use the core size just above the
lity line,

2, core size,and permeability are now known.

il th ninal inductance (millihenrys per thousand turns) can be

123 from the Inductance Table . With this information, use a

_ latpr to calculate the number of turns needed to obtain
ed inductance .

& number of turns abtained in this calculation by 10%.

the correct wire size using the Wire Table.

____hosen will have an inductance equal to or greater than
uired, when biased with the specified dc current. The
factor will be between 25% and 40%.

two parameters of the design application must be known:

ic path
dc bias must be checked. The magnetizing force for a magnetic e
10.74 cm (Fig. 9-12) is

0.4nNI _ 0.4m(105)(2.71) _ 33 Oe
L 10.74

). Seiection procedure for choosing a specific powdered iron
ﬁ:d number of wrns for a desired inductance at a specified

i bias in the inductor. (Courtesy Magnetics, Inc.)
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CORE SELECTOR CHART
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40 0.924 55270 7

36 0.924 53020

2
406 1
0.001 0.0020.004 0.01 0.020.04 0.060.1 0.2 0.4

)7 &

: at (amp
L = Inductance with dc bias (mH) I = dc wrre

ili f z ::
ig. 9- ec i i d permeability ,10"". d
Fi S hart for choosing core size an R Y ics, Ine:
i e.nccolril'ang:z wt(i)tli'lcFig 9-10 for MPP cores. (Courtesy Magn €S,
in y

cent redt
Now referring to Fig. 9-8, it is seen at 33 Oe the per :

. i can be e
permeability and, hence, of inductance is abou.t 8%. 'E;n:»n f: induc
increasing the number of turns by about 8%, which wo rease

Switching Regularors 315
e
WINDOW AREA 842,700 cir. mils
CROSS SECTION 0.308 sq in. 1.9905g cm
PATH LENGTH 4.23in. 10.74 em
WEIGHT 6.80z 182.9
' WINDING TURN LENGTH
0.710 WINDING FACTOR  LENGTH/TURN
} 100%uniry)  0.284 ft .66 cm
- F 60% 0.253 it 771 em
40% 0.222 6.78 em
20% 0.209 ft 6.37 em
0% 0.204 f1 6.22 cm
S AFTER FINISH WOUND COIL DIMENSIONS
B S5 oo UNITY WINDING FACTOR
bin. 233 mm 0Dimax) 251 in. 638 mm
in. 18.92mm HTimax)  1.525 in. 38.7 mm
2
MAGNETIC INFORMATION
Tf_ll_l_l.!ﬂl'lll:ﬁ NOMINAL FINISHES GRADING B/NI
‘@ 1000 TURNS DC RESISTANCE ND STATUS it rit
C MHiER OHMS/MH  STABILIZATIONS* 2% sanns AMP. TURN
! 32 014 A2 . 1.644<1500 sauss)
" 58 0.0766 A2 id 3.04 (<1500 gauss)
B 135 0.0335 ALLT YES 1.02 (<1500 gauss)
piq) 00161 ALL YES 14.6 (<1500 gauss|
330 0.0137 ALLT YES 17.2 (<1500 gauss)
360 0.0125 ALLt YES 18.7 (<1200 sauss)
* 0.0116 ALLt YES 20.2 (<1500 gauss)
450 0.0100 ALLT YES 234 (<600 gauss)
674 00067  AZzand LG YES 5.1 <300 gauss
12. Data for a t

ypical powdered iron (MPP) core inductance at
d *mlrrem bias for N turns is: L = (L1000} N* 102, where L, oo is

C in millihenrys per 1,000 turns and £ is the inductance in
- For inductance at other than zero bias, refer to Fig. 9-8. (Cour-
gnetics, Inc,)

ICe the larger number of turns increases core saturation and de-
¥ by roughly (1/1.08), the net inductance gain is approximately

 the complete design is the 55439 core with (1.08)(105) = 113
‘ ® has a winding area (Fig. 9-12) of (0.95)*/4 or 0.71 sq in. Assum-
€ area is occupied by the wire, the wire area per turn is 0.71(0,75)/
q In. Assuming area per turn is D?, the wire diameter is (0.0047)!2

i corresponds to No. 14 wire. Figure 9-12 shows the mean

4t 60% winding factor to be about 0.26 ft. Thus, total wire resistance
'No. 14 wire at 2.5 ohms/1,000 ft. (Fig. 8-10) is 113(0. 26)(0.0025)
Mr dissipation in the coil is /2R = (2.71)*0.07)=0.51 W, con-
than the 2.7 W for the gapped core of Sect. 9.1 8, This is explained,
he fact that the MPP design used a larger core, permitting larger
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9.2 Circuit Considerations in Step-Down Switching Re ) v, -

9.2.1 Pulse-Width-Modulator Circuit ! SELL

Up to this point, this chapter has considered only the major % §f$%§§“ Vin
elements of the switching regulator of Fig. 9-1. That figure shows the o —

a TR =

i o A T i B O iy O

9-14. Generating the triangle for the comparator of Fig, 9-13 by
ting the basic system square wave.

elements needed to complete a regulator design. The ﬁr§t element is 3 d@
ence amplifier or voltage comparator that samples a fraction of the output
to be regulated and compares it to a standard reference. The output is
voltage proportional to the difference between the sampled fraction
voltage. r
I-':zfﬂema’l‘h«: aaipliﬁed dc error voltage then must be converted in a “‘width
lator” to a switch turn-on pulse whose width varies as the output voltage v;
Polarities are chosen such that an increase in output vo!tagc causes
output pulse. This pulse is then fed throygh a pplse amplifier to turn ﬂu
on and off. Regulated output voltage in Fig. 9-11s V,= V,(T,,/T), and the
ratio is adjusted automatically by the negative-feedback network to
sampled fraction of the output voltage equal to the reference voltage.

Fig. 9-1
R1+R & h)
K‘=( R2 Z)V’_V‘"(T

The dc voltage comparator of Fig. 9-13 may be .either the tw.o- :
difference amplifier of Sect. 6.5.1 or one of the many a\fallablc opm
fiers such as the 741 or the 723 series (using only the difference amplifier po
of it).

idth-modulated pulse whose duration is proportional to the ampli-
between the reference and a fraction of the output voltage is gen-
econd comparator. Inputs to this comparator are the amplified dc
and the triangle as seen in Fig. 9-13. With the triangle at the non-
to the comparator, whenever the triangle level is above the dec
the inverting terminal, the comparator output is high. Conversely,
output is low whenever the triangle level is below the dc level
nparator too may be a two-transistor difference amplifier or pref-
ated-circuit operational amplifier, for with the high-gain opera-
, the instant of crossing the triangle and level is marked more
tput pulse rise and fall times are faster.
be seen that with the triangle at a fixed dc voltage level, as the dc
parator’s inverting terminal moves upward, the duration of the
put signal decreases. If the duration of this positive-going signal
on of the switch (Fig. 9-1) “on™ time, and if the dc level input to
3 proportional to the difference between a fraction of the power
oltage and a reference voltage, the output voltage is controlled.
tput voltage causes a rise in the dc level input to the comparator,
its positive-going output pulse decreases, and the switch “‘on”
, the power supply output voltage decreases as V, = Vi, (T,,/T).

The pulse-width modulator is usually imp!emented as shown in
9-13. A triangle is generated by integrating the basic square wave 'of .
This is usually available as an input to the power supply if the sml;l]uns
is to be synchronous with the system clock frequegcy. If :!ot available ni‘:[u
the power supply can generate this square wave either with a fr_ee—ru _
vibrator, a Jensen magnetic oscillator (Sect. 2.%.3),- or‘a_n ml:gmwdo L
oscillator (SE 555), followed by an integrated circuit divide-by-tw

' Generation by Integration of System Square Wave

je——— T —"l
*0 the input square wave, the simplest means of generating a triangle
%Eﬂg" 315? 1e square wave with a time constant long compared to T/2 as
OF PERIOD"T" b 14. For (T/2)/RIC1 = 0.3, the exponential capacitive rise is
g R EngT‘?gg m&mﬁ" the top‘of the inp}lt square wave and triangle slopes are suffi-
:L! [EISE:-ABLE__ T‘ 233;%2*&132' hus, the integrator is chosen so that RIC1=1.67 T.

time constant is used, the “triangle” becomes more exponen-
n, if very long or very short “on’ times are required, the ex-
the dc level at a more shallow slope, arnid the instant of crossing
sharply.

Hn result in jitter at the leading or trailing edge of the switch output

W e

VOLTAGE COMPARATOR

TRIANGLE — ’ - Jitter in turnon and turnoff translates as width modulation into
dc 9 y yoltagt €. Also, the shallow crossing of the exponential against the
VOLTAGE — s ulation bY z £ic : : : :
LEVEL o Fig;’—llfl’:liﬁia‘;ﬁ? :;g:-insl a dc level Circuit sensitive to noise at the instant of crossing. Such noise
TRaae f:::;?lnm‘:]f output voltage to be cOm¥ Ple crossings of the dc level and thus false turnons and turnoffs.
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o o 12

Triangle Generation by Constant-Current Charging apg 1 S

Dumping a Capacitor ' cz - AMPLITUDE V;

An alternative method of generating the width-modulating ey
shown in Fig. 9-15. This scheme generates a triangle with constant

the instant when it crosses the dc level is as s]?arp. "‘"hetherit
?:vneclet‘war the top or the bottom of the triangle. The circuit is often us
systems for generating linear CRT deflection waveforms, .
The circuit works as follows. A constzfnt-currelntlsou@ is fa
Q1 and the diode D1, zener Z1 in its base and .re§15tor _Rl in its emitter, . | -
ciiipesmsias fo e bano-esitir VSKge AT R L HEE R = (VY /(A DV /V)[R2RI + R2)]}. (B) Controlling
Lis then ¥, /R1, This carrent llows G (LN the amplifier of Fig. 9-16A to avoid excessive open-loop gain,
e 3",“5"‘“3? b%h%s ‘it & constant curtnt, C1 charges lincarty an caie loop oscilaton. With the feedback network shown,
the capacitor CI. i ; _ g =
= =V,/RICI.
A lﬁc(l:w at ztl{n: end of each period T, a narrow pulse (short com
turns Q2 on and shorts it to ground. This dumps the accumulated chm
After the trigger pulse goes away, Q2 opens up and the constant current
starts another linear ramp.

e T
WIDTH
MODULATOR

1l

(8)

-16. (A) Complete switching regulator. For a given percent input
change, AV, /V,,. the percent output change is given by

pulses are usually easily available or are easily generated as

‘the basic square wave available has a frequency f, there is usually
rcuit in the system. Pulses at a period of T are required. These
by differentiating the leading edges of the //2 and f12 waveforms,
sitive-going differentiated pulses only (by D3, D4) and “oring”
e of Q1.
tively, the / waveform itself can be used without the divide by
tiating the f waveform and selecting only the positive-going pulse,
od of T are obtained at each positive-going transition of the f

i g e

L 5 6
e e TN e
ti2

COMPLEMENT

P ——=

TRIANGLE

OUTPUT

oltage Gain through Switch and Width Modulator

width modulator of Fig. 9-13, it is not clear initially what de-

ion of peak-to-peak triangle amplitude. It actually affects the
igh the switch and width modulator as can be seen from Fig.

lowing. 9 = )
v TRGGER | I A wing. From Eq. 9-1, ¥, VinTon/T. Then,
V
72 TRIGGER \ ) o =_27"

ng the triangle in the width modulator of Fig. 9-13, it is seen

€ dc voltage level is at the top of the triangle, 7, is zero;
n,': the bottom of the triangle, T, is equal to 7.

! e T .in Fig. 9-16, for a peak-to-peak triangle voltage, V.
'{‘il 03 TRSsTOR | WAL, T
™ Ay, v,
t | owoe 2 A 3

WO \1 o < \Ei (11""‘J )(ﬂ T!ﬂ)
$s e \ AT, /\Av,
% ey % . | ]_s'nw TCOTHING .

e CAPACITOR
DUMP TRIGGER PULSE :
DIFFERENTIATORS .
i ;dth-modul2iis
Fig. 9-15. An alternative scheme for generating the widt

| o (Va)(T) 0

TI\V)™, (9-22)
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9.2.3 Total Open-Loop dc Voltage Gain and Line Voltage

Regulation :

Referring to Fig. 9-16, for an open-loop gain A1 in the referep,
age —sampled output comparator — the total power supply upen.lmp_% .
cluding the R2/(R1 + R2) network] is

A; =A l(Vm;'V[)
Now, from Eq. 9-1, in the absence of feedback
Vo= Vin(Teul T)

or AV, = AV(ToulT)
But with feedback, assume a line change causing a change at the input
switch of ¥,,. Then from Fig. 9-16

T, o)
Ay (FTM)M“ T AV"(RI R\,
Ayin(TmJ T]
AV = T A1V, V) [R2(R1 + R2)]
Dividing both sides of the above by ¥, = i Tonl T) results in

AV, _ AViulViy
V, T 1—-A1(V,/IV)[R2/(R1+ R2)]

which states that the percentage change in output voltage is eqt;a_l‘. t;z t)i{
centage change in input voltage divided by 1—4 (¥, IVOIR2/(R

n in Fig. 9-16B. The gain with the resistors is the well-known gain
al amplifier with feedback resistors

Aﬂ = "'be,‘Rl

4 Switch Base Drive Circuits

ore, the means of coupling the variable pulse-width signal to the
h transistor has not been considered. The means by which this
n spell success or failure for the supply, for, if this is done in a way that
storage and fall times, there will be a long overlap of high current
ring turnoff and consequently high power dissipation — especially
frequencies — 20 kHz and above. It also can result in second
(Sect. 2.1.9).

: optimum means of driving the base of the switch transistor is to
orward overdrive (/./1,,= 10) to achieve fast turnon, and also to
verse-base current at tumoff to minimize turnoff and especially

forward overdrives are always easy to achieve, but the simplest

emes have no negative potential with respect to the instantaneous
oltage to provide a reverse-base current, Establishing such a nega-
somewhat expensive in components and space as the emitter of
n emitter-loaded switch) moves from ground to +V,,. For off-
iching regulators, the switch emitter moves about 150 V (for
) or 300 V (for 230V, inputs). Thus, to provide a substantial
tial reverse-base drive requires a small floating voltage source
d down with the switch transistor emitter. Such a supply is

Amce | A1ValVOIR2/R1 + R2)) =1 simplest base drive scheme having no such reverse drive will
Ak AV Vi
then V, AL(V,IV)[R2/(R]1+R2)] ed Switch Base Drive

For +10% change in input voltage, if the output voltage change is to be 0.1%

simplest base-drive scheme for the case in which the load is driven
t equal 100.
product A 1(V,/V,)[R2/(R1 + R2)] mus!

“is shown in Fig. 9-17A. It is the same circuit used in Fig. 6-17A
¢ of an emitter-loaded npn series-pass transistor.
base of the switch itself (Q1) or the npn Darlington driver must
source fed from a voltage higher than +¥,,, but, since there is no
‘than +V,,, the simplest driver is a pnp device that can supply
rrent even at V.., of about 0.4 V,
Pnp driver Q3 supplies the current for the npn Darlington Q2, and
g amplifier is an npn driver Q4 whose base remains fixed with
ind and is simply a current switch supplying or removing current
* of Q3. Base potential of Q4 moves only from ground to +¥,, or to
Chain of dc-coupled transistors is very inexpensive and is frequently
at turnoff, turn-off delays of Q4, Q3, Q2, and Q1 are in series and
@ substantial amount. Q1 does not saturate because the Darlington
S it (Sect. 2.1.9). Similarly, Q2 does not saturate, since the
voltage of Q3 prevents that. Thus, Q1 and Q2 have no storage —
ays. These can be minimized by making their base-emitter re-
generally between 20 and 50 ohms, But Q3 and Q4 do saturate

Line Voltage Regulation for Switching Regulator of Sect. 9.1 .z: )y

i i i in A1 for the

It is instructive to consider the required gain e
switching regulator of Sect. 9.1.7. In that regulator, Vi, %i;mﬂ _
and V, was 110 V. Then for a reference voltage at the 41 differ: :
Fig. 9-16A of 6.2 V

R2/(R1+ R2)=6.2/110 = 0.056

voltage to the width-mo

& i i t
And for a peak-to-peak triangle inpu Then, for a 0.1% output @

comparator of ¥, = 3 V, V[V, = 157/3=52.
with a 10% input change, from Eq. 9-25

ALV, [V)[R2/(R1+ R2)] = 41(52)(0.056) = 100

or A1 = 34. This is a relatively modest gain—far less than is acblc"‘m.

integrated-circuit operational ampliﬁer»opcrate_d open loop.
To avoid the possibility of loop oscillations, the gzt

open-loop gain A,, can be reduced to any desired value by
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qn
WARIABLE-WIDTH
BASE U'El‘u'E
e
+
>R
. 4 l
=

L4

Fig. 9-17. (A) Completely de-coupled switch base-drive. Stored charges
in Q3 and Q4 slow up turn-off and storage times. Difficulty of supply-
ing reverse-base drive slows these times considerably.

and contribute long storage and tumn-off times. These should be minimiz
prove efficiency and avoid the possibility of second breakdown.

o]l

Switching Regulators
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Baker Clamps to Minimize Storage Delay in dc-Coupled

Base-Drive Circuils

Saturation and consequent long storage time in Q3 and Q4 of Fi
can be largely eliminated by Baker clamp diodes as in Fig. 9-17B. These
D1, D2, and D3 for Q3 and D4, D5, and D6 for Q4 operate to pre
collector-base junction from taking on a forward bias—the condition f
tion. Their behavior is detailed in Sect. 2.1.9. With Baker clamps and low
emitter resistors (R3 and R4), the total turn-off plus storage delay in
chain Q1-Q4 can be kept under 2 usec—even for slow power transist
and Q2.
If necessary, turn-off delay in Q4 can be reduced still further b
tional means. Thus, the Q4 base can be driven by a resistor shunted by @
capacitor that will pull reverse-base current at the sharp negative-g0if
the input voltage waveform. An emitter resistor shunted by a capacitor’
help speed up Q4 turn-off time. y

04 rj&j ‘
(D WQ
2 05 +| He

Q1 __1_ .
¥

2l

= xy
e i
O

'y
V=i

i 1.0

ze=tr

Reverse-Base Drive for Minimizing Storage Delay

There are innumerable ways a reverse-base drive can be supi
bases of the switch transistor and its Darlington driver. Unfortunately:
these schemes require a small auxiliary negative bias power supply
the emitter of the switch and riding up and down with it. :

nt designers.

A frequently used possibility —varied by differe e
transformer W&

ondary

(1

minor ways—is shown in Fig. 9-17C. Here, a small
secondary generates two voltages, +¥1 and —V1. The sec
tied to the emitter of Q1. And thus, the two voltages float up
emitter of Q1. At turnoff of the switch QI and its driver Qz, Q_

(8]

(C_mg'd‘) (B) Adding Baker clamp diodes D1, D2, and D3 to
'st‘o 5. and D6 to Q4 prevents them from saturating and
rage and turn-off time. (C) Switch base drive. which per-

bas_e current to Q1 and Q2 for fast turnoff, requires float-
'€r' supplies, =V 1, which move up and down with V.
e

323
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turned on and present a short from Q1 and Q2 bases 1o a potential —;
below the emitters. With a reverse potential of about —4 V, Q1 and Q2 wij
off rapidly. To avoid reverse-bias second bn-:ak_down (Sect. 2.1.9) resistor
be placed in the collectors of Q6 and Q7 to limit the reverse-base current
switch transistors. Q6 and Q7 are small TOS transistors having low storage
They are normally off, except when Q1 and Q2 are to be turned off.

The forward-base drive for the Darlington driver does not come f
pnp driver as in Fig. 9-17A but rather from the positive floating voltage
¥, + V1. Transistors Q4 and QS5 are normally oﬁand_nmkc up a switch to turn
drive current to the base of Q2. When point P, in Fig. 9-17C goes positive, |
turns on. This saturates Q3 and applies drive to base Q2 of magnitude

V1 — (Vieian + View)
R,

Simultaneously, when Q4 is turned on, Q5 is turned on and divert
rent from R, into the collector of Q5. This removes the base drive to Q6 and
and they are off, thus permitting Q1 and Q2 to turn on. _

When the switch is to be turned off, point P;, goes low, Q5 turns off, ¢
rent from R, turns on bases of Q6 and Q7. This shorts the bases of Q1 aml 3
(¥, — V1). With this reverse voltage at their bases, Q1 and Q2 turn o&'
Simultaneously low input at P;, tuns off Q4 which turns off Q3 al?d thus re
forward drive to the base of Q2. With the removal of forward drwe: and
tion of reverse drive to the base of Q1 and its driver Q3, the switch op

iderably under 1 usec.
g Trznsfonnerlfl‘l is a small ferrite transformer fed from some av
high-frequency source in the system—usuallya low-powe.r, square-wavea
driven from the input-synchronizing signal. The variable }?uls&\mdth (
generated by the triangle comparator (Sect. 9.2.1) is coupled into Py, by

L2

)

3 ==

T2

LT

VARIABLE PULSE
WIDTH DRIVE

1Q2)= 9-18. Storing energy in the transformer magnelizing inductance
the “on” time and using it during the “off” time to provide
ase drive for fast turnoff.

primary and secondary reverse in polarity and the energy 4 L, (AIF,
the “on” time, is available as reverse-base drive to turn off the

Emitter- Versus Collector-Loaded Switches

ing regulator schematics presented thus far have their loads
(Figs. 9-1 and 9-17). This presents something of a problem if a
as shown in Fig. 9-17C is used to provide reverse-base drive, for
pply moves up and down an amount ¥, volts, and the switch must
t needed to move its capacitance to chassis through a large
fast rise and fall times,

former coupling. In such transformer coupling, care must be taken that Some Mlgners preff:r putting the load at the collcr::tqr and llsi.ng t!'ne
former does not saturate when 7, is more than 50% of T. : or in the negative leg of the supply source. This is shown in Fig.
Although such a complex reverse-base drive circuit is often M s configuration does have many advantages, since no circuitry is at-

i lexity result in a si .
questionable whether the added parts and complexity result 1f
vantage over a carefully designed de-coupled circuit like in Fig. 9-17B __
Baker clamps to reduce storage times.

Stored Energy in Coupling Transformer during On Time

for Minimizing Turn-Off Storage Delay : h

A relatively simple means of providing reverse-base drive :

the switch transistor off rapidly is shown in Fig. 9-18. Here, the m&e .

former is made with a sufficiently low magnetizing inductance SO thﬂ:me :

sorbs adequate energy from the driving source during the ?t!d w

clamped primary drive from a source that can supply the desire sitekl
plus the desired build-up in magnetizing current, the secondary v

ing the “‘on’ time. o OO

v dm’i'mhi build-up in magnetizing current during the “on’ 1-1“1‘;;:3

peak amplitude I = ET,,/L,,, where E is the applied primary V"e )

the magnetizing inductance. By making L,, small enough, 2 larg il

energy is taken from the primary source. When the pnima

tor, which moves through the large voltage swing of V,, volts.
> to Q2 is to a point that has only a dc voltage difference between
negative output terminal. This voltage difference is (V,, — V,).
e terminals of input and output are common rather than the
1als as in emitter-loaded regulators.

pled control scheme for coupling between pulse-width drive
comparator to the base of the power switch is shown in Fig.
es an npn driver (Q4) at —V, controlling a pnp level-changing
¥in. This latter reaches down and acts as a current source to the
ariington driver.

circuit of Fig. 9-19A is the analog of the emitter-loaded scheme of
. It is shown with Baker clamp diodes D1, D2, and D3 to reduce
in the pnp driver Q3 and with diodes D4, D3, and D6 for reducing
in Darlington driver Q2.

are no floating supplies to be used (as in Fig. 9-17C), and Baker
‘of Fig. 9-17B suffice to reduce storage delay, collector loading
Ve little advantage over emitter loading. If auxiliary power supplies
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fault lights and energizing relays at other dc voltage levels. Un_dcr- or overy
sensing of power supply output voltages can thus be monitored a8 shy
Fig. 9-21A. _ ;
There a fraction of the output to be sensed is compared . ga
reference voltage in a voltage comparator. For [R2/(R1 + R2)]v, <
voltage comparator removes diode current from the .uplf) and luces
transistor current to zero. The supply current from R1 is diverted to the
QI, turning it on so that it can light fault light_s, open relays, etc. The de le
the emitter of Q1 can be at any potential with respect to the potential ;

1
- Ip=0C | l
| Ty=25C —/ﬁ.%‘ :

=30 mA

2

COLLECTOR CURRENT {ma)
E =

J\

=20 mA

"1
—-"JH

=)

I;=10 mA — i
—

A

g

0 5 5] 15 G
COLLECTOR-TO-EMITTER VOLTAGE (VOLTS)

1a] “

40

[{=40 mA

=30 mA

COLLECTOR CURRENT (ma)

5 [ 15 @0

COLLECTOR-TO-EMTTER VOLTAGE (vOLTS)
(8} g
Fig. 9-20. (A) An optoelectronic coupler and its sym!:ol. Cu”n:::tl;‘tt:
diode element at one dc voltage level controls trams|r~.l<:|rdt:l;irle todi 8
arbitrarily different voltage level. (B) A 1,000-ohm Imeen Cand il
supply voltage of 15 V. Modulating dlqde current betw e
mA switches transistor collector potential between Pl an
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V. Obviously, a large variety of sensing functions using a voltage
im an inverting or noninverting mode is possible. Although such
—switch transistor-enabling functions can be implemented
optocoupler, the feature that the opto can operate at different de
e control signal and the output response makes it such a valuable

jure 9-21B shows the use of an optocoupler in a linear mode. It level
oltage that is the amplified dc difference between a reference voltage
n of the supply output voltage. The level shifting is from ground or
nce at the output of the power supply to a point referenced to the
of the ac line-operated bridge rectifier. As noted above, such a

th ac voltage with respect to ground, and, without the dc isolation
‘the optocoupler, such a level translation would not be possible. The

lt_._z.signal is fed to the input of a triangle comparator (Fig. 9-13),
5

i
- '-:-\"p .
i3
X OPTOCOUPLER
]
3 'ik i l l
...:I \ru
%Emsu
CTIFIER
dedde
' CONVERTER
|
|
TH-MODULATED L
DRIVE — &1 \ it
OPTOCOUPLER
! 5 TRIANGLE
COMPARATOR INPUT

(8l

:“ - {A) On-off control applications using an optocoupler. (B) Us-
AN Optocoupler in a linear mode to translate an amplified error sig-
10 & triangle comparator at a different dc voltage level.
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which generates the variable-width switch turn-on pulse as d}scussgd in
9.2.1. With the polarities shown in Fig. 9-21B, an increase in outpyt
results in a decreased width turn-on pulse and consequently a de
corrected output voltage.

0 27 Cajp, Phoase Margin,.apd Loon Stabilitv in Sten.Dawsg gy
Switching Regulators i
i i ulator has an odd number
Having negative feedback, the reg : : er
reversals or —180° phase shift at dc. But phase shllﬂs at various points
loop —particularly through the LC filter —increase with ﬁ_'equency. At 5¢
quency, where the sum of all the accumulated phase shifts adds up to.
—180° ’thc total open-loop gain must have d_rppped to less than un![y .
zero ciecibels) or the circuit will have positive rather than negative
ill oscillate. :
W i?[”lu: design of a feedback loop is thus not complete until the tohl
loop gain and phase shift around the loop have }c)cfm ca]cglam‘d. And it ha
verified that at the frequency where the phase shift is —180° (aside l'mm the
contributed by the odd number of phase reversals), the total loop gain has
to less than zero decibels. . i
i The procedure to check this is to separately examine eaf:h .
the loop contributing to phase shift. For each element, phasehs vel
quency is plotted on semilog paper. From these plots, a:l e_ac_:d ,
phase shift in degrees is read for each element and t_hc indivi :he p'
added algebraically. At the frequency where the sum is —180°, the gain
t be less than zero decibels. e
i musNow the gain in decibels versus frequency for.ea.ch elem‘]u!]:
is plotted separately. Then, at each frequency, the gain in dgcibe th: ;oml :
each element and the gains in decibels added algebraically to give
! ain versus frequency. ) 1
] At the frequency where the total phase shift was 180",. the
must have fallen below zero decibels. If i!: has not, open-lo;gc g;l:tmﬂm
duced at the frequency where the phase shift has reached —li téd g
not be reduced at dc, since presumably dc gain has been selec
ired line voltage regulation. : _
e How gain at the —180° phase shift frequency can be reduced
affecting dc gain will be taken up below.

Gain and Phase Shift of LC Filter

The above sequence of steps can easily be done ght 5:1“933
calculating gain for each element of the loop is available. s -
gain must be considered are seen in Fig. 9-16A. They 0‘:1 < witch, the
the switching gain from ¥, through the width modulator athnerc "< another
network [R2/(RI + R2)], and the comparator A 1. If e
amplifier after 41 this must also be conr,fdered. Gain an 7 no loading
elements can be considered separately, since they produc

ther. . a
T Gain and phase shift of the LC filter network (1)8 ;il:tlms
because it contributes most of the phase shift in the loop. US

= will occur somewhere near the resonant frequency of L2-C2. Phase
gain of L2-C2 can be read from the normalizing curves of Figs, 9-22
, which have been obtained by computer calculation. The filter is a
shunt C filter loaded by a resistance R, =V,/1,. The fact that it is in-
ifching operatiae.andinrusis s uctiatly e Wiatn-moaulated square
tude Vi, (Fig. 9-2B) is irrelevant.
shift versus frequency is shown in the normalized curve of Fig.
shift is strongly dependent on the ratio R/(L/C)'2, High values of
sent the strongly underdamped case in which phase shift is close
r this element alone at frequencies near the self-resonant frequency.
‘most switching regulators, the filter is strongly underdamped. Thus, in
d in Sect. 9.1.7 values were L. — 1.5 % 10*H,C=125% 105 F,
A atV, =110 V. This gives (L/C)"* = (1.5 X 1073/125 x 10-$)2
d R, = 110/2.71 = 40 ohms. Then R = | 1.4 (L/CYy". By interpola-
22, it is seen that at this value the filter itself yields —165° of phase
ncy of f= 1.2f, = 1.2/2a(LC)"* or at 441 Hz. Thus, if any other
only an additional —15° of phase shift at 441 Hz, oscillations will
LIS greater than zero decibels at that point.
versus frequency for the LC filter is read from Fig. 9-23, in
S a considerable positive bump in gain for underdamped cases.
I(L/C)", there is a resonant bump in gain of about +20 dB at
. Thus, from Figs. 9-22 and 9-23, phase shift and gain for values
directly after calculating the damping constant R,/ VL]C.

(s M=
-

]

|

__ m=0WlK
s — R=0.28/[7C | _
| R=10/l1C

t

Pkl :
0 10121520 50 100 100
NORMALIZED FREQUENCY L

0

‘." T =0

22. Phase shift versus frequency for switching-regulator
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v ; ; Fig. 9-24. An amplifier having a gain of R3/R |
T =T @ m i . P !— at dc and R2/R1 at higher frequencies where
P B ;
f=10,0/7C ~ | E '
nmra\l_c1 N }
R=30{L/C ' } — V,
nfz.omw

A << R2
M : .\ TTT—R=10y1TC k . ! 1
A= a sV - 4 given in vendors’ data sheets. For the two-transistor difference
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2T S e

|
=]

G m Eq. 6-26 in decibels is 20 log (/,R,).
tional Amplifiers with RC Feedback Networks

»\ _R= oWTIT i, I Iu;. ( g
N ' 1 difference amplifier of Fig. 9-16A can be operated open loop, in
f  gain is very high and may cause oscillations,

S Ml —=d _ le means of providing it with a known lower and stabilized gain
¥ ‘ I y gain and phase shift versus frequency characteristics is shown in
# 2"” very useful device, for it permits high gain at dc where it may be
~40——— ‘ g \
| ‘ I e Lur ) | y - ‘ - ] L | -
FRL. ¥2237 Janiversos wiegovnes adet sudizchige-rgenlator 1.C. filter.

s
GAIN \-F— (a8
n/

|
ra
o

|

ency of the LC filter is avoided.

ely, it can be understood as follows. It is an operational
high enough open-loop gain, A 1, its closed-loop gain is Z,/R1,

e impedance between V, and P1. Now at dc, X, >> R2 and also
Hence, the feedback circuit “does not know” R3 is shunted by
» Zp = R3 and at dc, gain is R3/R1. At a higher frequency where
nd R2 < R3, Z,; = R2 and closed-loop gain is R2/R1.

high frequencies and dc, the circuit is purely resistive and yields
hout phase shift, but, at intermediate frequencies, these gains are
and a phase shift is introduced.

1 Calculation for Operational Amplifier
RC Feedback Network

exact gain and phase shift versus frequency of an operational am-
feedback as in Fig. 9-24 may be calculated as follows. Gain of

the required dc line regulation. By permitting its gain to drop
encies, the possibility of oscillation at frequencies near the
0. 101215 20 50 100
NORMALIZED FREQUENCY - f/fy

Gain and Phase Shift of Width Modulator-Switch Combination

This has been calculated in Sect. 9.2.2. It is shown that there the
is V,,/V,, where V, is the peak-to-peak triangle voltage. In the fregu:::s;o
interest (around the LC filter resonant frequency), this contribu
shift. Its gain is then 20 log (V,,/V,) in decibels at all frequencies.

Gain and Phase Shift of Sampling Network

Figure 9-16A shows no capacitors around R1 or R2. Tl(;usibt:lﬂt
is independent of frequency and is 20 log [R2/(R1 +°R2}] in :cwhere
frequencies. If the total loop phase shift reaches —180° at a pmﬁ -
gain is greater than zero decibels, a phase lead or advance is e;ls I{ ;
adding a capacitor across R1. But this increases the gain a:h Bm If's
where the impedance of the capacitor is comparable or less :I;t o
capacitor is added, gain and phase must be calculated for the @ "
discussed fully later in this section. . -

Gain and Phase Shift of Difference Amplifier o
The difference amplifier may be either an operational :I;an
open loop or with an input and feedback resistor as in Fig. 9; lS » s
it may be a two-transistor difference amplifier as in Sect. r [wo-
from Eq. 6-26). Neither the open-loop operational amphﬁerlfu .
difference amplifier have significant phase shift near the seli-re ¥ oop ope
of the LC filter and, hence, only their gain is important. The opent

VilVi=-Z,/2,,

in terms of the p operator (p = jw), Zj, for the circuit in Fig. 9-22
impedance of R3 and R2, C2 in series. Thus

R3(R2+ 1/pC2) _ R2R3+ R3/pC2 _ _Rid +pR2CY)
R3+R2+1/pC2 R2+R3+1/pC2 1+ p(R2+ R3)C2

- ~Zn_ _ —R3(+pR2CI)
Z1  RI[1+p(R2+ R3)C2]

frequency can easily be plotted from this as follows: At dc, p = jw
is R3/R1, as stated above. The transfer function of Eq. 9-26 has in
Complex variable terms a ““pole™ in the denominator at a frequency

(9-26)
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of f, = 1/2#(R2 + R3)C2 and a “zero” in the numerator at a
= 1/2xR2C2. The ratio f,/f, = (R2 + R3)/R2. Now Eq. 9-26 can be
522 (R L)
i R1 1+ jflf,
R3\/1 + j(/If,)[R2/(R2 + R3)]

= (ﬁ)( 1+ J(1f) )
And for fIf, > 10

o-es

R1/A\R2+ R3

And for (R2 + R3)= kR2
. W, (5%)(1)
G="21 =" \Ri/\s
in i i isG= — 20 log k.

And gain in decibels is G = 20 log (R3/R1)—2 i

Thus, if gain is plotted on semilog paper as in Fig. 9—.25,-%;_
decibels vertically and frequency in hertz horizontally, the gain at dr,
frequency is a horizontal line at a decibel level of 20 log (R3/R1). Amf :
frequency where f = 1/27R2C2, gain is 20 log k below t!;at as shown
9-25. The gain at intermediate frequencies can be qmwn in quite ms_,__:_“
the following manner. It is well known that immediately _beyond a pah
so-called “‘corner frequency” of f, = 1/2#(R2 + R3)C2, gain commences,

off at the rate of 6 dB/octave. Thus, gain at intermediate frequencies ca.nbe
onto Fig. 9-25 by going to the frequency f, = /27 (R2+ R3)C2 on the

GAIN (dB)

m\\‘\lxl\

| \\

1
I = 2 +R3
Vi Y 1
m

-20F 1 | | : |
‘ Sl sy \A.LJ'“

FREQUENCY (Hz)

| |
GAIN AT HIGH FREQUENCIES
R &
& —v, =20 Inggy —201%8
WHERE k=""55

-

- cations:
Fig. 9-25. Plotting gain versus frequency from pole and zero lo

T = T l .
[ \ l ‘ \ fnﬂ?ﬁel—m—u \ ‘ \ ‘
I GAIN AT dc =20 log{R3/R11 Pl l” l | | 4[—‘——%—‘ :
30 | T r 1
P | N‘fz\ o114 38
| SLOPE=608/0CTAVE | | a?rlg:ﬁil'ilﬁusnats_—— =
+20 l ‘ \ \ \ £ =20logk INdB
| l | ~ \
] |
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th

 [G = 20 log (R3/R1)] and drawing a line with slope of 6 dB/octave.
ts the high-frequency gain line at f.. Now gain around the f,» and
n be estimated quite accurately by drawing in smooth asymptotic
ween the 6-dB/octave sloped line and the two horizontal lines. Thus,
e gain versus frequency curve is 2, — P1 — P2 — P3— P4— P,
us, in any special case of a feedback amplifier such as in Fig. 9-24
R2, R3, and C2 are known, the gain-versus-frequency characteristic
ated as above. But to make the technique more universal and permit
a circuit with desired gain and frequency characteristics. the nor-

rves of Fig. 9-26 are presented.

> curves of Fig. 9-26 give the gain falloff versus normalized fre-
a number of different values of drop in decibels from the dc gain.
aluable because it is often desired to drop the gain at high frequency
value by various amounts of decibels, The frequency is normalized
the pole frequency: i.e., the horizontal coordinate is f/f,, where £, is

uency 1/27(R2 + R3)C2. From Fig. 9-26, a feedback network can
nthesized to have any desired dc gain and gain falloff at high fre-
| the components can be selected to have desired gain and frequency
ics. This can be seen in the following design example.
2sign Example: Selection of a Feedback Network for Desired dec
-Frequency Gain Falloff, and Calculation of Its Gain Frequency
tics Consider an operational amplifier for the switching regulator of
Assume it had a dc gain of 40 (=+32 dB). Further, assume that analy-

R A —, T o |

b= 51,1 (R2+R3)=5R2

|
\ 5 4B/OCTAVE SLOPE -
T T

/i |
| | [
= 1015 (R2+R31 = 10R2
\n-.... [ =201;; (R2+B1=20R2 |

| | !
L St ELE S t =401, ; (R2+R31=40R2 |

1 7
s AL 1 e \ f,= 801y, [R2+R3) = BORZ
= Trtrer “"«--_!’..__,_
. | [

e ‘ dcaan=-2=20i9% 45 | =381,
|

- I ‘ ILII L . 1

10 100 100
NORMALIZED rneuuswcv'l
P

. 9-26. Gain falloff versus normalized frequency (frequency nor-
d to frequency of pole f,) for an operational amplifier with RC
k network as above.
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sis showed that, because of the phase shift .due to the LC filter in the swite
regulator, the system was close to oscillation at some point near the resc
frequency of the LC filter, which is assumed tf) be 450 Hz. Then, to pre er
oscillation, it is desired to drop the gain from its +32«dB_value atdcto—6;
450 Hz. 1t is desired to select the feedback network of Fig. 9-24 to achieve
The gain dropoff is 32 + 6 =38 dB. Then, from Fig. 9-26, fora
dropoff of —38 dB, it is seen R2 + R3 =80 R2. It was assl:lmed its de gain was
then R3/R1 = 40. Then, in Fig. 9-26, it is seen the leaﬂu::st frequency at W
the 38-dB drop in gain is achieved is at abouta normalized ﬁ'equenc.y of fIf, =
If this gain dropoft is to occur at 450 Hz, the pole frequency, f,, is equal to
f,=£1103= 450/103 = 4.37 Hz= 1/27(R2 + R3)C2

We thus have three equations:
() R2+R3= BOR2
(2) R3=40R1
(3) 4.37=12m(R2+ R3)C2
But we have four unknowns in R1, R2, R3, and C2, and we are thus at libert
choose one arbitrarily. Select R1 = 1,000 ohms. Then
From (2), R3 = 40 R1 = 40,000 ohms
From (1), R2 + 40,000 =80 R2 or R2 = 506 ohms
From (3), C2= 1/2n(R2+ R3) 4.37)= 090 puF

This network daes achieve the desired gain dropoff, but it also do¢

troduce a phase shift, and care must be exercised that this added pha?e shﬂl‘-
that contributed by the LC filter does not add up 10 a total of —180° at any

i in i decibels.
uency at which the total loop gain is greater than zero
3 ¢ Thus, the phase characteristics of the RC feedback network
calculable. This is done as follows.

Phase Calculation for Operational Amplifier
with RC Feedback Network 3

Phase shift versus frequency can be calculated from Eq. 9-_3: ar
cific values of the variables. Itisa laborious t_:ask that can bf: do:ll;ﬁ gil:lnt o
computer, but it can also be drawn in normalized ll‘ash%on Mt;l s g
by some fairly simple procedures. This is shown in Fig. 9—2. ¥ l:iltc =
horizontal coordinate is not frequency but frequency normallzt[’-t o
of the “pole,” f;. The phase shift curves are drawn as fouows; 1 ,:21r(lll LR
phase shift due toa “pole’ is—45° at the “pole” frequency L= gl :
To a close approximation, the slope of the phase-frequency _lf;l': jine PI-
as it passes through the —45° point at P, (where fIf, = 1). :Sz’ldecﬂﬂ&. _
drawn through the point fif;, = 1, § =—45° with a slope of — o

At some very high frequency where Koy & RZ._the e the =
resistive. That is, gain is R2/R1 and there is no -_phasg shlft‘(!l it s igne
phase reversal due to the fact that the ampl_iﬁerl is an mvertlrtlsasynmt i
Fig. 9-27). Thus, all phase characteristics in Fig. 9-27 mus
proach zero at high frequency.
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. 9-27, Phase shift versus normalized frequency for operational
er shown.

ase shift at any intermediate point is drawn as follows: It is known
ncy of the “zero” is reached, it provides a +45° phase shift
resulting from the phase lag due to the “pole” by itself. Thus, any
: fora “‘zero” at a frequency of f, = kf;, is obtained by moving down the
lag due to the “pole™ by itself) to a normalized frequency f./f, =k.
say as P3 for f, = 5f,) identifies the “zero” coming in with its +45°
ice. Now move up vertically from P3 an amount 45° to P4. Through
straight line of positive slope +45°/decade.
e bottom apex of the —45°/decade slope from the “pole™ and the
¢ slope from the “zero,” draw a smooth curve asymptotically joining
t lines. Then, at the upper end of the +45°/decade slope, draw a
asymptotically joining the zero phase shift axis and the +45°/decade
ing line. This represents the —90° lag introduced by the pole being
d brought back to zero by the phase advance due to the pole as it
ly approaches +90° in an inverse tangent fashion.
ough this may seem an inaccurate, empirical procedure, better done
12 gain and phase from Eq. 9-26A by compater, it does give a better
ight into the problem and highlights the significance of the ‘‘pole”
frequencies and it does yield phase-versus-frequency curves with

) more than about 5° and is adequate for its intended use. Figure 9-27

; ency characteristics for “zero” frequencies at 3, 5, 10, 20, 40,
times as great as the “‘pole” frequency. The curves are plotted in

e frequency normalized to the “pole” frequency.
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From the gain and phase curves in Figs. 9-26 and 9-27 of the C N ‘
network and the gain-phase characteristics of other elements in the ','n %
entire loop gain-phase characteristic can be plotted. Further, by sey !

“pole” and “‘zero” frequency of the amplifier of Fig. 9-24 at the proper, e | i /r i > 1

is, gai i be so located relative to th :
along the frequency axis, gain and phase dxps may th
ﬁlu:rg gain and phase curves that at no point where the total loop phase | :
—180° is the gain greater than unity.

Design Example: Tailoring Gain and Phase _If‘requency
Characteristic to Achieve Overall Loop Stability
Consider a series-switch step-down swilch%ng regulator as in _Fig;- . |
Equation 9-25 shows that the percentage change in output voltage is the LS
centage change in input dividéd vy the rotar open:nbup‘%am: A1) i ‘ ’ ' r
(R, + Ry)]. For a 10% input change to result in only a 0.1% output clmng,
tot:tl gain must equal 100 or +40 dB. As in Sect. 9.2.3, for V,,/V,= 157},;:_?

Vin

/ ’ R3 = ¥
[R2+R3) =316 R2

= R2 2 2 S

¥
' 'il.l

3 1
ty= 2m(R2+R3]C2

and R,/(R, + R,) = 6.2/110 = 0,056, the difference amplifier gain at dc
A1 = 100/(52)0.056) = 34 or 31 dB.

Now consider whether the loop will be stable if nothing is done to t

the gain and phase characteristics (such as by the addition of R2-C2 in Fig. 9-
of any element in the loop. In the frequency of interest, around the self-resof

rfequency wr‘uie U ufileer theuan)v,sionificant eain_and hase chapee!
those of the filter itself, since it is only at that !Srequency that the po sibili
oscillation exists. Beyond that, the LC filter gain falls at 12 dB/octave an

total gain has dropped to zero decibels long before phase shifts due to mﬁn

i i capacitances arise.
s am'i[';:lsl:\r:i{h Aliaflesigncd to give a dc gaitfl (?f +31dB fo.r atotsl(
dc gain of +40 dB, the gain-frequency characte_:nsu'c of the entire logp
R2 and C2 are not yet in the circuit) is plotted in Fig. 9-29.1t ha:';: .
out to the frequency where the LC filter approachgs resonm:n:;e. _t: m
filter can be read from Fig. 9-23, which shows ‘.‘gam cl'fanB'-‘- f;‘m}j é‘)l" =
(zero decibels) at dc. In the particular circuln of Fig. 9'—2 Eil -
% 10-9)/(125 X 10} = 3.5 ohms. The effective load resistance 1e oEF;p
2.7 = 41 ohms. Thus, R/(LI/C)? =41/3.5= 11.§. The clos_est t?lwctenm
to this is the one for R/(L/C)"* = 10, Take gain from mlir:—aﬁzn{l-&@f
malized frequency in Fig. 9-23 is fIf,, where fo= IJZN(LCEI t_any -
(125 X 10782 = 367 Hz. Now Fig. 9-23 can be enterehiacmngc i
read the gain change from its zero decibels value at dc. This i
subtracted to +40 dB to obtain the absolute value of total upeni- il
is plotted in Fig. 9-29. That curve is seen to have the resonan
er-resonant frequency. . e
mer lhe[lflil :ta similar fashion. the phase characteri_s{ic of Fig. 9-22 '}iu i‘:“* g
R/(L/C)" = 10 curve at the appropriate normalized frequer'l;;\; il
is also plotted in Fig. 9-29 and rcpresentsf total open-loop P pondes
quency, since thus far no other elements in the loop are con s shift
It is now seen in Fig. 9-29 at 367 Hz that the IOEPLE S r il
and gain is +60 dB, but because of the high].y l’mde_rda.vnmet 0 dB. A
the phase shift is up to —160° and loop gain is still up & B
of phase shift due to parasitic elements woqld cause 05(; g
stray phase shift is somewhat difficult to obtain, at a frequ

1 | ‘ ‘ ‘| {
Il|l\1‘ 1 Lily I S P |

100 1000 10000
NORMALIZED FREQUENCY =
4

 9=23. Phase shift versus normalized frequency (tail of same curve
“ig. 9-27).
}and gain is still about +40 dB. Now another 6°, which is not difficult
will result in oscillations.
r;;ch‘:uit is thus very prone to oscillate somewhere in the region of
2. This can be avoided by introducing a phase lead or dropping the
ain by about—50 dB. Generally, negative-feedback loops are designed
! 50 that, at the frequency at which total loop phase shift is 180°,
it most —10 dB. Thus, dropping gain off its present value by —50 dB
 beyond, say, 400 Hz will ensure the circuit will not oscillate if the
en introduces no phase shift.
e required gain dropoff can be obtained by adding elements R2 and
3 as shown in Fig. 9-29. From F ig. 9-26, it is seen to obtain a gain
0 dB, and R2 must be selected so that (R2 + R3)= 316 R2. With C
1 R2, this puts in a “zero” at a frequency of | [2oR2C2, which is at
316 times as high as the “pole” at a frequency 1/2(R2 + R3)C2.
Te is one more degree of freedom left: the absolute value of the zero
lency fixed by the selection of C2. If the —50 dB gain is to be obtained
< On outward, Fig. 9-26 shows we can locate it at f/f, = 400 when i
3eyo d fIf, = 400, we have achieved the —50 dB gain dropoff.
ure 9-27 shows phase shift versus normalized frequency for various
fo. Figure 9-28 is the tail end of the £,/f, = 316 curve of Fig. 9-27.
ase shift down toward zero at high values of f]f, . At the tail, this curve
 drawn as an inverse tangent curve displaced along the f/ f,, axis.
as follows: At high frequencies, R3 » R2 + X, and the trans-

. .E'.'.gh%] 18 Zy/Z,, = (R2+ X(,)/R 1. The phase shift due to this trans-

X 1 £, 316f, 316
tano = Xa _ sl
’ i ¥ fif,
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T
or = e
1f

Thus, the phase shift curve is drawn as an inverse tangent curve p
ing through —45° at fif, = 316. =
o TD“.I%f we did sﬂﬁ:t R2 + R3= 316 R2, to give f, = 316f,, but Sﬂthc
at fIf, = 400 for f= 410 Hz to achieve the —50-dB gain falloff from F{g,g,,b
then Fig. 9-28 shows we would pick up another —40° of phase shift at 410
and the circuit would oscillate just below 410, where the full —50-dB gain dro :
is not yet achieved and the LC phase shift is high. i

Thus, the —50 dB gain dropoff must be picked up at a point where |
9-28 shows very little additional phase shift with the addition of R2 and |
In Fig. 9-28 on the f, = 316, curve, at fIf, = 4,000, there is only an -

—35° phase shift picked up. Thus, if we set fif, = 4,000 for f= 410 Hz, Wben-.

9-29 shows an additional —5° phase shift can be tolerated, then
L, = 114,000 = 410/4,000 = 0.1 Hz
and fi=12m(R2+ R3)C2=0.1 Hz
It has been shown above that the required dc gain was 34 or R3

= 34, and, for the dc gain dropoff of —50 dB, (R2+ R3)= 316 R2. Thqs, mﬂ: o
variables and three conditions, we are at liberty to choose one variable. A

trarily set R1 = 5,000 ohms. Then

R3 = 34(5,000) = 170,000 ohms
and R2 = R3/315 = 170,000/315 = 540 ohms

+60 ]‘ t

GAIN =—

+50 — : /
+40 _'_ﬂ

-é- +30— \
= \ |
b o | . 1
+2— 1
"
E3A0R AMPLE £R [
o o GAN=+32 8 ;
+0—
Vi=3WPE  W=62y
TRIANGLE
it
] 1 i
1 1 Ll L - . | .l i 1 ‘ 1 4 Ll _.o_@-_-_.—-_J_J-
1.0 10.0 100 I

FREQUENCY (Hz)

for
Fig. 9-29. Total open-loop gain and phase shift versus frequency 10
LC filter and operational amplifer in series.
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C2= 1/27(170,540)(0.1) = 0.9 uF

is now stabilized. Gain characteristics can be drawn onto Fig. 9-29

ving each point on the gain curve down —50 dB at all frequencies after

. Phase characteristics can be drawn onto Fig. 9-29 by adding the phase

of Fig. 9-28 to that of Fig. 9-29.

It should be noted that, although the loop is stable, by being forced down

w value off, (0.1 Hz), loop response will be slowed down as the operational
ﬂi r gain starts falling at 6 dB/octave at 0.1 Hz.

- Higher bandwidth is obtainable by using two operational amplifiers

oroviding half the desired total dc gain of +31 dB. Each can be operated

 feedback network set to give a gain dropoff of —26 dB [(R2+ R3)=20 R2

.9-26]. This yields the desired —52 dB gain dropoff, but, from Fig. 9-27,

n be set o give its gain dropoff at f]f, = 400 at f= 400 Hz. This adds only

phase shift at 410 Hz for each amplifier. Now the pole frequency is f,

{400 or 1 Hz rather than 0.1 Hz, and the loop frequency response will be

~ Another alternative is to reduce the LC filter phase shift by adding a
sistor (R,) in series with the ground end of the filter capacitor. Referring
i )-22, at frequencies where X, < R, the shunt impedance to ground at the
node is now a resistor rather than a capacitor, and the output-input phase
at of a series L-shunt R rather than series L-shunt C. Maximum filter
lag is thus 90° rather than 180°. The value of R, should be minimized to
ncreasing switching frequency ripple voltage. The equivalent series resist-
SR) of the filter capacitor itself helps in this respect, but it is an uncon-
ter and varies widely from unit to unit.

~ Input Ripple Attenuation and Feedback Loop Stability

.I’Equal:iom 9-25 states that the percentage change in regulator output
is equal to its input change (collector of the switch transistor in Fig. 9-29)
y the feedback amplifier’s open-loop gain.
- This open-loop gain was set at 100 at dc so that an input change of +10%
*10% ac line changes) results in a 0,15 regulator output change. But if
back network is to provide ripple attenuation of the same factor (output
Tcentage is equal to 1/100 of the input ripple) open-loop gain at the
*ntal ripple frequency (120 Hz in a single-phase bridge or 360 Hz in a
hase, full-wave bridge) must still be 100,
However, in the section just completed, loop stability was achieved by
 Open-loop gain at the filter’s self-resonant frequency of 380 Hz as much
B. This dropped gain at the fundamental ripple frequency (360 Hz in the
ase or 120 Hz in single-phase systems) by the same amount.
_Thus, the feedback network. although providing dc output changes of
the de input changes, does not provide any attenuation at all of the ripple
Ut to output.
‘Hence, ifsucha switching regulator is driven from a source having ripple
Posed on its average dc voltage level, some other tool must be avail able
e output ripple other than the brute-force means of dropping gain off
Y. The ripple frequencies are too close to the usual LC-filter self-
frequencies and reducing gain at the LC-filter frequency also reduces it
€ Same amount at the ripple frequency.
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And in the usual supply having single-phase 115-V ac input, output

from the rectifier is no more than about 150 W. Above that output power,
phase power source is generally made available. Then for 150 W, de

current is 1 A and with C, chosen as above at 1,000 xF/ampere, its magni-

just 1,000 wF. Then the size of the filter inductance L1 is

4 . Reducing Ripple Input 1o 1
Three-Phase Rectifier Qutput Filter for' cing a
Switching Regulator The simplest tool for redupmg smtchm.g fe_s.'uhtur
sipple is not to do it at all with the feedback amplifier but to do it with an I_Cﬂ@
b:tl:\'ween the output of the rectifier and the input to the collector of the SMtch.g A
transistor as shown in Fig. 9-29.

: ivel 88 x 10®
hase, full-wave rectifiers, the filter components a.re re ly Lo BBxI0e
mall sin}:::rme i‘un[:iamema] ripple frequency is 360 Hz. An appreciation of the T
§ ’

i |-wave bridge can be obtained
i filter following a three-phase, ful _ 4
;:ifn(gl:tfl'f)lltsing. Assume a choke input filter following a three-phase, full-wave

bridge rectifier as in Fig. 5-1:

‘It can be seen that an LC filter for ripple reduction to the switching
or in a single-phase power system leads to quite large filter components
€s it more essential that the ripple attenuation be done in the feedback
itself,
- Phase Lead Networks for Feedback Loop Stabilization Earlier in this
1, the problem of the gain being greater than unity at the frequency when the
Viipptetrms) = (T-3_5._) ¥ secicity = 0042 ¥ secoutpup shift was ~18-I)" was solved b_y drop.ping the gain at that frequency,
: —0.12V . 0 drop]_:ed gain at the u_su?J input npple: frequencies and made the
= (2.82)(0.042) Vciouun de network incapable of providing adequate ripple attenuation.
As shown above with three-phase input power, an LC filter ahead of
hing regulator can provide adequate ripple attenuation with acceptably
ponents, but for single-phase power with a fundamental ripple fre-
of 120 Hz, the necessary filter components are rather large and ripple
on is preferably done in the feedback amplifiers.

Vsippletrms) = 0.057 Vrmstae npun

Vdctuulputi T 135 Vrms(ac input)

0.057

Vripple(n.'pl . f

i he input to a single-stage ter fol-

Or the peak-to-peak ripple at t -

lowing the bridge rectifier output is 12% of the dc Dl:llp'lfl voltage]. Ifthethen filteris
to r::uce the ripple by a factor of, say, 10 to 1%, which is tolerable,

X.=01X, and l/wC=0lol

LR I 1.93 x 10-® . - .
or LC=15= (27360)* [ tor C3 across the sampling resistor R3 (Fig. 9-29). This provides a
and for reasonable value for C of, say, 300 uF,

1.95 x 107*
~300% 10 4
Rectifier Quiput Filter for Reducfr;gf:te R;‘ﬂf‘:eu:unﬁlm to ﬁ
Switching Regulator With single-phase power, lhle gl'terg_zgr”['he etel
rectifier must be a capacitive input = type as :shown in Fig. e s;na]l —to-w__
itor C_ is relatively large and is chosen_ to yield a reasona nf]a o bypeakthe i
tria.ngzllar ripple voltage. This ripple is then further atte .

i be estimated as follows:
nitude of filter components may : e
s Macg‘ is chosen from Fig. 5-5 to be proportional to output

. Thus, in Fig. 9-29, in which the total phase shift around the loop is
~approaching —180° close to the resonant frequency of the LC filter, the
se shift will be boosted back upward from —180° at that frequency. It
come back down to —180° again further on beyond the filter self-reso-
ency. But at that point the LC filter gain, which is falling at —12
e will have brought the total loop gain down below zero decibels and
will be stable,

Gain and phase shift between output and input of a lead network such
2. 9-30 may be calculated from its transfer function. Thus

= 6.5 mH

Single-Phase

Vs R4 R4(R3+ 1/pC3)
. itor whose magm — = -
From Fig. 5-5 it is seen that at 60 Hz, choosing a capacilo £8.3 V. Then Voo R4y R3(IpC3) ~ R4R3+1/pC3)+ R3)pC3
1,000 wF/load ampere yields a peak-to-peak ripple voltage 0 . R3+ 1pC3

percentage output ripple at the top of C, is
AV, IV, = B[V,
b .
For the usual 115 V. input voltage, dc output is = 150 V. Thu

- 3%
AV IV, = 8/150=0.053 or 5. : :
; fifth to 1% at the input

R4

— R4+ pRORINCI) (m)(l +pR3C3)
R3+R4+pRORINCY) +p( R4R3 ) e

R3+ R4

. e
Assume the L1-C1 filter is to reduce this by one-

switching regulator. Then

R4 ,
: =wl1/5 (m)(l +j2m fR3C3)
Xy = (g)xm and  1/oCl=

R4R3
R3+ R4

Eg_=
Vo 1+j21rf(

Jos

or LIC1 = S/w* =88 x 10  forf= 120 Hz
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' in contrast to the feedback amplifier of Eq. 9-26A, the “pole™ is at a

T I~ I uency than the zero. For values of k > 1 and low values of fif.. Eq.

FOR THIS SPECIFIC CASE:

Bl

RIERE _ o lifies to
b

v, R4 :
=g = 30H: | ¥, (___R3+ R4)“ +iAR)]

il
— 1

|

olute magnitude of this is a gain, which at flf. = 1 is +3 dB greater than

| /,/ D[R ey gain of R4/(R3 + R4). Thereafter it increases at +6 dB/octave, but at
e — frequencies where f]f, and flk f, > 1, Eq. 9-28 simplifies to
=

:

(e maliiy)~ (s ) () -

to unity, which is what is to be expected, since at high frequencies

+6 dB/DCTAVE SLOPE

GAIN-
2
=]

. This can be drawn on semilog paper as in Fig. 9-30. There, gain in
-20 i ik ' | ‘ ! is plotted vertically and frequency is plotted horizontally. Its gain at
i =20y B2 l b | | | 20 log [(R3 + R4)/R4] = —20 log k. It remains constant at this value out

“‘zero” frequency where it starts rising at +6 dB/octave until it hits the

decibels gain line. The actual gains at the apex of the 6 dB/octave sloping

and the two horizontal gain lines can be drawn in as smooth curves asymtoti-
Joining the sides of those apexes.

Now a set of universal gain curves can be drawn (Fig. 9-31) with the

ntal coordinate being the normalized frequency, normalized now to the

ncy of the zero. The gain starts rising at the “zero’ frequency at 6 dB/octave.

T T0] AT
|

l T | J|||0 | - . IIGU 1000
FREQUENLY (Hz)

H

Fig. 9-30. Gain (VJV,) versus frequency for a phase lead network.

And for f, and f, defined by
f.=1/2wR3C3

T T
‘ I ~ R4+R3)f wy o= |
b= RaRI \ . ( R4 75 7T "2ERC" FREQUENCY =1, =
27| ——-=)C3 A
R4+ R3 "POLE" ramuzucrzrf—{—ﬂ'i‘—_ /
2| m 3
( . )[l+j(ﬂf;]] RELLL T T, =316, [R3 + RAVRA =31 z
¥, \R3+ R4 (9-27) e L » ‘ ]
Then 17!= 1= | fy=B01;:(R3 +Rel/R4 =80, |
0 " L AEEEE t =401, (R 1/RA =40,
2 Re \[1+iUf)] (9-28) i i f— =401, (R3 +R4/RE =40 Z
or F:: (RJ + R4/[1 + i(f1k )] a T R3 _r_:x /%’ :
This transfer function is in a way the ““mirror ima_gii" Df:;‘:‘;: t)he ined 3 t " Vt f=201; (R3 + RAVAE =20
. in- haracteristics ; y
back amplifier of Eq. 9-26A. Its gain-phase charac d redesignating the , = S )
from Figs. 9-26 and 9-27 by a simple interchange of signs an : +20r—| —=
horizontal axis as f/f,. This can be seen from the following. v v, = RAI(R3 B - = 51:;IR5+MH‘R-!=£
At dc, f= 0 and, from Eq. 9-27, the transfer function or ¥/ L;\’e voltage . /A | \ [ |
+ R4). This is:Of course, what is expected: At dc it is % m.np]l?tms's - o fy= 21,:(R3+ Ral/R4 =2
divider whose output is R4/(R3 + R4) times as la:g:- A npﬂ-,é numerator at & _ A | |
And in complex variable terms it has a “zero” In e oL | L ol | il i o el
frequency of f, = 1/2rR3C3 and a “pole” in the denominator

| 1
10 0. 100 1000

NORMALIZED FREQUENCY Ii
1 k

fo= R4R3 3_ 2wR3C3
”(m 72 RB)

«Fig. 9-31. Gain rise above dc gain versus normalized frequency for
phase lead network.
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gl o the feedback amplifier (Fig. 9-26), in w_hich gain started

-f[:aihlli:l;saltnsc:;};?t;:e at the Erequencz' of tth; “pole.” The vertical coordinate in
i i in ri its value at dc.

gl ]I: ia[ﬂebg:ie:mm: :f)rmaiized gain curve for the “lead network” of
Fig. 9-31 is the mirror image of that for the feedback amplifier of Fig. 9-2¢.
Thus, if the curves for the feedback amplifier are rotate‘t.:’l a:l‘aoutth the ﬂz;;ed??m
axis (or the sign of the vertical coordinates designated +" rather - th_“) m:f
if the horizontal axis is labeled fIf; rather than fif,, the gain curves for the “lead"
g g o= Fig. 9-31, gain for any combination of R3, R4, and C3 at any
frequency can be determined. In a mrmla: way, the phase ?hﬁmbe;wfjm g;:tput
and input for the lead network is the mirror image of that or : e3 ]ee ; $
plifier (Fig. 9-27). The phase shift for the 1?ad network of Flg].ﬁﬂ— &ocm e X
directly from Fig. 9-27 by changing the sign pf the phase sth r-hrn mu';hi,
plus and designating the horizontal axis coordinate as fIf, rather than ff,.
i in Fig. 9-32.
- Shuwnll)!l'si;ﬁt Example: Loop Stabilization by.
to Permit Adequate Gain for Ripple Attenuation The

Introduction of a Phase Lead

in this section without the drastic gain dropoff that
unable to attenuate input ripple.

Figure 9-29 shows
before addition of R2, C2 across RS._
phase shift is —170°, and gain is still up at +45 dB.
will result in oscillations.

It is seen in the vicinity of 450 Hz,

Add a capacitor across R3 to provide a positive phase bgo;t iro:lztlvxe
appropriate curve of Fig. 9-32. Since in Fig. 9-29 ¥, = 110 Vand V,= 62V,

4100

+80

+60

PHASE SHIFT BETWEEN Vg AND ¥, (DEGREES]

ol

NORMALIZED FREQUENCY é

i ad net-
Fig. 9-32. Phase shift versus normalized frequency for phase lea
work.

gain and phase shm
i = be used to stabilize the loop discussed ee.rher
curves of Figs. 9-31 and 9-32 can e e s L

i hase characteristics of the entire loop
b the loop
Another —10° phase shift
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+ R4)/R4 is determined as 110/6.2 = 18, Use the curve of Fig. 9-32 closest
s: (R3+ R4)/R4 = 20.
This gives f, = 207, and, from Fig. 9-31, at high frequencies, coming
ith boost in phase there will be a +26 dB boost in gain, It must then be
t with the gain added to that of Fig. 9-29, the total loop gain is less than
B at the frequency where the boosted-up phase has fallen back down to
the tail end of the curve of Fig. 9-32,
~ The point where the boosted phase has fallen back down to zero is
mined by where on the frequency axis the “‘zero” is located. Thus, without
se boost, we are at —170° phase shift at 450 Hz (Fig. 9-29). Put the point
below the broad peak of the f, = 20 f. curve of Fig. 9-32 at 450 Hz. Thus,
se flf. = 2 at f= 450 Hz. This gives a boost of +58° at 450 Hz and its net
shift there is the —170° from Fig. 9-29 plus the +58° from Fig. 9-32 fora
of —170 + 58 = —113°, It is now safe against oscillation at that frequency.
/f. = 2 at 450 Hz, f, = 225 Haz.
‘Now check at what frequency the gain has fallen back to zero. With
20 1., Fig. 9-31 shows gain has been boosted at high frequencies by +26 dB.
9-29 shows that, before the boost was added, total loop gain had fallen to
3,500 Hz. With the boost capacitor in, it is +26 dB at that frequency and
the LC filter slope at —12 dB/octave. Thus, draw a line through +26 dB
,500 Hz with a slope of —12 dBjoctave. This hits zero decibels again at 10
z, and with f, = 225 Hz, at 10 kHz, fif, = 10,000/225 = 44.
- From Fig. 9-32, at fIf, = 44, f, = 20£., phase shift is still boosted +25°.
is 25° above the —180° contributed by the filter. The circuit is thus stable:
point where the total loop gain has already fallen to zero, the total loop
ift is still 25° short of —180°,
Now gain at the ripple frequency of 120 Hz is still high enough to pro-
idequate ripple attenuation. Thus, from Fig. 9-29 at 120 Hz, the gain before
t capacitor was added was +40 dB. From Fig. 9-31, at 120 Hz, with
= 225, flf. = 120/225 = 0.53, the boost capacitor adds another +1 dB gain to
th a total loop gain of +41 dB (gain = 112), the output ripple is 13z of the

ripple. Specific values for R3, R4, and C3 can now be chosen. There are two
..i

(1) (R3+ R4)/R4=110/6.2
(2) f.=225Hz=1/2=R3C3

(from Fig. 9-29)

Wwith three variables—R3, R4, and C3—and two conditions, we are at
to arbitrarily choose one. Generally, R4 would be chosen low enough so

impedance looking back into the R3-R4 junction is low compared to the
impedance of the error amplifier of Fig. 9-29.

Thus, arbitrarily select the current down through the sampling resistor
'to be 5 mA. (This will yield low enough impedances.) Then

R4 =6.2/0.005 = 1.240 ohms

R3=(110— 6.2)/0.005 = 20,760 ohms

C3= 127 f,R3 = 1/2m(225)(20.760) = 0.034 uF

: Optimizing Phase Lead Bump Location along the Frequency Axis A
94 physical insight into where to locate the phase “‘leads” or “bumps” along
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the frequency axis can be obtained by transferring the curve of Fig. 9-32 g 4
transparency. Align the zero phase shift axis of this transparency vertically with
that of a curve showing phase versus frequency of the rest of the loop (Fig. 9-29).
Then, by moving the transparency horizontally along the frequency axis, it is
easy to see where to locate the fIf. = 1 point in absolute frequency soas 10 spread
out the positive phase bump over the points in frequency where oscillation s
most likely before the addition of the phase lead. It is also easy to read the sum of
the phase bump introduced by the lead network and that of the rest of the feed-
back loop at any frequency.

9.3 Turn-On and Turn-Off Problems in Switching Regulators

Switching regulators, especially when operated from off-the-ac-line
rectifiers, are prone to second-breakdown problems at either turnon or turnoff,

The problem at turnon is due to the fact that the feedback loop. seeing
low output voltage, turns fully on to 100% duty cycle in an at'tempt‘ to bring the
output up. The switching inductor (L2 of Fig, 9-1), however, is designed to give
a AJ of about 40% of the maximum dc current in about 60-80% of the switching
period, which is only about 30-40 usec at 20 kHz switching rate.

Now if at turnon the width modulation circuitry produces full 100%
duty cycle, current in the switching inductor rises to the point where its iron is
saturated, and the switching transistor now sees a capacitive load rather than an
inductive, current-limiting one. If the line rectifier output rises fast and the
inductor saturates early, before the output filter capacitor charges up, the result-
ant current spike in the switch transistor can exceed forward-biased SFCOI’I‘?-
breakdown limits of the device and destroy it. The problem is more serious in
off-the-line switching regulators operating off a rectified 300 V (_frt?m a three-
phase bridge and a 208-V line-to-line input). Generally, with rex:pﬁed 160 V
(three-phase 120-V line-to-neutral rectifier or single-phase 120-V pndge olftpl-lt),
there is no problem for most of the available high-voltage swilchtqg lrapmstot‘s-

A usual remedy for such a problem is a **soft-start” circmT_ This uses a
capacitor located (such as at the reference input to the error amplifier) so as to
force a minimum duty cycle at initial turnon. As the capacitor charges up, tram-
sistor switch “on” time duty cycle increases slowly, the switching inductor can-
not saturate. and high-transistor current spikes are prevented. i

But care must be exercised in such soft-start circuits because n_ow»m
the supply is turned off and rapidly turned on, the capacitor may not have Tn:-:on
discharge, At the fast re-turnon, if the capacitor has not fully discharged, “h o
is now certain to start with 100% duty cycle and remain there long enoug

saturate the core in the switching inductor. The consequent high trmsm‘ﬂ’
can cause it to fail in second-breakdown mode. There are many circuit t%
get around this; they usually involve sensing for turnoff and rapidly dis
the slow start capacitor. )
Similar problems can occur at turnoff. As the supply is shut down.
main error amplifier senses low output and commands 100% t_iilty W:ﬂl‘:'r 3
the output filter capacitance discharges rapidly but the :ppu}]me rec .
a problem can arise, With 100% duty cycle, the switching .mductor‘m
and with a large voltage across the switching transistor, which now 18 08
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‘the time, destructive current spikes can occur before the input line rectifier has
* fully lost its charge.

I Such problems are unique to the circuit details, and, although no solu-
' tions are offered here, it can only be suggested that such transient current spikes
~ be looked for by oscilloscope probing of breadboards. Generally, switching the
~ supply on and off and observing transistor switch currents with an oscilloscope
- current probe on a slow free-running oscilloscope time base (1-2 sec/cm) can
spot such spikes.

94 Width-Modulated dc/de Converters

The series-switch step-down switching regulator is an efficient way of
- deriving a lower voltage from a higher one. However, the output has one terminal
~ ¢common to the input. If the input is the ac-rectified line, there is no dc isolation
from the ac line —this is unacceptable in most cases.
‘ There are a number of alternatives if dc isolation is required. A dc/dc
converter can be built and fed from the rectified ac line voltage. After secondary
.\ rectification, which gives isolation from the ac line, a step-down switching
regulator can be used to derive the desired voltage.
' Alternatively, a step-down switching regulator can be built to be fed
~ from the rectified ac line. This preregulated output would feed no external loads,
~ but would be used to drive a dc/dc converter whose rectified secondary output
- could be used directly (output would be constant against line changes as the dc
~ input to the converter is regulated). If desired, outputs could be step-down
~ “switch” or ““series-pass” regulated to give regulation against load changes also.
] $ﬂ£h block-diagram combinations of pre- and postregulators are fully discussed
_in Chap. 3.
[ But most of these schemes involve handling the total power twice: once
:in-a step-down preregulator and again in the dc/dc converter, Also if de/dc con-
- version comes ahead of the step-down switching regulator, the main power is
-~ still handled twice.
I A simple way out of handling the power twice is to width modulate the
duration of each half cycle in a dc/dc converter. The free-wheeling diode and LC
iter, now located in the secondaries, perform the same function of taking a
- Width-modulated square wave and generating ripple-free dc voltage. The width-
- modulated inverter, then, combines in one building block the function of width-
- modulated regulation and dc/dc conversion.
__ This half-cycle, width-modulated inverter is discussed in detail in Sect.
1 2.5, and its basic circuit configuration is shown in Figs. 2-21, 2-22. and 2-24.
g i nndecessa § 0o wo tned eiius Ul s aesignhaeie since they have
/ been covered. All aspects of the dc/dc converter portion— transformer
core selection, turns calculation, transistor selection criteria, and thermal
s—are handled exactly as in a conventional unmodulated dc/dc con-
as discussed in Chap. 8. The LC filter design at the secondary is handled
in the step-down switching regulator calculations of Sect. 9.1.5. Finally
modulation techniques are exactly as discussed in Sect. 9.2.1. They
gle against a dc level proportional to the difference between a reference
2 and a fraction of the output voltage. This gating generates a pulse whose
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width fixes the “‘on” time of each inverter in its half cycle so as to keep the output
constant.

Merits of the half-cycle, width-modulated inverter are discussed fully
in Sect. 2.5.2. Various building block combinations of the width-modnlatedin_
verter are discussed in Chap. 3. An overview of their potential applications in
power supply systems can be had in a study of Figs. 3-5, 3-6, 3-9, and 3-12.

9.5 Width-Modulated Step-Up Switching Converters

This regulator is discussed in broad outline in Sect. 1.3, and its basic
circuit diagram is shown in Fig. 1-6.
The regulator finds application, of course, wherever a higher voltage is

required and the only source available is a lower-voltage one. There is no de

isolation from the negative terminal of the input source; hence, if the stepped-up
output is to be used external to the power supply, the negative terminal of the
input source must already be dc isolated from the ac line.

The step-up regulator finds its most frequent application as a step-up
preregulator operating directly off the rectified ac line. Most often, such an ac
line preregulator is a series-switch step-down regulator as described throughout
this chapter (Fig. 9-1). But one undesirable aspect of the step-down preregulator
is that it draws large amplitude and fast rise and fall time current steps from the
input source (see Fig. 9-2C).

These chopped current steps are troublesome. Drawn through induct-
ance of the wiring to the input source, they cause inductive voltage and current
spikes that cross talk into other sensitive wires in the system. Even if local rfi
filtering is used, the wiring from the series switch itself to the rfi filter can cause
cross-talk problems. These chopped current pulses also impose a difficult ripple
current rating on the rfi filter capacitor.

In contrast, the current drawn from the input source in the step-up
switching regulator does not come in steps with sharp rise and fall times. Rather,
it is a dc current that never drops to zero but has a slow triangular ripple compo-
nent superimposed on it (Fig. 9-33D). This gives far less rfi and internal cross-
talk problems and is one of the chief advantages of the step-up regulator.

A detailed description of step-up regulator current and voltage .“fa“-
forms will clarify its operation and simplify making the various design decisions.

9.5.1 Critical Waveforms in Step-Up Switching Converters

The major elements of the converter and its critical waveforms are
shown in Fig. 9-33. The major design decisions are selection of the output capac-
itor output inductor L and switch transistor Q. Since the inductor carries a €
component, it must be designed so as not to saturate at maximum ]
Also, maximum voltage to which the transistor switch is subjecte
calculated to verify that it operates within its ratings.

The basic operation of the converter is considered in Sect.

Tones .a
C, must supply the full output load current by itself. The switch is closed for a

fime Tc and is open for a time T". Output Vollage is (ﬁ'om E.q. ]'4): Vﬂ = Vm 5 l |

i 0

oad current:
d must be

1.3. Thet® 3§
it is pointed out that when Q1 is on (Fig. 9-33), diode D1 is reverse b a
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Fig. 9-33. Critical waveforms in step-up switching regulator for T,/T,
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9.5.2 Selection of Output Filter Capacitor
Now if C, must supply the full load current for a time T, and if its voltage

p at the end of 7. is to be no more than AV, C, is given by C, = 1,(TJAV,).

But 7, + T, = T = 1/f, where T is the switching period and f is its fre-
y. Then

T,=T-T,
Vo= LT+ T)T, V= (TIT,)V,
Te=T—-T,=T—-(VulV)T =T[(V,—V,)IV,);
C, = LT [AV, =1V, —V,)IfV AV, (9-27)
This fixes the value of C, for a desired output voltage V,, minimum

¢ AV,, switching frequency f, output voltage and current V, and /,, and

al input voltage V,,,.

9.5.3 Selection of Energy Storage Inductor
Figure 9-33 shows current supplied by C, during T, to be —I, (current

ilf.ﬂie t0p of C, is taken to be negative). Now, during T,, Q1 opens and the
tive kick at the bottom end of L drives point P1 positive until diode D1
ects. Now L supplies load current to R, at a voltage ¥, and must also supply
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current to replenish the charge C, lost when it alone was feeding the load. The
charge C, lost during T. is 1,T./C. Thus, during T,, the volt second area of the
current flowing into C, must equal [, T, or

F ‘1dt=1IT.

The actual current flowing into C, during 7, is the difference between the load
current and the inductor current.

But the inductor current has a dc or average value plus a ramp compo-
nent. This average is determined as follows: Assuming no internal losses for the
moment, VI, = V,I,. Now, I, is the average current taken from ¥, or the
average current flowing into the inductor /, . Since V, =V, (1 + T,/T,) (from Eq,
1-4),

VN LV QO+ TIT) , (T.+ Tu)
Linao =1, (V_m) = V e 7,

The ripple component of current is a ramp, for d_uring T. _the.:re is a
constant voltage of V,, across L and after a time 7, current increases in it by an
amount +A I, = V,,T./L. When QI is open for a time 7, the voltage across L
reverses polarity and the current in it ramps down by TA I, =(V,— Vy)/L. And
in the steady state +A [, during T, is equal to —AJ, during T,,._ fogtl

The magnitude of A, is selected just as in the series-switch mdlgctor
(Sect. 9.1.5, Eq. 9-14) so that the peak inductor current (=) A_I,}z) is no
more than 20% greater than the maximum average dc current. This makes it
easier to keep the inductor from saturating. It also minimizes the p_eak current
in Q1 and reduces dissipation and stress in it. It also rnake;s lowgr in value the
minimum load at which it is possible to operate. The current in the inductor at the
bottom of the ripple triangle in Fig. 9-30 must not be permitted to fall to zero

he end of T,.
by Hence, A; , is chosen as 1.4 Jiyqc, nom and the inductor is calculated

from:
fim ViswomTe _ _ Vintmom Te
Al 141 iidc.nom)
But, from above, T, = (¥, — V,)If V,. And assuming negligible losses,
Vol, = Vintnom ! inide.nom
or Fingatc, nom= Yol ol Vintnom
VinlnumlTu' (Vintnom:F(Vg = Vingom) (9'28)
s S O Y T |
This gives the required value in terms of output voltages, current, nomi-
nal input voltage, and switching frequency —all of which are known. e

The current in C, during T, can now be seen in Fig. 9-33B. 1t . .
ference between the output load current /, and the inductor current d:rf;.’: Lo
That last current is the sum of the dc input current plus the dcmwfﬂwm
ramp —A/, calculated above. It can be seen that the volt second arefa t;e =
rent waveform into C, during 7, is equal to the volt second area O
taken out of C, during 7.
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9.5.4 Transistor Voltage and Current and Power Stresses

! The maximum voltage stress on transistor Q1 is, of course, V,, which
~ jsan input design parameter and is ¥,,(1 + T/T,). Thus, unlike dc/dc converter
circuits, the transistor can be stressed to more than twice the dc input.

3 The current step in the transistor Q1 can be approximated for power
dissipation purposes by a square step of amplitude 7, = I,(V,/V,,). This lasts for
a time T, and the resultant dc dissipation in the transistor is £,(V,/Vi)(V.cwsa0)
| (T.IT). To a close approximation, it can be assumed the high-voltage-high-cur-
rent overlap losses during turnon and turnoff (Sect. 2.1.3) will equal these losses.

9.5.5 Avoiding Switching Inductor Saturation

The inductor carries a dc current /,(V,/V,,) and has a peak-to-peak
rpple component of 40% of that value (Sect. 9.1.4). The inductor should be

designed to avoid saturation either by use of a gapped core or a powdered iron
‘core as discussed in Sect. 9.1.8.

9.5.6 Width-Modulated, Step-Up Regulator

_ All that is required to make a step-up regulator out of the converter is
- the same set of elements shown in Fig. 9-1 for the step-down regulator. These
are a negative-feedback loop consisting of an output voltage sampling resistor
chain, a difference amplifier, and triangle voltage level to pulse width converter
to control the switch duty cycle. These have all been discussed in connection
- with the step-down regulator and need not be considered here.

: The width modulator, which is the heart of the feedback chain, can be
the same triangle-level comparator. Often, if fixed frequency operation is not
necessary, the closed-switch time is kept constant and the period varied by the
voltage at the output of the main dc error amplifier. This is currently best done
with a number of available integrated dircuit voltage-controlled oscillators that
:geﬂcmle a fixed pulse width at a frequency determined by a dc input control
voltage.

i

‘9.6  Integrated-Circuit Building Blocks for Control Circuitry
in Pulse-Width-Modulated dc/dc Converters

Integrated circuit modules such as binary counters, multiple NAND

in one package, and timers that can be used either as monostable multivibra-

(“‘one shots") or astable multivibrators (square-wave oscillators) offer a sim-
and inexpensive way to implement pulse-width control circuitry. At the time
this writing such building blocks can be bought for less than 50 cents (100 +
tity). All the circuitry required to generate the usual two 180° out-of-phase
ble-width drive pulses can be assembled from three to five integrated circuit
ding blocks, three resistors, and two capacitors. In the usual case, the width-
0dulated output pulses must control bases of power transistors whose emitters
referenced to input ground. This, in off-the-ac-line rectifiers, may be 150-300
away from output ground, which is the reference for the variable-width control
Ises, Thus, to provide the dc isolation between the generator of the variable-
3 I pulses and the power inverter bases, two additional low-power transistors

and two pulse transformers may be required.
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Fig. 9-34. Pulse-width control circuitry using integrated-circuit building
blocks.

A large variety of logic configurations and building blocks may be used
to generate the two 180° out-of-phase width-modulated control signals. Generally,
the scheme is to route a variable-width pulse alternately through two r_\IAND
gates on alternate half cycles under control of a binary counter, which is tnggerr:d
at the leading edge of the variable-width pulse. A typical example of such a logic
configuration is shown in Fig. 9-34.

e Figure 9-34 makes use of two triple three-input NAND gate r.nodules
(SN 7410) and a dual D type flip-flop (SN7474 of which only'one is used)
operated as a binary counter by connecting its Q output to its data imput and two
SE555" timers. The SESS5 is a useful timer in that it can be operated as a free-
running square-wave oscillator (astable mode) and also as a monostable multi-
vibrator (“‘one shot™). ]

As a one shot, the SE555 emits a positive-going output pulse at 1ts’out-
put (pin 3) when triggered by a negative-going pulse at the “trigger input” (pin 2)-
The duration of the positive output pulse (with control pin 5 connected to g
via a capacitor) is given by T, = L.1R,C. The pulse-width sensitiv%ty to supply
voltage variation is 0.02%/volt, to temperature variation (assuming 00_1131:;:
R, and C) is 0.01%/°C. The output pulse width may be controlled by varymegt o
dc voltage at the “control” input (pin 5). Variation of this voltage from 0.2 o
0.6V, varies the pulse width from 0.22R,C to 1.1R,C. Since the dc ouﬁ?t-
voltage of the converter is proportional to the “‘on” time pulse width, output I‘t@
age may be kept constant by driving pin 5 of the “one shot” by dn error VOIte
that is proportional to the difference between a reference voltage and a
of the output dc voltage.

# Signetics Co. Data Sheet.
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Fig. 9-35. Waveforms for Fig. 9-34.

_ The SES555 can also be used as a free-running square-wave oscillator if
' connected as shown in Fig. 9-34(SE555A). In this mode, the duration of the
positive portion of the square wave at pin 3 is given by T, = 0.685(R, + R,)C;
' the duration of the negative portion by T, = 0.685R,C. The period of the square-
- wave oscillator is then

l T=T,+ T,=0.685(R, + 2R,C)
its frequency is

1 1.46

f= 3T RV 2R

The operation of the logic block diagram of Fig. 9-34 can be understood
m the waveforms in Fig. 9-35.

Figure 9-35A shows the output at SE555A. pin 3. Frequency of this
able multivibrator is chosen to be twice the desired square-wave frequency of
converter. Relative duration of the positive and negative portions of the wave-
are not important, The SN7474 connected as shown operates as a binary
ter and changes state at every positive-going transition of the *clock” signal
t pin 1. Out-of-phase outputs from the binary counter are shown as Q, Q in
9-35C and 9-35 D.

Monostable SES35B requires a negative-going transistor at trigger pin 2
generate its output pulse. The third NAND gate of G1 (G1A) isused as a
gle input inverter to generate the negative-going transition (Fig. 9-35B) at
h change of state of the binary counter,

_ G1A also serves the valuable purpose of providing a slight delay in the
leading edge of the SE555B positive-going output signal beyond the binary
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counter output voltage transition. This prevents false narrow negatjve-going
output spikes from positive NAND gates G 1B and G 1C. Such false narrow oyt.
puts occur if there is a momentary overlap of high voltage as one input falls while
the other input rises. Such false narrow output pulses can destroy the power
inverters by causing false turnons, increasing their power dissipation or causing
simultaneous inverter conduction.

Postive logic NAND gates G1B and G1C serve to route the pulse from
SE555B through to their respective outputs on alternate half cycles as negative-
going pulses (Figs. 9-35C and 9-35F). NAND gates G2A and G2B are used ag
single-input inverters to give positive-going output pulses on alternate half cycles
(Figs. 9-35H and 9-35I). Transistors Q1 and Q2 are pulse amplifiers and the
pulse transformers T1 and T2 permit delivering the output pulses to the power
inverter bases at any arbitrary dc level.

The negative-feedback loop is closed through error amplifier Al —an
operational amplifier whose dc gain is R1/R2. Its gain phase shift-versus-fre-
quency characteristic is tailored by R3 and C3. As the output voltage tends to
rise, KV, moves upward and A1 output moves downward. Now the lower volt-
age at SESS5B pin 5 reduces its output pulse width and also that of the positive-
going pulses at the outputs of G2A and G2B. This reduces the power-inverter-on
times and decreases the .dc output voltage of the filter in the secondary of the
main power transformer.

An upper clamp is provided at pin 5 to limit the maximum output pulse
width to less than about 90% of the half period of the binary counter output.

The logic of Fig. 9-34 is a general illustration of what can be done. It
can be simplified in various ways. Gate G1A may be eliminated by narrowing the
negative portion of the SE555A output and using the negative transition to trigger
SES555B, the positive-going transition (perhaps 1 to 2 usec later) to drive the
binary counter. This permits using a single Quad-2 (four two-input NAND gates
in one package) for what is now in two packages (G1B, C, G2A, B). The 555
timers are presently available as two timers in one package (556). The package
count is thus now down to three (not counting error amplifier A1) as compared to
five in Fig. 9-34.

Just recently, integrated circuit modules that perform all of the functions
of Fig. 9-34 in one single package have become available.” Although presently
they are more expensive, the decreased package count may make them more
economical when assembly and logistic costs are considered.

9.6.1 Motorola MC3420 Switching-Regulator Control
Circuit Module'®

The usual switching-regulator control circuit consists of two variable-
width rectangular pulses which occur symmetrically within alternate half cycles
of the fundamental switching frequency and are capable of being width modulated
by the dc control voltage. This dc control voltage is the amplified difference be-
tween the voltage to be regulated and a reference voltage.

The circuit in Fig. 9-35 generates such pulses using four to five ‘-‘0_'“"_"“'
tional integrated circuits (timers, NAND gates), each in its own dual-in-liné

4 Motorola MC 3420, Silicon General SC1524.
' Data and information courtesy of Motorola, Inc.
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Fig. 9-36. b_dotorola MC3420 IC switching regulator control circuit,
(A) Block diagram, (B) Typical application. (Courtesy Motorola, Inc.)

: of the functions of the circuit in Fig. 9-35 in a single integrated circuit in
DIP package. Complete details can be obtained from the manufacturer’s data
. but briefly its operation is as follows:
. The ramp generator in Fig. 9-36A contains a flip-flop. When the circuit
'C;Onnlecled as in Fig. 9-36B, the “ramp generator” is a free-running triangle
lator whose frequency is fixed by the values of the external resistor (R o
_exlernal capacitor (C, ), as shown in Fig. 9-36D. Because of internal circuit
ails, when the flip-flop signal at pin 3 is high, the triangle ramps downward;
the flip-flop signal at pin 3 is low, the triangle ramps upward. The triangle
between +2 and +6 V.,
. The triangle is compared (pin 8 connected to pin 5) against a dc voltage
in triangle comparator PWM. Whenever the triangle voltage at pin 5 is
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il =60V e amplified difference between the reference voltage and the dc voltage being regu-
Frstodll TR = A AN W s e A {ated. The width-modulated signal at PWM sits symmetrically on either side of the
e e V= esa positive peak of each triangle and decreases in width as the voltage at pin 6 moves

Adjust

' toward the top of the triangle.

A With pin 4 connected to pin 16. the variable-width PWM pulses are
steered on alternate half cycles through paths G1-Q1 and G2-Q2 by the action
binary counter BC1. The clock pulse used to trigger BC1 is obtained by “*add-
g’ the PWM and flip-flop (pin 3) outputs. This ensures that under transient
' é:mditions, the pulse is steered through alternate outputs. Counter BC1 is trig-
| smd on the negative-going edge of the signal from G3, which occurs on the
trailing edge (negative-going edge) of the PWM pulses at pin 4. Because of the
ght delay in G3, BC1, and G4, all of the trailing edge of the PWM pulse gets

through G1 or G2 before that same trailing edge changes the state of BC1.

' Input at pin 15 to gate G4 is normally high, thereby enabling the gate.
‘Under various system conditions (overvoltage, overcurrent, or inrush current
limiting) when it is desired to inhibit both outputs, pin 15 can be brought to logic
~ zero or less than 0.7 V.,

v L B
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: e TN o AR o A
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| Steady State Iilustration of | Max. Duty Cyela + : 1 1
ca"°/ : g:;:;:.ur:ﬁ:;m:m Prevention of "D"D“h" I (Liika B To avoid the problem of simultaneous conduction and possible destruc-
a r e i i . . . PO . . u
Q‘)J‘/ lI ineut volmpe & Losst | ubiact B e e  tion of power inverter transistors (Sect. 8.7.1), it is desirable to have a minimum
- By U f AND Gate Voltage and/or kD . 1 5
ST g Lie Cireipands 16 W i dlaws II N “dead Ume‘ or gap between the an:l of one Pulse and the’ start of the next at the
Output Transistor | (Transient Outout Load) output points, pins 11 and 13. This is done with the dead-time comparator (DTC)
Saturation E

ich compares the PWM triangle with a constant reference voltage (derived
from the reference source at pin 9). For the entire time that the triangle is below
' the voltage at pin 7, both outputs at pins 11 and 13 are inhibited (outputs both
. high). Thus. raising the voltage at pin 7 higher than the triangle trough of 20V
‘increases dead time.
The “on” time of output 2 can vary independently of pin 1. This is some-
‘times desirable to avoid the problem of a power transformer core “walking” up
down its hysteresis loop (Sect. 8.7.6). Operation of the transformer core can
kept centered on its hysteresis loop by a feedback loop which alters the rela-
tive “‘on” time of two transistors in a push-pull dc/dc inverter.
Symmetry correction can be achieved by opening the pin 4-pin 16 con-
ion and driving pin 16 separately, or by varying the slope of the rise time at
n 16 while leaving undisturbed the rise time at the corresponding input to gate
1. The exact circuit details of such a symmetry correction must be examined
lly. Especially under turn-on or transient conditions, if Q1 and Q2 “on™
times become significantly unequal (about 15% may be enough), the power
former core can move after only a few cycles into saturation and destroy
€ power_transistor. .

9.6.2 Silicon General SG1524 Switching-Regulator Control
Circuit'' Module

This module, also in one integrated circuit DIP package, contains all
circuitry to generate the adjustable-frequency. width-modulated, 180° out-
phase control pulses required to drive inputs of power transistors of switching

Ramp In, Aamp Out Tied Together (Pins 8 & 5)
PWM Qut, Output 2 Inhibit Tied Together (Pins & & 16)
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ig. 9-36. (Conr'd.) Motorola MC3420 IC swzlclrlmg regulator con
%Cﬁﬁcal waveforms. (D) Frequency determination, (Courtesy Motorola, Inc.

above the control voltage at pin 6, the output of the PWM is high; when t:; :“
angle is below the control voltage, the PWM output is low. Thus, by Vatr:ilgn
amplitude of the control voltage between +2 and +6 V, the !’WM outpu e+
pin 4 varies in width. The control voltage at pin 6 is the amplified error Sig

" Data and information courtesy of Silicon General Inc., from R. Mammono,
“Simplifying Converter Design with an Integrated Regulating Pulse Width Modu-
lator,” Silicon General, Inc.
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PART I. The capacitordiode output circuit is used here as a
polarity converter to generate a —5 volt supply from +15 volts. This
circuit is useful for an output current of up to 20mA with no additional
boast transistors required. Since the output transistors are current
limited,no additional protection is necessary. Also, the lack of an induc-
tor allows the circuit to be stabilized with only the output capacitor.
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PART 2. Another low-<current supply is the flyback converter used
here to generate +15 volts at 20 mA from a +5 volt regulated line: The
reference generator in the SG1524 is unused with the input voltage
providing the reference. Current limiting in a flyback converter is
difficult and is accomplished here by sensing current in the primary line
and resetting a soft-start circuit,

5 10 20 50 100 200 500 Tms Zms
OSCILLATOR PERIOD - MICROSECONDS
(B)

Fig. 9-37. Silicon General switching regulator control module SG 1524.
(A) Block diagram. (B) Oscillator period as a function of R;Cr. (Cour-

Fig. 9-38. Tvpical applications of the Silicon General switching regu-
tesy Silicon General, Inc.)

lator control module SG1524. (Courtesy Silicon General. Inc.)
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PART 3. In this conventianal single-ended regulator circuit, the two
outputs of the SG1524 are connected in paraflﬂel for effective 0 - 90%
duty <ycle modulation. The use of an autpfﬂ inductor requires an R-C
phase compensation ne twork for loop stability.

28V

= 1001
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PART 4. Push-pull outputs are used in this transformer-coupled
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regulators. Its basic block diagram is shown in Fig. 9-37A, and complete details
on its operation and applications are given in the manufacturer's data sheets.
Briefly, the circuit operation is as follows:

The module outputs are two width-modulated. 180° out-of-phase control
*switches.” These switches are two npn transistors that are alternately on and off
for alternate half cycles of the fundamental frequency. Both emitters and collec-
‘tors are brought out, thereby permitting the driving of either npn or pnp transis-
tors. The “on” times are controlled by the dc voltage at the input of the triangle
comparator shown in Fig. 9-37A. This control voltage is normally the output of
‘the main error amplifier and is the amplified difference between the reference
voltage (generated internally) and a fraction of the voltage to be regulated. The
triangle comparator generates at its output a negative-going rectangular pulse
whose duration corresponds to the length of time the triangle amplitude is less
than the error amplifier input to the comparator. This negative-going pulse is
steered alternately by the binary counting flip-flop through the two positive logic
NOR gates (any one input “high” yields a “low” output, or all inputs “low™ yield
a “high” output).

The third input to the positive logic NOR or negative logic NAND gates
1S a narrow positive pulse corresponding in time to the negative-going edge of the
triangle (sawtooth). It thus corresponds in time to the leading edge of the negative-

going output pulse from the triangle comparator, and it ensures that there is a

minimum “dead time" between the end of a positive pulse at the base of one out-
put transistor and the start of the next positive pulse at the base of the second out-

~ put transistor. As discussed in Sect. 8.7.1, this is done to avoid simultaneous con-
- duction in the driven power transistors and their possible failure at maximum duty

cycle.

A current-limiting comparator is also included in the module and is used
for overcurrent sensing. Whenever pin 4 in the module is higher than pin 5, the
triangle comparator input from the current limiter is low and comparator output

s high. This causes the NOR gate outputs to go low and turns off both output
~ transistors. Pins 4 and 5 of the current-limiting comparator are bridged across a

‘small current-sensing resistor in series with the current to be limited. A bias
voltage at either pin 4 or 5 is used to set the threshold at which limiting occurs. If
‘the bias source is derived from the output voltage being regulated, foldback cur-
rent limiting is possible.

The basic operating frequency of the module is determined by an exter-
‘nal resistor (R;) and capacitor (C5) which control the frequency of the internal
~sawtooth oscillator. Frequency dependence on R, and C ; is shown in Fig. 9-37B.

- The sawtooth output is compared in the triangle comparator to the amplified

error signal to derive the width-modulated control signal. Some typical applica-

~ tions of the module are shown in Fig, 9-38.

ing converter. Note that the oscillator must be set at
ﬂf;gcmfﬁ:sf:g output frequency as the SG1524s in Femai flip-flop
divides the frequency by 2 as it switches the P,W.M. s:gf_?al from (;Iner
output to the other, Current limiting is done here in the primary 50 tha
the pulse width will be reduced should transformer saturation 0ccur.

- PROBLEMS

n a step-down switching regulator operating at a 40 kHz rate from a supply
voltage that has a nominal input of 30 V with +10% tolerance, what are the maxi-
- mum, nominal, and minimum switch-on-time duty cycles for a constant output of
- 21 V? What are the maximum, nominal, and minimum on and off times?

i 4 i icati ilicon General switch-
. 938, (Cont’d.) Typical applications of the §i Ca
E regulator control module SG1524. (Courtesy Silicon General, Inc.)
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9.2 In a single-phase, off-the-line bridge rectifier, with a nominal input of 120 v
the peak output voltage at the top of the ripple triangle is + 167 V.

a. With 20 V of peak-to-peak ripple and line voltage tolerance of =12%,
what is the maximum output voltage at the top of the ripple triangle and
the minimum output voltage at the bottom of the ripple triangle?

b. Using a switching regulator to convert this rectifier output to a constant
+105 V, what are the maximum and minimum switch-on-time duty
cycles?

¢. For a switching frequency of 30 kHz, what are the maximum and mini-
mum switch-on and switch-off times?

9.1 In the switching regulator of Prob. 9.1, assuming nominal voltage input and an
output power of 200 W, what is the magnitude of the switching inductor limiting
the peak output current to 20% above the nominal value?

9.4 From Prob. 9.3:

a. What is the average current drawn from the input source at nominal
input voltage?

b. Assuming a 1-V drop across the switch transistor in the closed position
and ac switching losses equal to dc switch transistor losses, what are
ac and dc losses in the transistor?

¢. What are dc losses in the free-wheeling diode?

d. Assuming 5 W control circuit and switch transistor drive power losses,
what are the total internal losses in the supply, its input power, and
efficiency?

9.5 In Prob. 9.2, what is the size of the required switching inductance so that at
nominal input voltage, at a power output of 500 W, at a switching frequency of
30 kHz, the peak inductor current is limited to a maximum of 20% above the dc
output current?

9.6 In Prob. 9.1, select the size of the filter capacitance to achieve an output ripple of

100 mV peak to peak.

9.7 In Prob. 9.5, what is the size of the filter capacitor required for a peak-to-peak
output ripple of 0.1%?

9 8 Assume the inductor of a switching regulator has a required inductance of 1.5
mH and carries an average current of 3 A and a peak current of 3.6 L

a. At a current density of 400 circular mils/ampere, what size wire is ap-
propriate for this?

b. What is the area per turn in square centimeters?

c. Al a peak magnetic flux density of 2,000 G, what is the required pdeI}Ct
of core winding area A, and core “iron” area required for such an 1
ductance? o q

d. Which of the cores in Figs. 8-2 to 8-6 can be used for this inductor:

. What is the required number of turns for 1.5 mH?

f What is the required core winding area and does the selected coré have
at least that area? :

g. Assuming 3B7 core material and the selected core. what is the re-
quired total magnetic path length and the required air gap t0 avoid satura”
tion?

9.9 In a block-diagram scheme such as in Fig. 9-21B, consider the pds
bridge rectifier is 270 V =10%. Assume the switching regulator chops this @0

output of the

Switching Regulators 365

to 180 V at the input to the dc/dc converter whose output is to be 5 V. Assume the
amplitude of the triangle input to the triangle comparator is 5 V peak to peak.

a. What is the gain at nominal ac line input from the output of the bridge
rectifier to the output of the chopped down +180 V?

b, What is the gain from output of the dc/dc converter to its 180-V input?

¢. For a=10% input ac line change to result in only a=5 mV change at the
5-V output, what is the required total open-loop gain?

d. To achieve the 0.1% output change for a 10% input change, what is the
required gain from input to the error amplifier to input to the triangle
comparator with an error amplifier reference voltage of 5.00 V?

e. For an optocoupler gain of 0.2, what is the required gain in the error
amplifier?

9.10 Derive an expression for the self-resonant frequency of the LC filter in terms of
input, output voltage, switching frequency, and percentage output ripple.

9.11 In Probs. 9.2 and 9.5, with the calculated values of L. C, and R, what damping
factor curves (R/VL]C) are to be used in calculating gain and phase shift from
Figs. 9-23 and 9-227?

9.12 In Probs. 9.2 and 9.5, what is the self-resonant frequency of the LC filter?
9.13 In Probs, 9.2 and 9.5, what gain and phase shift are provided by the LC filter at
a point 20% above its self-resonant frequency?

9.14 In an operational amplifier as in Fig. 9-24, for an input resistor R1 of 3,000 ohms,
what are the values R3 for a dc gain of +46 dB and what is the value of R2 for a
high-frequency gain of 27

9.15 What is the value of C in series with R2 of Prob. 9.14 that gives only a 6° phase
shift at 600 Hz?
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