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Preface

DC/DC converters are systematically sorted into six generations. We intro-
duce DC/DC converters of the fifth and sixth generations in this book. The
purpose of this book is to provide synchronous and resonant DC/DC con-
version technology, energy factor and mathematical modeling that are both
concise and useful for engineering students and practicing professionals. It
is organized into 240 pages and 100 diagrams to introduce more than 50
topologies of synchronous and resonant DC/DC converters. All prototypes
are novel approaches and great contributions in modern power engineering.
In addition, energy factor and mathematical modeling for power DC/DC
converters are introduced. We have systematically sorted the contents into
four groups:

1. The fifth generation (synchronous) converters;
2. The sixth generation (multiple-element resonant power) converters;

3. DC power sources, control circuits, EMI/EMC, and application
examples;

4. Energy factor and mathematical modeling for power DC/DC con-
verters;

The fifth generation (synchronous) converters have a large number of
prototypes published in the literature. We introduce five types of the updated
synchronous converters to summarize this technique. From these examples,
people can understand the clue to designing synchronous converters.

The sixth generation (multiple-element resonant power) converters
involve the two-element resonant power converters (2E-RPC), three-element
resonant power converters (3E-RPC), and four-element resonant power con-
verters (4E-RPC). There are eight topologies of 2E-RPC, 38 topologies of 3E-
RPC and 98 topologies of 4E-RPC (2C-2L). We carefully discussed one 2E-
RPC, one 3E-RPC and two topologies of 4E-RPC in this book to summarize
this technique. From these examples, people can understand the clue to
designing multiple-element resonant power converters.

We introduce various DC power sources and control circuits for DC/DC
converters. In addition, we carefully discussed the EMI/EMC problems in
power DC/DC converters. Some successful applications are listed in the
book for people to understand the importance of power DC/DC converters
nowadays.
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The DC/DC converters’ characteristics in steady state have been success-
fully discussed in literature. We still have to investigate the transient process
of power DC/DC converters. Mathematical modeling for power DC/DC
converters is a historical problem accompanying the development of DC/
DC conversion technology. Many experts have tried their best to model DC/
DC converters since the 1940s, but no sufficient model was established.

Energy storage in power DC/DC converters has received attention in the
past. Unfortunately, there is no clear concept to describe the phenomena and
reveal the relationship between the stored energy and the characteristics of
power DC/DC converters. We have theoretically defined a new concept —
energy factor (EF) — and researched the relations between EF and the math-
ematical modeling of power DC/DC converters. EF is a new concept in
power electronics and conversion technology, which thoroughly differs from
the traditional concepts, such as power factor (PF), power transfer efficiency
(m), total harmonic distortion (THD), and ripple factor (RF). EF and sub-
sequential other parameters can illustrate the system stability, reference
response (unit-step response), and interference recovery (impulse response).
This investigation is very helpful for system designing and foreseeing DC/
DC converters’ characteristics.

This book is organized into eight chapters. Chapter 1 introduces synchro-
nous converters; Chapters 2 to 5 introduce multiple-element resonant power
converters. Chapters 6 and 7 introduce DC power sources, control circuits,
EMI/EMC, and application examples; and Chapter 8 introduces energy fac-
tor and mathematical modeling for power DC/DC converters.

Our acknowledgments go to the executive editor of this book.

Dr. Fang Lin Luo and Dr. Hong Ye

Nanyang Technological University
Singapore
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1

Synchronous Rectifier DC/DC Conuverters

The global merchant dollar market for DC/DC converters is projected to
increase from about $3.6 billion in 2001 to about $6.0 billion in 2006, a
compound annual growth rate of 10.6%. North American sales of DC/DC
converters in networking and telecom equipment are expected to grow from
$2.3 billion in 1999 to $4.6 billion in 2004, a yearly compounded growth rate
of 15.3%. The first quarter of 1995 was the first time that shipments of 3.3 V
microprocessor and memory integrated chips (ICs) exceeded the shipments
of 5 V parts. Once this transition occurred in memories and microprocessors,
the demand for low-voltage power conversion began to grow at an increas-
ing rate. The primary application of DC/DC converters is in computer power
supplies and communication equipment.

The computer power supply shift from 5V to 3.3 V for digital IC has taken
over 5 years to occur, from the first indication that voltages below 5 V would
be needed until the realization of volume sales. Now that the 5 V barrier has
been broken, the trend toward lower and lower voltages is accelerating.
Within 2 years, 2.5 V parts are expected to become common with the intro-
duction of the next-generation microprocessors. In fact, current plans for
next-generation microprocessors call for a dual voltage of 1.5/2.5 V with 1.5
V used for the memory bus and 2.5 V used for logic functions. Within another
few years, voltages are expected to move as low as 0.9 V, with mainstream,
high-volume parts operating at 1.5 V.

A low-voltage plus high-current DC power supply is urgently required in
the next-generation computer and communications equipment. The first idea
is to use a forward converter, which can perform low-voltage plus high-
current output voltage. A modified circuit with dynamic clamp circuit is
shown in Figure 1.1. The two diodes D; and D, can be normal rectifier diode,
rectifier Schottky diode, or MOSFET. Figure 1.2 shows the efficiency gain of
the following three types of forward converters needed to construct a low-
voltage high-current power supply:

* Forward converter using traditional diodes
e Forward converter using Schottky diode
* Synchronous rectifier using low forward-resistance MOSFET
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FIGURE 1.1
Forward converter with dynamic clamp circuit.

E,‘ 1 /,z”—/ _ ——— Synchronous
5 0.60 [~ Rectifier
:g 0.40 + - ~ 7 7 Schottky Diode
w e Normal Diode
0.20 T
0.00 t t t t t

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Duty Cycle

FIGURE 1.2
Efficiencies of different types of forward converter.

As the operating voltages ratchet downward, the design of rectifiers
requires more attention because the devices forward-voltage drop constitutes
an increasing fraction of the output voltage. The forward-voltage drop across
a switch-mode rectifier is in series with the output voltage, so losses in this
rectifier will almost entirely determine its efficiency. The synchronous recti-
fier circuit has been designed primarily to reduce this loss.

1.1 Introduction

A synchronous rectifier is an electronic switching circuit that improves power-
conversion efficiency by placing a low-resistance conduction path across the
diode rectifier in a switch-mode regulator. For a 3.3 V power supply, the
traditional diode-rectifier loss is significant with very low efficiency (say less
than 70%). For step-down regulators with a 3.3 V output and 12 V battery
input voltage, a 0.4 V forward voltage of a Schottky diode represents a typical
efficiency penalty of about 12%, aside from other loss mechanisms. The losses
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FIGURE 1.3
Synchronous rectifier converter with low-resistance MOSFET.

are not as bad at lower input voltages because the rectifier has a lower duty
cycle and, thus, a shorter conduction time. However, the Schottky rectifier’s
forward drop is usually the dominant loss mechanism.

For an input voltage of 7.2 V and output of 3.3 V, a synchronous rectifier
improves on the Schottky diode rectifier’s efficiency by around 4%. Figure 1.1
also shows that, as output voltage decreases, the synchronous rectifier pro-
vides even larger gains in efficiency.

A practical circuit arrangement of a synchronous rectifier (SR) DC/DC
converter with purely resistive load is shown in Figure 1.3. It has one MOS-
FET switch S on the primary side of the transformer. Two MOSFETs S, and
S, on the secondary side of the transformer are functioning as the synchro-
nous rectifier. T is the isolating transformer with a turn ratio of 1:N. An L-C
circuit is the low-pass filter and R is the load. V, is the input voltage and V,
is the output voltage. The main switch S is driven by a PWM pulse-train
signal. Repeating frequency f and turn-on duty cycle k of the PWM signal
can be adjusted.

When the PWM signal is in the positive state, the main switch S conducts.
The primary voltage of the transformer is V;, and subsequently the second-
ary voltage of the transformer is v; = NV. In the mean time the MOSFET S,
is forward biased, so it turns ON and inversely conducts.

When the PWM signal is in the negative state, the main switch S is switched
off. The voltage of the transformer, v;, at this moment in time is approxi-
mately —Nov,. At the mean time the MOSFET S, is forward biased, so it turns
ON and inversely conducts. It functions as free-wheeling diode and lets the
load current remain continuous through the filter L-C and load R.

A lot of papers in literature with practical hardware circuit achievements
on synchronous rectifier have been presented about the recent IEEE Trans-
actions and IEE Proceedings. The paper “Evaluation of Synchronous-Rectifi-
cation Efficiency Improvement Limits in Forward Converters” supported by
Virginia Power Electronics Center is one of the few outstanding research
publications on synchronous rectifiers (Jovanovic et al., 1995). This chapter
provides a practical design of a 3.3V /20A FSR (forward synchronous recti-
fier) with an efficiency of 85.5%. Similarly, another paper in 1993 also showed
the principle of a RCD clamp forward converter with an efficiency of 87.3%
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at low output current (Cobos et al., 1993). Two Japanese researchers from
Kumamoto Institute of Technology designed an FSR with an additional
winding and switching element that is able to hold the gate charge for the
freewheeling MOSFET (Sakai and Harada, 1995). Their experimental results
for a 5 V/10 A SR gave a maximum efficiency of approximately 91% at a
load of 7 A and an efficiency of 89% at 10 A. Another comparable FSR project
was made by James Blanc from Siliconix Incorporated (Blanc, 1991). In his
paper, he has included a lot of practical and useful simulation and experi-
mental waveform data from his 3.3 V/10 A FSR. As the output voltage
decreased, the operating efficiency decreased. Until now, no recent paper
has been published on any practical hardware FSR that is able to provide
1.8 V/20 A output current at high efficiency.

Analysis and design of DC/DC converters has been the subject of many
papers in the past. From the moment averaging techniques were used to
model these converters, interest has been focused on finding the best
approach to analyze and predict the behavior of the averaged small signal
or large signal models. The main difficulty encountered is that the converter
models are multiple-input multiple-output nonlinear systems and thus,
using the well-known transfer function control design approach is not
straightforward. The most common approach has been that of considering
the linearized small signal model of these converters as a multi-loop system,
with an outer voltage loop and an inner current loop. Since the current loop
has a much faster response than that of the outer loop, the analysis is greatly
simplified and the transfer functions obtained allow the designer to predict
the closed loop behavior of the system. Another approach in analysis and
design has been that of state-space techniques where the linearized state-
space equations are used together with design technique such as pole place-
ment or optimal control.

Synchronous rectifier DC/DC converters are called the fifth generation
converters. The developments in microelectronics and computer science
require power supplies with low output voltage and strong current. Tradi-
tional diode bridge rectifiers are not available for this requirement. Soft-
switching technique can be applied in synchronous rectifier DC/DC con-
verters. We have created converters with very low voltage (5 'V, 3.3 V, and
1.8 ~ 1.5 V) and strong current (30 A, 60 A, 200 A) and high power transfer
efficiency (86%, 90%, 93%). In this section new circuits different from the
ordinary synchronous rectifier DC/DC converters are introduced:

¢ Flat transformer synchronous rectifier Luo-converter
* Active clamped flat transformer synchronous rectifier Luo-converter

* Double current synchronous rectifier Luo-converter with active
clamp circuit

¢ Zero-current-switching synchronous rectifier Luo-converter

® Zero-voltage-switching synchronous rectifier Luo-converter
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FIGURE 1.4
Flat transformer synchronous rectifier Luo-converter.

1.2 Flat Transformer Synchronous Rectifier Luo-Converter

The flat transformer is a new design for AC/AC energy conversion. Since
its structure is very compatible and well-shielded, its size is very small and
likely a flan cardboard. Applying frequency can be 100 KHz to 5 MHz, its
power density can be as high as 300 W/inch®. Therefore, it is a good com-
ponent to use to construct the synchronous rectifier DC/DC converter.

The flat transformer SR DC/DC Luo-converter is shown in Figure 1.4. The
switches S, and S; are the low-resistance MOSFET devices with resistance
R; (6 to 8 mQ). Since we use a flat transformer, its leakage inductance L,,, L,,
= 1 nH, and resistance are small. Other parameters are C]- =50~ 100 nF, R, =
2mQ, L =5 pH, C, = 10 puF. The input voltage is V; = 30 VDC and output
voltage is V,, the output current is I,. The transformer turn ratio is N that
is usually much smaller than unity in SR DC/DC converters, e.g., N = 1:12
or 1/12. The repeating period is T = 1/f and conduction duty is k. There are
four working modes:

¢ Transformer is in magnetizing

¢ Forward on

¢ Transformer is in demagnetizing
¢ Switched off

1.2.1  Transformer Is in Magnetizing Process

The natural resonant frequency is

(1.1)
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6 Synchronous and Resonant DC/DC Conversion Technology

where the L, is the leakage inductance of the primary winding, the C; is the
drain-source junction capacitance of the main switch MOSFET S.

If C; is very small in nF, its charging process is very quickly completed.
The primary current increases with slope V;/L,,, then the time interval of
this period can be estimated

Lm
b= NI, (1.2)

1

This is the process used to establish the primary current from 0 to rated
value NI.

1.2.2  Switching-On
Switching-on period is controlled by the PWM signal, therefore,

t, ~kT (1.3)

1.2.3  Transformer Is in Demagnetizing Process

The transformer demagnetizing process is estimated in

— V

%=¢%£J§+e - ] (1.4)
Vi (N

VoS

1 j

When the main switch is switching-off there is a voltage stress, which can
be very high. The voltage stress is dependent on the energy stored in the
inductor and the capacitor:

L
NI

Vpeak = \‘J C o (15)
| T

The voltage stress peak value can be tens to hundreds of volts since C; is
small.

1.2.4  Switching-Off
The switch-off period is controlled by the PWM signal, therefore,

t,=(1-k)T (1.6)
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FIGURE 1.5
Active clamped flat transformer synchronous rectifier Luo-converter.

1.2.5  Summary

Average output voltage V, and input current I, are

L
V, =kNV, = (R, + R, +?"‘N2)IO (1.7)
and
I, =kNI, (1.8)
The power transfer efficiency:
Lm 2
_VzIo_l_RL+Rs+7N . 19)
v T v, ° '

When we set V; =30V, N =1/12, k = 0.72-0.85, the frequency f = 150 to 200
kHz, we obtained the V, = 1.8 V, I, = 0 to 30 A, Volume = 2.5 (in.%). The
average power transfer efficiency is 92.3% and the maximum PD is 21.6 W/
in3.

1.3 Active Clamped Synchronous Rectifier Luo-Converter

Active clamped flat transformer SR Luo-converter is shown in Figure 1.5.
The clamped circuit effectively suppresses the voltage stress during the main
switch turn-off.

Comparing the circuit in Figure 1.5 with the circuit in Figure 1.4, one more
switch S, is set in the primary side. It is switched-on and -off exclusively to
the main switch S,. When S, is turning-off, S, is switching-on. A large clamp
capacitor C is connected in the primary winding to absorb the energy stored

© 2006 by Taylor & Francis Group, LLC



8 Synchronous and Resonant DC/DC Conversion Technology

in the leakage inductor L,,. Since the clamp capacitor C is much larger than
the drain-source capacitor C; by usually hundreds of times, the stress voltage
peak value remains at only a few volts.

There are four working modes:

e Transformer is in magnetizing
¢ Forward on

e Transformer is in demagnetizing
¢ Switched off

1.3.1  Transformer Is in Magnetizing

The natural resonant frequency is

(1.10)

where the L, is the leakage inductance of the primary winding, the C; is the
drain-source junction capacitance of the main switch MOSFET S.

If C; is very small in nF, its charging process is very quickly completed.
The primary current increases with slope V,/L,, then the time interval of
this period can be estimated

L
b= NI, (1.11)

1

This is the process to establish the primary current from 0 to rated value NI.

1.3.2  Switching-On
Switching-on period is controlled by the PWM signal, therefore,

t, =~ kT (1.12)

1.3.3  Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated by

t = \/LrTC[ng — ] (1.13)

\;‘Vf + L (NL)’

© 2006 by Taylor & Francis Group, LLC



Synchronous Rectifier DC/DC Converters 9

where C is the active clamp capacitor in uF. The voltage stress depends on
the energy stored in the inductor and the capacitor:

—

L,
Vi = &Nl (1.14)

The voltage stress peak value is very small since capacitor C is large, mea-

sured in pUE

1.3.4  Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

t, ~(1-k)T (1.15)

1.3.5  Summary

Average output voltage is V, and input current is I;:

L
Vz=kNV1—(RL+RS+%N2)IO (1.16)
and
I, =kNI, (1.17)
The power transfer efficiency:
Lm 2
A RL+RS+?N

=1- I
Vi, KNV,

1

(1.18)

(0]

When we set V; = 30 V, N = 1/12, the frequency f = 150 to 200 kHz, k =
0.72-0.85, we obtained the V, =1.8 V, I, =0 to 30 A, volume = 2.5 (in.?). The
average power transfer efficiency is 92.3% and the maximum power density
(PD) is 21.6 W/in 3.

1.4 Double Current Synchronous Rectifier Luo-Converter

The converter in Figure 1.5 likes a half wave rectifier. The double current
synchronous rectifier Luo-converter with active clamp circuit is shown in
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FIGURE 1.6
Double-current synchronous rectifier Luo-converter.

Figure 1.6. The switches S; and S, are the low-resistance MOSFET devices
with very low resistance R (6 to 8 mQ). Since S; and S, plus L; and L, form
a double current circuit and S, plus C is the active clamp circuit, this con-
verter likes a full wave rectifier and obtains strong output current. Other
parameters are C =1 uF, L, = 1 nH, R, =2 mQ, L =5 pH, C, = 10 pF. The
input voltage is V; = 30 VDC and output voltage is V,, the output current
is I5. The transformer turn ratio is N = 1:12. The repeating period is T = 1/
fand conduction duty is k. There are four working modes:

* Transformer is in magnetizing

¢ Forward on

* Transformer is in demagnetizing
¢ Switched off

1.4.1  Transformer Is in Magnetizing

The natural resonant frequency is

1

JL.C

where the L, is the leakage inductance of the primary winding, the C; is the
drain-source junction capacitance of the main switch MOSFET S.

If C; is very small in nF, its charging process is very quickly completed.
The primary current increases with slope V,/L,,, and the time interval of this
period can be estimated

o= (1.19)

o (1.20)
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This is the process used to establish the primary current from 0 to rated
value NI,.

1.4.2  Switching-On
Switching-on period is controlled by the PWM signal, therefore,

t, =~ kT (1.21)

1.4.3  Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated in

t, = \/LmC[g N ] (1.22)
\ Vi + 2 (NLY

When the main switch is switching-off there is a very low voltage stress
since the active clamp circuit is applied.

1.4.4  Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

t,=(1-k)T (1.23)

1.4.5  Summary

Average output voltage V, and input current I, are
Lm 2
V2=kNV1—(RL+R5+?N )Mo (1.24)

and

1, =kNI, (1.25)

The power transfer efficiency is

L
R, + R, +-"™N?
n:VZIozl_ Y I
VI kNV,

1

(1.26)
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FIGURE 1.7
ZCS synchronous rectifier Luo-converter.

When we set the frequency f = 200 to 250 kHz, we obtained the V, =18V,
N =12, 1, = 0 to 35 A, volume = 2.5 (in.%). The average power transfer
efficiency is 94% and the maximum PD is 25 W/in®.

1.5 Zero-Current-Switching Synchronous Rectifier
Luo-Converter

The zero-current-switching (ZCS) synchronous rectifier Luo-converter is
shown in Figure 1.7. Since the power loss across the main switch S, is high
in the double current SR Luo-converter, we designed the ZCS, DC SR Luo-
Converter shown in Figure 1.7. This converter is based on the DC SR Luo-
converter plus ZCS technique. It employs a double core flat transformer.
There are four working modes:

¢ Transformer is in magnetizing

* Resonant period

¢ Transformer is in demagnetizing
e Switched off
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1.5.1  Transformer Is in Magnetizing

The ZCS resonant frequency is

1
® = 1.27
e (1.27)
The normalized impedance is
L
Z = |- 1.28
=[c (1.28)
The shift-angular distance is
1.Z
o =sin' (-1~ 1.29
) (1.29)

1

where the L, is the resonant inductor and the C, is the resonant capacitor.
The primary current increases with slope V,/L,, then the time interval of
this period can be estimated

b=—1t 1.30
=y (1.30)
1.5.2  Resonant Period
The resonant period is,
1
t,=—(m+a) (1.31)
0}

r

1.5.3  Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated in

b V,(1+cosa)C,

, ; (1.32)

1

When the main switch is switching-off there is a very low voltage stress
since active clamp circuit is applied.
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1.5.4  Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

=V1(t1+t2)( E cos o
! v,I, " Z n/2+a

)—(t, +t, +1,) (1.33)
1.5.5  Summary

Average output voltage V, and input current I, are

L +L
v, =kNV1—(RL+RS+%N2)IO (1.34)
and

I, =kNI, (1.35)
The power transfer efficiency is

v R, +R, + 1w g

2to T

= Y20 g I, (1.36)
VI, KNV,

1

n

Since L, is larger than L,, therefore L,, can be ignored in the above formulae.

When we set the V, = 60 V and frequency f = 200 to 250 kHz, we obtained
the V,=1.8V,N=1/12,1,=0to 60 A, volume = 4 (in.%). The average power
transfer efficiency is 94.5% and the maximum PD is 27 W/in.3.

1.6 Zero-Voltage-Switching Synchronous Rectifier
Luo-Converter

The zero-voltage-switching synchronous rectifier Luo-converter is shown in

Figure 1.8, which is derived from the DC SR Luo-converter plus ZVS tech-

nique. It employs a double core flat transformer. There are four working
modes:

¢ Transformer is in magnetizing

* Resonant period

* Transformer is in demagnetizing
¢ Switched off
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FIGURE 1.8
ZVS synchronous rectifier Luo-converter.

1.6.1  Transformer Is in Magnetizing

The ZVS resonant frequency is

1
0, =
" JLC,
The normalized impedance is
z,- [k
CV

The shift-angular distance is

V.
o = sinH(—L
(ZI)

r-1

(1.37)

(1.38)

(1.39)

where the L, is the resonant inductor and the C, is the resonant capacitor.
The switch voltage increases with slope I;/C,, then the time interval of

this period can be estimated
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v.C
=1 (1.40)
Il
1.6.2  Resonant Period
The resonant period is,
1
t,=—(m+o) (1.41)
®

r

1.6.3  Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated in

I,(1+cosa)L,
t3 = f

1

(1.42)

While the main switch is switching-off there is a very low voltage stress
since active clamp circuit is applied.

1.6.4  Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

£+t +t
=Tkl (1.43)
i
—+-1
VZ
1.6.5  Summary
Average output voltage V, and input current I, are
L //L
V, =kNV, —(R, +R, + %NZ)IO (1.44)
and
I, =kNI, (1.45)

The power transfer efficiency is
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L L
VI RL+RS+7’// m N2
— 20_1_ T I

VL KNV,

(1.46)

o

Since L, is larger than L,, therefore L, can be ignored in the above formulae.

When we set the V, = 60 V and frequency f = 200 to 250 kHz, we obtained
the V,=18V,N=12,1,=0to 60 A, volume = 4 (in.3). The average power
transfer efficiency is 94.5% and the maximum PD is 27 W/in.3.
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2

Multiple Energy-Storage Element Resonant
Power Converters

2.1 Introduction

Multiple energy-storage element resonant power converters (x-element RPC)
are the sixth generation converters. As the transfer power becomes higher
and higher, traditional methods are unable to deliver large amounts of power
from the source to the final actuators with high efficiency. In order to reduce
the power losses during the conversion process the sixth generation convert-
ers — multiple energy-storage elements resonant power converters (x-ele-
ment RPC), were created. They can be classified into two main groups

e DC/DC resonant converters
e DC/AC resonant inverters

Both groups consist of multiple energy-storage elements: two, three, or
four elements. These energy-storage elements are passive parts: inductors
and capacitors. They can be connected in series or parallel in various meth-
ods. The circuits of the multiple energy-storage elements converters are

¢ Eight topologies of two-element RPC shown in Figure 2.1.
¢ Thirty-eight topologies of three-element RPC shown in Figure 2.2.

* Ninety-eight topologies of four-element (2L-2C) RPC shown in
Figure 2.3.

If no restriction such as 2L-2C for four-element RPC, the number of the
topologies of four-element RPC can be very large. How to investigate the
large quantity of converters is a task of vital importance. This problem was
outstanding in the last decade of last century. Unfortunately, it was not paid
very much attention. This generation of converters were not well discussed,
only a limited number of papers were published in the literature.

19
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FIGURE 2.1
The eight topologies of two-element RPC.

2.1.1 Two-Element RPC

There are eight topologies of two-element RPCs shown in Figure 2.1. These
topologies have simple circuit structure and minimal components. Conse-
quently, they can transfer the power from source to end-users with higher
power efficiency and lower power losses. A particular circuitry analysis will
be carried out in the next section.

Usually, the two-element RPC has a very narrow response frequency band,
which is defined as the frequency width Af between the two half-power points.

Assume the resonant L-C circuit has inductance L and capacitance C, and
the load is a pure resistive load R. The resonant frequency f is

Wy 1

fo= o= omdic
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The normalized impedance Z, and quality factor Q is

L
Zy= |~
=

Zy |L ,L 1
=— = |— R = =
e R C / R o, R
The frequency band width Af is
yoh
Q

If the quality factor is large, the frequency band width is narrow.
The working point must be selected in the vicinity of the natural resonant
radian frequency

1
W, =—F—
o JLC

Another drawback is that the transferred waveform is usually not sinuso-
idal, i.e., the output waveform total harmonic distortion (THD) is not zero.

Since total power losses are mainly contributed by the power losses across
the main switches using resonant conversion technique, the two-element
RPC has a high power transferring efficiency.

2.1.2 Three-Element RPC

There are 38 topologies of three-element RPC that are shown in Figure 2.2.
These topologies have one more component in comparison to the two-element
RPC topologies. Consequently, they can transfer the power from source to
end-users with higher power and high power transfer efficiency. A particular
circuitry analysis will be carried out in the next chapter.

Usually, the three-element RPC has a much wider response frequency band,
which is defined as the frequency width between the two half-power points.
If the circuit is a low-pass filter, the frequency bands can cover the frequency
range from 0 to the natural resonant radian frequency o, = 1/LC . The work-
ing point can be selected in the much wider frequency width which is lower
than the natural resonant radian frequency ®, = 1/ \/—L% . Another advantage
over the two-element RPC topologies is that the transferred waveform can
usually be sinusoidal, i.e., the output waveform THD is nearly zero. A well-
known mono-frequency waveform transferring operation has very low EMI.
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FIGURE 2.2
The thirty-eight topologies of three-element RPC.

2.1.3 Four-Element RPC

There are 98 topologies of four-element RPC (2L-2C) that are shown in
Figure 2.3. Although these topologies have comparable complex circuit struc-
tures, they can still transfer the power from source to end-users with higher
power efficiency and lower power losses. Particular circuitry analysis will
be carried out in the next chapter.

Usually, the four-element RPC has a wide response frequency band,
which is defined as the frequency width between the two half-power
points. If the circuit is a low-pass filter, the frequency bands can cover the
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FIGURE 2.2 (continued)

frequency range from 0 to the high half-power point, which is definitely
higher than the natural resonant radian frequency , =1/ JLC . The work-
ing point can be selected in a wide area across (lower and higher than) the
natural resonant radian frequency ®, =1/ JLC . Another advantage is that
the transferred waveform is sinusoidal, i.e., the output waveform THD is
very close to zero. As is well-known, the mono-frequency-waveform trans-
ferring operation has a very low electromagnetic interference (EMI) and a
reasonable electromagnetic susceptibility (EMS) and electromagnetic com-
patibility (EMC).
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FIGURE 2.3
The ninety-eight topologies of four-element (2L-2C).

2.2 Bipolar Current and Voltage Source

Depending on the application, a resonant network can be low-pass filter,
high-pass filter, or band-pass filter. For a large power transferring process,
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FIGURE 2.3 (continued)

a low-pass filter is usually employed. In this case, inductors are arranged in
series arms and capacitors are arranged in shut arms. If the first component
is an inductor, only voltage source can be applied since inductor current is
continuous. Vice versa, if the first component is a capacitor, only current
source can be applied since capacitor voltage is continuous. Unipolar current
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FIGURE 2.3 (continued)

and voltage source are easier to obtain using various pumps, such as buck
pump, boost pump, and buck-boost pump.

Bipolar current and voltage sources are more difficult to obtain using these
pumps. There are some fundamental bipolar current and voltage sources
listed in the following sections.

2.2.1  Bipolar Voltage Source

There are various methods to obtain bipolar voltage sources using pumps.
2.2.1.1 Two Voltage Source Circuit

A bipolar voltage source using two voltage sources is shown in Figure 2.4.
These two voltage sources have the same voltage amplitude and reverse
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FIGURE 2.3 (continued)

polarity. There are two switches applied alternately switching-on or -off to
supply positive and negative voltage to the network. In the figure, the load
is a resistance R.

The circuit of this voltage source is likely a two-quadrant operational
chopper. The conduction duty cycle for each switch is 50%. For safety reasons
the particular circuitry design has to consider some small gap between the
turn over (commutation) operations to avoid a short-circuit.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.

2.2.1.2  One Voltage Source Circuit

A bipolar voltage source using single voltage source is shown in Figure 2.5.
Since only one voltage source is applied, there are four switches applied
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FIGURE 2.3 (continued)

alternately switching-on or switching-off to supply positive and negative
voltage to the network. In the figure, the load is a resistance R.

The circuit of this voltage source is likely to be a four-quadrant operational
chopper. The conduction duty cycle for each switch is 50%. For safety reasons
the particular circuitry design has to consider some small gap between the
turn over (commutation) operations to avoid a short-circuit.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.
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FIGURE 2.4
A bipolar voltage source using two voltage sources.
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FIGURE 2.5
A bipolar voltage source using single voltage source.

2.2.2  Bipolar Current Source

There are various methods used to obtain bipolar current sources using the
pumps.

2.2.2.1 Two Voltage Source Circuit

A bipolar current voltage source using two voltage sources is shown in
Figure 2.6. These two voltage sources have the same voltage amplitude and
reverse polarity. To obtain stable current each voltage source in series is
connected by a large inductor. There are two switches applied alternately
switching-on or switching-off to supply positive and negative current to the
network. In Figure 2.6, the load is a resistance R.

The circuit of this current source is a two-quadrant operational chopper.
The conduction duty cycle for each switch is 50%. For safety reasons the
particular circuitry design has to consider some small gap between the turn
over (commutation) operations to avoid a short-circuit.
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FIGURE 2.6
A bipolar current source using two voltage sources.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.

2.2.2.2  One Voltage Source Circuit

A bipolar current voltage source using single voltage sources is shown in
Figure 2.7. To obtain stable current the voltage source in series is connected
by a large inductor. There are two switches applied alternately switching-
on or -off to supply positive and negative current to the network. In the
figure, the load is a resistance R.

The circuit of this current source is likely a two-quadrant operational
chopper. The conduction duty cycle for each switch is 50%. For safety reasons
the particular circuitry design has to consider some small gap between the
turn over (commutation) operations to avoid a short-circuit.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.

FIGURE 2.7
A bipolar current source using single voltage source.
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FIGURE 2.8
A two-element RPC.

2.3 A Two-Element RPC Analysis

This two-element RPC is the circuit number six in Figure 2.1. The network
is a low-pass capacitor-inductor (CL) filter, and the first component is a
capacitor. By previous analysis, the source should be a bipolar current source.
Therefore, the circuit diagram of this two-element RPC is shown in
Figure 2.8. To simplify the analysis, the load can be considered resistive R.
The energy source V,, is chopped by two main switches S; and S,, it is a
bipolar current source applied to the two-element filter and load. The whole
RPC equivalent circuit diagram is shown in Figure 2.9.

2.3.1  Input Impedance

The whole network impendance including the load R is calculated by

B R+ joL B R+ joL 21)
1+ joC(R + joL) 1-®’CL+ joRC '
a i, L io
a'a'a'al
+ +
OJ:‘:[@Ii C = v Rng
-l

b

FIGURE 2.9
The equivalent circuit diagram of the two-element RPC.
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The natural resonant radian frequency is

Using the relevant frequency 3

and the quality factor Q

- Fo~ _
Q R ®,RC

we rewrite the input impendance

Z_
R

1-B>+j/B/Q 'R

where

'ZFJ 1+(8Q)*
R'(1-B*+(B/ Q)

2.3.2 Current Transfer Gain

The current transfer gain is calculated by

1

1+78Q _|§

£

¢=tan'BQ—tan™

Glw)="2

m

Defining an auxiliary parameter B

B(w) =1+ joC(R + joL)

Hence,

1 —_—

CO= )
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(2.8)



Multiple Energy-Storage Element Resonant Power Converters 33

Using the relevant frequency and quality factor,

G(B)=§Q=71 ; 29)
in 1- 2 L
B +]Q
BE)=1-p*+ P 2.10)
Q
and
| 1 4 B/Q
Gl 0=—
el \/(1—[32)2+(I3/Q)2 o

2.3.3  Operation Analysis

Based on the equivalent circuit in Figure 2.9, the state equation is established

as:
. 0
I
[ ]+ ; 2.11)
e -
C

By Laplace transform, the state equation in time domain could be trans-
ferred into the s-domain, given by:

O |-

{SLIL (s)—=LI,(0)=V.(s)-1I,(s)R
(2.12)
sCV.(s)-CV.(0)=1/5~-1,(s)
yielding:
I(s)= sLCILEO)+I/s+CVC(O) _ s[I, (0)- I]+[VC(O)—H§]/L +£ (2.13)
s°LC+sRC+1 R, 1 R
S+ )V +—-—7
2L LC 4L

The inductor current in the time-domain is then derived by taking the
inverse Laplace transform, giving:

i, ()= ae™ cos Mt + by _lala e sinAt+1 (2.14)
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where
a,=1,0)-1 b =[V.(0)-IR]/L

o is the damping ratio, o=R/2L. Ais the resonant radian frequency,

A= \/(1/LC)—(R2/4L2) .

Similarly, the resonant capacitor voltage in the s-domain is attained as:

SLCV.(0)+ % +[L(I,(0)— I)+ RCV.(0)]

Ve(s)=

SZLC+SRC+1 (2'15)
_ SLC[V(0) - IR+ {L[I - I, (0)] + RCV,(0) - [R*C} LR
- s’LC+sRC+1 s

The corresponding expression in the time-domain is written by:

ve(t) = a,e™™ cos M + by ‘k‘lzo‘ e sin M+ IR (2.16)

where
a,=V.(0)—IR b, ={L[I-1,(0)]+RCV_.(0)-IR*C}/LC

To make the analytic Equation (2.14) and Equation (2.16) available, the
initial conditions must be known at first. Here the periodic nature is applied
under steady state operation. Namely, during one switching cycle, the res-
onant voltage and current at the initial instant should be the same absolute
values with negative sign as those at the half cycle, that is

T T
10 =1,0=-)  20)=Vc(0)=-v.(5) (2.17)

Substituting Equation (2.17) into Equation (2.14) and Equation (2.16), respec-
tively, yields:

ol _ ol
~1,(0)=ae 2 cos(ﬂ) + Me 2 sin(ﬂ) +1
2 A 2
(2.18)
ol _ 7(177"5
-V (0)=ae 2 cos(%) + szazoce 2 sin(%) +IR
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Rearranging,

{mHVC(O) +my,I, (0)=n,
(2.19)

m,, V.(0)+myl, (0)=n,

Where

1 %% AT

My, =Ze 2 sin(Ts)

o,
m,=e 2 [lcos(Mﬂs)—asin(}»Tq )N+
2 2
oTy
n=1le 2 [kcos(k;ﬂs)+asin(x§q)]—7d
oT;
My, =e 2 [xcos(sz)—Hxsin(l;S)]-i-?»
_oTy
My =——e 2 sin(—*)
oT; _
n,=1Ie 2 [R?»cos(k})— ! gRC Si11(7fS )]- AR

Since all the parameters shown in the coefficients of Equation (2.19) are
constant for a given circuit, the initial values of the resonant voltage and
current can be calculated. Thus, the complete expressions of the resonant
voltage and current are obtained by substituting V(0) and [, (0) into Equation
(2.14) and Equation (2.16).

Figure 2.10 shows the general waveforms of resonant voltage v.() and
current i;(t). As seen, both of them are oscillatory and track-following. Actu-
ally, further investigation of Equation (2.14) states that inductor current can
be rewritten as:

i, (t)=a,e™ cos At + b _}flla e " sin M+ I= Ae™™ sin(M + @) + I (2.20)
where

b, — a0

A%y o=tan’(—2* )

A=l +( b, — a0
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FIGURE 2.10
General waveforms of the resonant voltage v. and current i;.

It is apparent that the inductor current is composed of two different com-
ponents. One is the oscillatory component, consisting of the sinusoidal func-
tion. The other is the compulsory component, given as the input current I.
The oscillatory component is time-attenuation. With the time increasing, it
will be attenuated to zero and the inductor current is then convergent to the
compulsory component. The attenuating rate is determined by the damping
ratio o.. Larger ratios cause faster attenuation. Similar conclusions can also
be made about the capacitor voltage v(t).

When the value of damping factor ¢ *"/* is approaching 1, the resonant
voltage and current will contain an undamped oscillatory component.

Hence, the coefficients in Equation (2.19) can be simplified accordingly,
giving:

nf[ll :lsin(sz

L 2
my, = kcos(%;s)—ocsin(%ﬂk
1, = Mcos( XZTS )—1]I + ousin( KZTS )1
My, =7»cos(7‘2TS)+ocsin(7‘2TS)+7»
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The simulation waveforms of the input and output currents.

. ——lsin(kTs)

22 — C 2

, AT,, 1-aRC . AT,

n, = I[RA cos( ) )— . sin( ) )]- AR

2.3.4 Simulation Results

For the purpose of verifying the mathematical derivations, a prototype bipo-
lar current source resonant inverter is proposed for simulation and experi-
ments. The simulation is carried out by Pspice and the results are presented
in Figure 2.11a, where the upper channel is the input square-wave current [,

© 2006 by Taylor & Francis Group, LLC



38 Synchronous and Resonant DC/DC Conversion Technology

Volts

182 184 1.36 1388 19 192 1.94 196 198 2
time (s)

FIGURE 2.12
Tested waveforms of the resonant voltage and current under undamped condition.

and the lower channel is the output current i,, respectively. The correspond-
ing FFT spectrums are shown in Figure 2.11b. From the results, it can be
found that the output current is very sleekly sinusoidal with the amplitude
larger than the input fundamental current. The THD value is only 1.2%. It
is obvious that the resonant network has the capability of attenuating the
higher order harmonics in the input square-wave current and transferring
their energy into the output current. Due to the advantages of high current
transfer gain and negligible output harmonics, this inverter could be widely
used in many high-frequency huge-current applications.

2.3.5  Experimental Results

The corresponding resonant waveforms under this condition are shown in
Figure 2.12, where both the capacitor voltage and the inductor current, i.e.,
output current are undamped oscillatory.
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3

T'I-CLL Current Source Resonant Inverter

3.1 Introduction

This chapter introduces a three-element current source resonant inverter
(CSRI): IT-CLL CSRI consists of three energy-storage elements CLL, the IT-
CLL. A bipolar current source is employed in this circuit as described in the
previous chapter and shown in Figure 2.7. Since there is no transformer and
the circuit is not working in push-pull operation, the control circuit is very
simple and power losses are low. This ITI-CLL CSRI is shown in Figure 3.1.
The energy source is a DC voltage V,,, which is chopped by two mains
switches S; and S,. The three energy-storing elements are C, L, and L,. Two
inductors can be different, i.e., L, = p L, with p as a random value. The load
can be a coil, transformer or HF annealing equipment. A resistance R,, is
assumed. Its equivalent circuit diagram is shown in Figure 3.2.

3.1.1  Pump Circuits

In this application two boost pumps are used working at the conduction
duty k = 0.5. Each pump consists of the common DC voltage source V,, a

switch S, and a large inductor L. The pump-out energy is usually measured
by output current injection.

3.1.2 Current Source

An ideal current source has infinite impedance and constant output current.
If the inductance of the pump circuits is large enough, the current flowing
through it may keep a nearly constant value. The internal equivalent imped-
ance of the pump is very high. The ripple of the inductor current depends
on the input voltage, inductor’s inductance, switching frequency, and con-
duction duty.

41
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FIGURE 3.1
The IT-CLL current source resonant inverter.
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FIGURE 3.2
The equivalent circuit.

3.1.3 Resonant Circuit

Like other resonant inverters, this II-CLL CSRI consists of a resonant circuit
sandwiched between the current source (input switching circuit) and the
output load. The resonant circuit can be considered as a II-CLL low-pass
filter. By network theory, these three components construct a circuit that is
no longer a real low-pass filter. Therefore, the I-CLL circuit has two peak
resonant points. It gives more convenience to designers to match in the
industrial applications.

3.1.4 Load

Load is usually resistive load or inductive plus resistive load. To simplify the
problem we use R,, to represent either an actual or an equivalent resistance, to
consume the output power. This assumption is reasonable, because the load
inductance can be considered the parallel part to the inductor L,.

3.1.5  Summary

The switching circuit consists of two pumps (two boost pumps employed):
the R,, is as mentioned, either an actual or an equivalent AC load resistance.
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The source current i; is a constant current yielded by input voltage V; via
large inductors L,; and L,,. To operate this circuit, S, is turned on and off in
180° (S, is idle) at the frequency w = 2mnf. After the switching circuit, input
current can be considered a bipolar square-wave current alternating in value
between +I; and -I; that is then input to the resonant circuit section. The
equivalent circuit is shown in Figure 3.2.

3.2 Mathematic Analysis

In order to concentrate the function analysis of this I[I-CLL, we assume:

1. The inverter’s source is a constant current source determined by the
pump circuits.

2. Two MOSEFETs in the switching circuit are turned-on and turned-off
180° out of phase with each other at same switching frequency and
with a duty cycle of 50%.

3. Two switches are ideal components without on-resistance, and neg-
ligible parasitic capacitance and zero switching time.

4. Two diodes are components having a zero forward voltage drop and
forward resistance.

5. Four energy-storage elements are passive, linear, time-invariant, and
do not have parasitic reactive components.

Using these assumptions, the following analyses are based on using
Figure 3.2.

3.2.1  Input Impedance

This CSRI is a third-order system. The mathematic analysis of operation and
stability is more complex than three energy-storage element current source
resonant inverters. The input impedance is given by

~wL L, + joR, (L, +L,)

Z(w) = 3.1
@)= R ML, +L,)CI+ joL,(-0?LC) G1)
The corresponding phase angle is
oR, (L, +L —?
o) = tan™ | OLIZOTLO )

-0’L,L, R, [1-*(L, +L,)C]
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Define
B(w) =R, [1-0*(L, + L,)C]+ joL,(1-’L,C) (3.3)
So that
—®’L.L, +joR_ (L, +L
Z(Q))Z 12 ] eq( 1 2) (34)
B(w)

3.2.2  Components’ Voltages and Currents

This IT-CLL CSRI has three resonant components C, L,, and L,, and the output
equivalent resistance R,,. In order to compare with the parameters easily, all
components’ voltages and currents are responded to the input fundamental
current I, All transfer functions are in the frequency domain (or the
w-domain).

Voltage and current on capacitor C:

-®°L,L, + joR, (L, +L
V() — Z(0) = ke TJ eu]( 1+ L) (3.5)
in(®) B(w)
I(0) -0’R, C(L, +L,) - jo’CL,L, 36)
Li(@) B(w) '
Voltage and current on inductor L;:
2 .
V(o) _ -o°L,L, + ]u)Requ (37)
I, () B(w)
L(@) _ Ry +joL, (3.8)
I (w) B(w)
Voltage and current on inductor L,:
Vip(@) _ JORyE, (39)
I, (o) B(w)
R
[,(@) _ Ry (3.10)
I (w) B(w)
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The output voltage and current on the resistor R,

Vo (o) _ VLz(m) — ij“'?LZ

3.11
I (0) I (o) B(w) (11)
The current transfer gain is given by
Io(®) _ joL, joL,
g(u)) = I = = 2 ; >
(@) B(w) Req[l—u) (L, +L,)C]+ joL,(1-»°L,C)
B 1 1|20 (3.12)
- R [1-0(L,+L)C] ¢
(1-w’LC)—j—1
oL,
Thus,
1
| (o) |= . ; - (3.13)
Q- ’LCY + R, - (L, +L,)C]
\ ! (0L,)
R [1-w*(L,+L,)C
8(®) = tan™" al (£ +L,)C] (3.14)

oL,(1-w’L,C)

3.2.3  Simplified Impedance and Current Gain

Usually, we are interested in the input impedance and output current gain
rather than all transfer functions listed in previous section. To simplify the
operation, we can select:

L 1 L

P=, Q=7=mOCRm7

R ) 2
0 [
\ LC 0, Req

and p=f
1

Hence
—B*w,’LL, + jBwR, (L, +L))

Zw)= R, [1-B*®,*(L, +L,)Cl+ jBoo,L,(1- B0, ’L,C)

_ _BszZPle + jB(’OORequ(l + p)
R, [1-B*0,’L,(1+p)Cl+ jBo,pL,(1-B*w, L,C)

(3.15)

__PBOR)Hj+PBQR,
R, {[1-(1+p)B°]+ jpBQU-B*))
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Then obtain,

B(B)=R,,[1-(1+p)B* + jpBQ(1-B)] (3.16)

and

l3 oRyLi(+p)
_ Bz 2L2

pBo,L,(1-B*®,’L,C)
R, [1- B’w,’L,(1+p)C]

d(w) =tan™" n'{

a4 1+p L pBQ(I-B*)
080 —tan -2 (1+ p) (3.17)

altp _n L pBQA-P?)
PBQ 1-B*(1+p)

Therefore,

_ -pBQ +BO(+p) 5 218
C1-(1+p)B +jpBQ(1- 32 =1zl <o (3.18)

where

JP2B4Q4 +BZQ2(1+p)2
J=(1+p)BF +[pBQA-BAF

|Z]=

1Z|_ \(pB’Q*) +[BQU+p)P
R, -1+ pPB*F +[pBQ(1 - B>

(3.19)

and

+p 1 pBQI-P)

1
d=m—tan" — L —

pBQ 1-(1+p)B°

The characteristics of input impedance |Z|/R,, vs. relevant frequency f
referring to p = 0.5 and various Q, is shown in Figure 3.3 and Table 3.1.

The characteristics of phase angle ¢ vs. relevant frequency [ referring to
p = 0.5 and various Q, is shown in Figure 3.4 and Table 3.2.

The current transfer gain becomes

_ 1
TR,
PR

=|g| <6 (3.20)
1-p>
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18
16
14
12
g
« 10
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0
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FIGURE 3.3
The curves of |Z|/R,, vs. B referring to Q.
TABLE 3.1
|Z| /R, vs. B Referring to p = 0.5 and Various Q
B=05 0678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 0.2397 0.6513 1.5266 5.9126 0.6013 0.1898 0.1202 0.0721 0.0412
0.5 0.5954 1.5809  3.4353 8.6490 1.5207 0.4790 0.3029 0.1814 0.1033
1 1.1652 2.8924  5.3662 9.6875 3.1623 0.9852 0.6183 0.3673 0.2076
2 21693 4.6483  7.1323 10.9302 72111 21031 1.2804 0.7437 0.4162
5 43323 79346 11.0396 16.4384 29.1548 5.7645 3.3015 1.8719 1.0415
where
1
181=— (3.21)
1-(1+p)p® 2y2
PR a2
Voo
and
1-(1+p)B?
0=—tan’ 1-a+ph” f)B
p(1-BQ
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Ao B s s s S e e ;
0 i : :
0 i j i i i i j
0.5 1.5 2 2.5 3 35 4 4.5 5
FIGURE 3.4
The curves of ¢ vs. B referring to Q.
TABLE 3.2
¢ vs. B Referring to p = 0.5 and Various Q
B=05 0678 0755  0.83 1.0 1.5 2.0 3.0 5.0
Q=02 15442 14985 14008 22849 1.6374 15917 15839 15785 1.5749
0.5 1.5050 1.3965 1.1856 2.8022 1.7359 1.6209 1.6011 1.5869 1.5776
1 14445 12601 09755 3.1587 1.8925 16585 1.6184 15912 1.5769
2 13521 11276 0.8863 3.5185 2.1588 1.6879 1.6220 15873 1.5746
5 1.2827 1.1732 1.0760 4.0348 2.6012 1.6593 1.6011 1.5788 1.5724

The characteristics of current transfer gain |g| vs. relevant frequency f3
referring top =0.5,1and 2, and various Q, is shown in Figure 3.5 to Figure 3.7

and Table 3.3 to Table 3.5.

The characteristics of the phase angle 0 vs. relevant frequency B referring
to p = 0.5 and various Q, is shown in Figure 3.8 and Table 3.6.
For various B and Q we have different current transfer gain. For example,
when B? = 1 with any p, we have g = -jQ = Q £ 90°. It means that the output
current can be larger than the fundamental harmonic of the input current!
The larger the value of Q is, the higher the gain g.
Actually, set B2 = t, we can find the maximum |g| from
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FIGURE 3.5
The curves of |g| vs. B referring to Q, p = 0.5.

FIGURE 3.6
The curves of |g| vs. P referring to Q, p = 1.
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FIGURE 3.7

The curves of |g| vs. B referring to Q, p = 2.

TABLE 3.3
|| vs. B Referring to p = 0.5 and Various Q

B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 0.0799 0.2169 0.5082 1.9679 0.2000 0.0630 0.0397  0.0236 0.0130
0.5 0.1978 0.5236 1.1361 2.8558 0.5000 0.1549 0.0958 0.0541 0.0265
1 0.3831 09404 1.7346 3.1122 1.0000 0.2937 0.1715 0.0866 0.0356
2 0.6860 1.4119 21236 3.1879 2.0000 0.4957 0.2561 0.1109 0.0399
5 1.1094 1.7528 2.2895 3.2101 5.0000 0.7136 0.3162 0.1224 0.0414
TABLE 3.4
|g| vs. P Referring to p = 1 and Various Q

B=0.5 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 0.1978 1.2446 09782 04353 0.2000 0.0852 0.0563 0.0340 0.0183
0.5 04682 11,6939 17609 1.0394 0.5000 0.2070 0.1313 0.0721 0.0323
1 0.8000 1.8075 2.1355 1.8138 1.0000 0.3778 0.2169 0.1020 0.0386
2 1.1094 1.8397 22734 25943 2.0000 0.5848 0.2879 0.1178 0.0408
5 1.2883 1.8490 2.3171 3.0850 5.0000 0.7495 0.3246 0.1238 0.0415

or
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TABLE 3.5
|g| vs. P Referring to p = 2 and Various Q

B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 0.6860 0.6673 0.4184 0.3098 0.2000 0.1035 0.0711  0.0433 0.0227
0.5 1.1094 1.2862 0.9670 0,7563 0.5000 0.2480 0.1596 0.0848 0.0355
1 1.2649 1.6438 15694 1.4007 1.0000 0.4370 0.2457 0.1099 0.0398
2 1.3152  1.7918 2.0406 2.2360 2.0000 0.6349 0.3030 0.1207 0.0412
5 1.3304 1.8409 2.2720 29709 5.0000 0.7648 0.3279 0.1243 0.0416

2r ; :

0 :
2 : S S S S S
0.5 1 1.5 2 25 3 3.5 4 4.5 5
p
FIGURE 3.8
The curves of 8 vs. B referring to Q, p = 0.5.
TABLE 3.6
0 vs. B Referring to p = 0.5 and Various Q
B=0.5 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0

Q=02 -1.5109 -1.4533 -1.3505 0.9120 1.5708 -1.4920 -1.4514 -1.3811 -1.2532
0.5 -1.4219 -1.2840 -1.0604 0.4769 15708 -1.3759 -1.2793 -1.1233 -0.8828
1 -1.2793 -1.0378 -0.7290 0.2528 1.5708 -1.1948 -1.0304 -0.8058 -0.5465
2 -1.0304 -0.7030 -0.4200 0.1284 1.5708 -0.9025 -0.6947 -0.4802 -0.2953
5 -0.5880 -0.3268 -0.1768 0.0516 1.5708 -0.4690 -0.3218 -0.2054 -0.1211
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=Py va-p=0 (3.22)
We obtain
_ l+p+pQ 1
CL2peptepQ L pEp

I+p+pQ

If taking Q =1, =B2=0.6, or B = 0.7746, |g| = 2.236.
If this inverter is working at the conditions: f =1 and Q >> 1,

Z=4—lg;rRmé - jOR,, (3.23)
_1+]7
Q
(])———tan’li— Ln=-T
Q 2 2
correspondingly
§=— == JQ (3.24)
—ip/pQ
0=-m/2

The IT-CLL circuit is not only the resonant circuit, but the band-pass filter
as well. All higher order harmonic components in the input current are
effectively filtered by the IT-CLL circuit. The output current is nearly a pure
sinusoidal waveform with the fundamental frequency o = 2xf.

3.2.4  Power Transfer Efficiency

The power transfer efficiency is a very important parameter and is calculated
here. From Figure 3.5 we know the input current is i(wt), i.e.,

. +I, 2ne <ot < 2n+ 1w .
i(of)= withn=0,1,2,3, ... = (3.25)

-I. (2n+Dhr<ot<2(n+n

1

where I.=V,/Z+joL,, that varies with different frequency.
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This is a square waveform pulse-train. Using fast fourier transform (FFT),
we have the spectrum form as

. 21, O sin(2n+ Dot
i(of) = TZW (3.26)

The fundamental frequency component is

21,
iﬁmd(wt) =—Lsinwt (3.27)
T
Output current is
21,
i,(wt) = g—"sinwt (3.28)
T

Because of the assumptions no power losses were considered. The power
transfer efficiency from DC source to AC output is calculated in following
equations. The total input power is

P, =17+real(Z) (3.29)

m

The AC output power is gathered in the fundamental component that is

2,
Py =18l M,’E)ZRW (3.30)
The power transfer efficiency is
211 g1)’ s
Sfund Tcz “q 2 | g |
= = = cos 3.31
n P I,.2 *real(Z) n’ ¢ 3.31)
I

3.3 Simulation Results

To verify the design and calculation results, PSpice simulation package was
applied for these circuits. Choosing V; =30V, all pump inductors L; = 10mH,
the resonant capacitor C = 0.2 uF, and inductors L, = L, = 70 uH, load R =
10 Q, k = 0.5 and f = 35 kHz. The input and output current waveforms are
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11 .94ms 11.95ms 11.96ms 11.97ms 11.98ms 11.99ms 12.00ms
O-I(R1) Time
(a) Input and output circuit waveforms of pi-CLL CSRI

1.0A Lo T
[ s5.000K, 934.769m) ]
N T R
104.917K, 379.501m) § -7
0.5A A PR S —
- (174.833K, 250.929m) -~
SEL [T (244.750K, 180.877m).
Ers L B L e A
»op B101)

RN D
(35.000K, 1.8101)

OHz 0.2MHz 0.4MHz 0.6MHz 0.8MHz 1.0MHz 1.2MHz  1.4MHz
O -I(R1) Frequency
(b) Corresponding FFT

FIGURE 3.9
Input and output current waveforms of II-CLL circuit at f = 35KHz.

shown in Figure 3.9a. Their corresponding FFT spectrums are shown in
Figure 3.9b. It is obviously illustrated that the output waveform is nearly a
sinusoidal function, and its corresponding THD is nearly unity.

3.4 Discussion
3.4.1 Function of the IT-CLL Circuit

As a IT-CLC filter, it is a typical low-pass filter. All harmonics with frequency
® > m, will be blocked. TT-CLL filter circuit has thoroughly different character-
istics from that of low-pass filters. It allows the signal with higher frequency ®
> o), (it means > 1 in Section 3.2) passing it and enlarging the energy.

© 2006 by Taylor & Francis Group, LLC



II-CLL Current Source Resonant Inverter 55

3.4.2  Applying Frequency to this IT-CLL CSRI.

From our analysis and verifications we found the fact that the effective
applying frequency to this I1I-CLL current source resonant inverter is (0.8 to
2.0) f,. Outside this region both current transfer gain and efficiency are falling
fast.

3.4.3  Explanation of g > 1

We recognized the fact that current transfer gain is greater than unity from
mathematical analysis, and simulation and experimental results. The reason
to enlarge the fundamental current is that the resonant circuit transfers the
energy of other higher order harmonics to the fundamental component.
Therefore the gain of the fundamental current can be greater than unity.

3.44  DC Current Component Remaining

Since the II-CLL resonant circuit could not block the DC component, the
output current still remains the same DC current component. This is not
useful for most ordinary inverter applications.

3.4.5 Efficiency

From mathematical calculation and analysis, and simulation and experimen-
tal results, we can obtain very high efficiency. Its maximum value can be
nearly unity! It means this [1-CLL resonant circuit can transfer the energy
from not only higher order harmonics, but also a DC component into the
fundamental component.
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4

Cascade Double I'-CL Current Source
Resonant Inverter

4.1 Introduction

This chapter introduces a four-element current source resonant inverter
(CSRI): a cascade double I'-type C-L circuit CSRI. Its circuit diagram is shown
in Figure 4.1. It consists of four energy-storage elements, the double I'-CL:
C,-L, and C,-L,. The energy source is a DC voltage V;, chopped by two main
switches S; and S, to construct a bipolar current source, i, =*I.. The pump
inductors L, and L,, are equal to each other, and are large enough to keep
the source current nearly constant during operation. The real load absorbs
the delivered energy, its equivalent load should be proposed resistive, R,,.
The equivalent circuit diagram is shown in Figure 4.2.

4.2 Mathematic Analysis

In order to concentrate the function analysis of this double cascade I'CL
CSRI, assume:

1. The inverter’s source is a constant current source determined by the
pump circuits.

2. Two MOSFETs in the switching circuit are turned-on and turned-off
180° out of phase with each other at same switching frequency and
with a duty cycle of 50%.

3. Two switches are ideal components without on-resistance, and neg-
ligible parasitic capacitance and zero switching time.

4. Two diodes are components having a zero forward voltage drop and
forward resistance.

5. Four energy-storage elements are passive, linear, time-invariant, and
do not have parasitic reactive components.

57
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L1o s Vo oy Ve
v ~A
Ly Lo
S\ ¢4 o Gy
+ Vin _ YT Vor 2T Ve +
:= =]
Req vO
Sy
L2o
L~~~ T
FIGURE 4.1
Cascade double I'-CL CSRI.
Ly L,
Y'Y Y

C, A

J1
J1

+l;
T® i c A
-l

FIGURE 4.2
Equivalent circuit.

Based on these assumptions and the equivalent circuit the following analysis
is derived.

4.2.1  Input Impedance

This CSRI is a fourth-order system. The mathematic analysis of operation
and stability is more complex than three energy-storage element current
source resonant inverters. The input impedance is given by

R, (1= 0°L,C,)+ joL, + L, — L L,C,)

Z((D) = 2 1 (4.1)
1-o*(L,C, +L,C, +L,C,))+o°L,L,C,C,
+joR, (C, +C, - o’L,C,C,)
or
2 . 2
Z(©) = Req(l -o°L,C)+jo(L, +L, —o°L,L,C,) 42)
B(w)
where
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B(®) = 1- 0*(L,C, + L,C, + L,C,) + ®*L,L,C,C,
(4.3)
+ joR,(C, +C, - 0*L,C,C,)

4.2.2  Components, Voltages, and Currents

This CSRI has four resonant components C;, C,, L, and L,, plus the output
equivalent resistance R,,. In order to compare with the parameters easily, all
components voltages and currents are responded to the input fundamental

current [,.

Voltage and current on capacitor C, is

Ve, () _ Req(l - 0)2L1C2) +jo(L, +L, - szlecz)

(4.4)
I(w) B(w)
I (@) R, (1- o’L,C,)+jo(L, +L, —®°L,L,C,) 5)
Ii(o) Bw)/ joC, '
Voltage and current on inductor L, is
VL1(0~)) _ _Reqmlecz + ijl(l_ mszcz) (4 6)
L) B(w) |
2 .
I, (o) _ (1-0°L,C,)+ ]qucoC2 47
I;(0) B(w)
Voltage and current on capacitor C, is
Veol®) _ R *j0Ly (48)
[;(w) B(w)
2 .
I, (w) _ -0°L,C, +]R6qwC2 19)
[;(0) B(w)
Voltage and current on inductor L, is
Vi,(@) _ jol, (4.10)

I(®) B(w)
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)1 (4.11)

The output voltage and current on the resistor R,

Vo@ _ Ry 4.12)
[i(w)  B(w) '
The current transfer gain is given by
I (w) 1
== 413
0= 0 " 5w ®13)

4.2.3  Simplified Impedance and Current Gain

Usually, the input impedance and output current gain are paid more atten-
tion rather than other transfer functions listed in the previous section. To
simplify the operation, select:

1 L
L=L,=L;, C,=C,=C wy=—+—=2Z,=,|—
1 2 1 2 0 \/E 0 C
Z o,L 1 [0
Q_70=70= [—J’=7
R Rm? (‘)OCRW 0
Obtain
2 o4 .2—[32
BB)=1-3p"+P +]TB (4.14)
Therefore,
2 . 2
7o A=B)+i0C=F) p 171, w1s)
1-3 2+B4+j72_B B
P Q
where

JA-B2)+Q*(2-B)°
J(1—3BZ el
Q

|ZI=
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30

1ZI/R

Normalized switching frequency

FIGURE 4.3
The curves of |Z|/R,, vs. B referring to Q.

TABLE 4.1
|Z| /R, vs. B Referring to Various Q

B=0.59 1 1.2 1.414 1.59
Q 1.1994 0.7071  0.5672  1.0000 2.0237

=1
2 4.1662 1.7889  1.0955  1.0000 4.9137
5 23464 49029 27031 1.0000 17.463

o 2-F 4 (2-p%)B
and 0 =tan 1_BZQ tan =32+ B0

The characteristics of input impedance |Z|/R,, vs. relevant frequency [
referring to various Q, is shown in Figure 4.3 and Table 4.1. The character-
istics of phase angle ¢ vs. relevant frequency f referring to various Q, is
shown in Figure 4.4 and Table 4.2. The current transfer gain becomes

3= — =lal<o (4.20)
1-3p%+P*+j 5
B +P +j 0 B
where
EE S @21)
\/(1— 3p7+p*)’ + BZ(T)Z
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100
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o o

Phase angle of Z

&
=]

-100

Normalized switching frequency

FIGURE 4.4
The curves of ¢ vs. B referring to Q.

TABLE 4.2
¢ vs. B Referring to Various Q
B=0.59 1 1.2 1.414 1.59
Q=1 -29.3 —45.0 -285 0.0 —48.3
2 -9.5 -63.4 -56.8 0.0 -17.6
5 13.9 -787 764 0.0 29.0

and

f=—tan™ __@=FPB _252)64
(1-3p"+p")Q

The characteristics of current transfer gain |g| vs. relevant frequency 3
referring to various Q, is shown in Figure 4.5 and Table 4.3.

The characteristics of the phase angle 8 vs. relevant frequency [ referring
to various Q, is shown in Figure 4.6 and Table 4.4.

For various B and Q, different current transfer gain is obtained. Actually,
the maximum |g| can be found from

d
- =0

or

3
QZ

4

4B° +( 5" 6)=0 (4.22)

—-18)B* + (22— %)[32 +(
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(6]

Current transfer gain |g|
w

0 0.50.618 1 1.4141.51.618 2

Normalized switching frequency

FIGURE 4.5
The curves of |g| vs. B referring to Q.

TABLE 4.3
|g| vs. P Referring to Various Q

B =059 1 1.2 1.414 1.59
Q= 1.0229 0.7071  0.7062 09994 1.1607

1
2 2.0270 0.8944 0.7747 0.9994  2.1641
5 4.7725 09806 0.7977  0.9994  3.9087

Phase angle of g (deg.)

0 0.50.618 11.414 1.51.618 2

Normalized switching frequency

FIGURE 4.6
The curves of 6 vs. B referring to Q.

when Q = 2:

4B° —17.25B* +20B* —=5=0 (4.23)
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TABLE 4.4
0 vs. B Referring to Various Q
B =059 1 1.2 1.414 1.59

Q=05 -87.7 -116.6  -132.8 -180.0 96.6
1 -85.5 -135.0 -151.7 -180.0 1029
2 -81.0 -1534 -1649 -180.0 1147

yields
;=059 B,=120 B;=159

Take B, = 1.59 (the local maximum transfer gain is achieved at §; = 0.59),
and the corresponding |g(B)| is equal to 2.165.
In practice, Equation (4.23) is dependent on the qualify factor Q. For

various load conditions, the maximum transfer gain will be achieved at
different operating frequencies. When Q >>1, we then have

2B° —9B* +11B* -3=0 (4.24)
or
(2B* -3)(1-3p* +B*) =0
yields three positive real roots as
B,=0.618 B;=1.618 P, =1.225

It should be noted that two peaks exist in the transfer gain curves with
corresponding frequencies at B, = 0.618 and Bs = 1.618, respectively. The
current transfer gain drops from the peak to the vale at 3, = 1.225.

Taking further investigation, it is found that at the frequencies correspond-
ing to peak gain, the following equation can be obtained,

1-3p2+B*=0 (4.25)

Thus, the current transfer gain at 3, and B; is

1

HOE e
2 452 2_ 2 2
oo (22

=Q (4.26)

ByBs
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The relevant phase angle 6 is
0,=-90° 0;=90°

The results indicate that the current transfer gain is proportional to the
quality factor Q. The larger the value of Q is, the higher the gain | g(B)|. For
instance, when Q =1, 2 and 5 with B, = 0.618 or 5 = 1.618, | g(B)| will have
the same value. Note that although B, and B5 are derived from the assumption
of Q >>1, the Equation (4.26) is still valid for all the values of quality factors.

Furthermore, when Q <<1, Equation (4.22) can be rearranged as

3Bt -8B +4=0 (4.27)
giving other two positive real roots as
B,=0.816 Bg=1414

As seen from Figure 4.5, the minimum transfer gain is achieved at 3, while
the maximum gain is obtained at 4. These characteristic points will be useful
in the estimation of the transfer gain curves. Notice that for low Q values,
the frequency characteristics of Cascade Double I'-CL CSRI approach those
of conventional series-loaded resonant inverters, especially when J is near
to 1.414.

When B=B,=1414 (B> =2), all the curves will intersect at one point
where the corresponding current transfer gain is

_ 1 =1 (4.28)

oo 20

This point is always called load-independent point since the current trans-
fer gain keeps constant with any value of quality factor Q.
If the inverter is working at the conditions:

B=1and Q >>1

8(B.)

we then have

Q ,
= —jOR
—1+j/Q JQR,,
1 (4.29)
p="—tan?— =L _qg=-T
0 2 2

and correspondingly
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1 —_—

b= 1+j/Q (4.30)

0=-m

The double I'-CL circuit is not only the resonant circuit, but the band-pass
filter as well. All higher order harmonic components in the input current are
effectively filtered by the double I'-CL circuit. The output current is nearly
a pure sinusoidal waveform with the fundamental frequency ® = 2f.

4.2.4  Power Transfer Efficiency

The power transfer efficiency is a very important parameter and it is calcu-
lated here. From Figure 4.2, the input current is a bipolar value i(ot):

 (of I 2nn <ot < (2n+ 1w i 0123 131
HOD= 0 nedmcor<omenn W AT0L 23 e (@31)

where .=V, / (Z + j(oLm) (Lo = Ly) that varies with operating frequency.

This is a square waveform pulse-train. Applying fast Fourier transform
(FFT), the spectrum form is

oo

. _ 4l sin(2n + 1)t
ion)="" ZT (4.32)

The fundamental frequency component is

41,
iﬁmd(wt) =—Lsin ot (4.33)
T
Output current is
41
ij(wt) = g—"sin ot (4.34)
T

The power transfer efficiency from input current source to AC output load
is analyzed and calculated. Since the input current is a square waveform the
total input power is

P =1%Z| (4.35)

m
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The output current is nearly a pure sinusoidal waveform, its root-mean-
square value is its peak value times 1/V2. Therefore the output power is

Py=(]g]

4], I
'R, =881 R, (4.36)

We can get the power transfer efficiency as

(L 181)’
n:izs it tu_8ISPR, (4.37)
Pin 112|Z| TC2|Z| .
Considering Equation (4.15) and Equation (4.21), we obtain:
n= 8 L (4.38)

2-p?

0 )

i \/(1—[32)2+Q2B2(2—B2)2\/(l—3BZ+B4)2+Bz(

If B2 = 2 (B = 1.414) with any Q, 1 = 0.8106.
IfR=1P=1)and Q=1,n=05732.

If B2 =25 (B =1.581) and Q = 1, n = 0.5771.
If B2 = 2.618 (B = 1.618) and Q = 1, 1 = 0.4263.

Therefore, the characteristics of efficiency n vs. relevant frequency [ refer-
ring to various Q is obtained, and shown in Figure 4.7 and Table 4.5.

4.3 Simulation Result

In order to verify analysis and calculation, using PSpice software simulation
method to obtain a set of simulation waveforms as shown in Figure 4.8 to
Figure 4.9 corresponding to Q =2 and B =1, 1.414, and 1.59. The parameter
values are set below:

[=1A,V,=30V,Ljy=Ly=20mH,R, =102,
C,=C,=C=022puF and L, = L, = L = 100 uH.

Therefore, o, = 213 krad/s, f, = 33.93 kHz, and Q = 2. The particular
frequencies for the figures are f = 33.9 kHz, 48.0 kHz and 54.0 kHz. In order
to pick the input current a small resistance R, = 0.001 Q is employed. The
load in the simulation circuit is R rather than R,,.
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FIGURE 4.7
Curves of 1 vs. B referring to Q.
TABLE 4.5
1N vs. B Referring to Various Q
B =0.618 0.8 1 1414 1.581 1.618 2 3 4 5

Q=02 02496 0.3527 0.7948 0.8106 0.1359 0.0995 0.0127 0.0008 0.0001 0.0000
0.5 0.5098 0.5559 0.7250 0.8106 0.3268 0.2394 0.0238 0.0009 0.0001 0.0000

1 0.6895 0.5885 0.5732 0.8106 0.5771 0.4263 0.0253 0.0006 0.0001 0.0000

2 07745 04927 0.3625 0.8106 0.7955 0.6304 0.0176 0.0003 0.0000 0.0000

5 0.8045 0.2680 0.1590 0.8106 0.6473 0.7715 0.0079 0.0001 0.0000 0.0000

All figures have two parts a and b. Figure a shows the input and output
current waveforms, and b shows the corresponding FFT spectrum. The first
channel of Figure 4.11a to Figure 4.13a is the input current flowing through
resistance R),, which corresponds to the input current i(wt). It is a square
waveform pulse train with the pulse-width ot = n. The second channel of
Figure 4.11a to Figure 4.13a is the output current flowing through resistance
R. From Figure 4.11b to Figure 13b, the first channel of each figure is the
corresponding input current FFT spectrum. The second channel of each
figure is the corresponding output current FFT spectrum. From the spec-
trums, it can be clearly seen that there is only mono-frequency existing in

output currents. All output current waveforms are very pure sinusoidal
function.
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(b) The corresponding FFT spectrum of input and
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FIGURE 4.8
Input and output current waveforms at f = 33.9 kHz.

431 PB=1,f=339kHz, T =295 ps
The waveforms and corresponding FFT spectrums are shown in Figure 4.8.

The THD = 0 and current transfer gain is

I(R) 1.145

= =0.9002
I(RO) |f 339kHZ 1 272

4.3.2 B=1.4142, f = 48.0 kHz, T = 20.83 ps

The waveforms and corresponding FFT spectrums are shown in Figure 4.9.
The THD = 0 and current transfer gain is
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FIGURE 4.9
Input and output current waveforms at f = 48 kHz.

_ IR | 1.271
~ I(RO), a8k 1 o7

=1.00
4.3.3 P=1.59,f=54kHz, T =18.52 ps
The waveforms and corresponding FFT spectrums are shown in Figure 4.10.

The THD = 0 and current transfer gain is

I(R) 2.752

= =2.162
~ I(RO), st = 1273
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FIGURE 4.10
Input and output current waveforms at f = 54 kHz.
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4.4 Experimental Result

In order to verify our analysis and calculation, a test rig with the same

components was constructed:

I=1A,V,=30V,Ly=Ly=20mH R, =109,
C,=C,=C=022puF and L, = L, = L = 100 uH.

Therefore, o, = 213 krad/s, f, = 33.93 kHz, and Q = 2. The MOSFET device
is IRF640 (R, = 0.15 ohm, C,, = 140 pF). Since the junction capacitance of C,,
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FIGURE 4.11

Synchronous and Resonant DC/DC Conversion Technology
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is much smaller than the resonance capacitance C = 0.22 uF (C/C, = 1429),
it does not affect the experimental results. The output current waveform is
a perfect sine function. A set of tested output voltage waveforms that cor-
respond to the output current with B = 1, 1.4142, and 1.59 is shown in
Figure 4.11 to Figure 4.13. The particular applied frequencies for the figures
are f = 33.9 kHz, 48.0 kHz, and 54.0 kHz, and peak-to-peak voltage V,,, =
281V, 403V, 719 V, and 65.5 V, which are very close to the values in
Figure 4.8 to Figure 4.10.

4.5 Discussion
4.5.1 Function of the Double I'-CL Circuit

Single I'-CL filter is a well-known circuit. As a II-CLC filter, it is a typical
low-pass filter. All harmonics with frequency ® > w, will be blocked. Cascade
double I'-CL filter circuit has thoroughly different characteristics from that
of low-pass filters. It allows the signal with higher frequency o > w, (it means
B > 1 in Section 4.2) passing it and enlarging the energy.

4.5.2  Applying Frequency to This Double T'-CL CSRI

From analysis and verifications it can be found the fact that the effective
applying frequency to this double I'CL current source resonant inverter is
(0.6 to 2.0) f,. Outside this region both current transfer gain and efficiency is
falling fast.

4.5.3  Explanation of g > 1

We recognized the fact that current transfer gain is greater than unity from
mathematical analysis, and simulation and experimental results. The reason
to enlarge the fundamental current is that the resonant circuit transfers the
energy of other higher order harmonics to the fundamental component.
Therefore the gain of the fundamental current can be greater than unity.

I
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5

Cascade Reverse Double I'-1.C Resonant
Power Converter

A four-element power resonant converter — cascade reverse double I'-LC
resonant power converter (RPC) — will be discussed in this chapter. Since
the first element is an inductor, the power supply should be a bipolar voltage
source. Do remember that the first element of CSRIs in previous chapters is
a capacitor, therefore, a bipolar current source was employed. The major
work is concentrated on the analysis of steady-state operation, dynamic
behavior, and control specialties of the novel resonant converter. The simu-
lation and experimental results show that this resonant converter has many
distinct advantages over the existing two or three element resonant convert-
ers and overcomes their drawbacks.

5.1 Introduction

Generally, a switched-mode power converter is often required to meet all or
most of the following specifications:

¢ High switching frequency

* High power density for reduction of size and weight
¢ High conversion efficiency

¢ Low total harmonic distortion (THD)

¢ Controlled power factor if the source is an AC voltage
* Low electromagnetic interference (EMI)

A review of the commonly used pulse-width-modulating (PWM) converter
and new generated resonant converter is presented in order to fully under-
stand the two major branches of the high frequency switching converter.
Although PWM technique is widely used in power electronic applications,
it encounters serious problems when the switching converter operates at

75
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FIGURE 5.1

Circuit diagram of cascade reverse double I'-LC RPC.

high frequencies. Due to the hard-switching transitions caused by PWM
technique, switching losses possess large proportion in total power dissipa-
tions. In other words, when the switch is turned on, the current through it
rises very fast, while the voltage across it cannot descend immediately due
to the parasitic output capacitance. Similarly, when the switch is turned off,
the voltage across it rises rapidly while the current through it cannot drop
at once because of the recombination of carriers.

In general, a resonant power converter is defined as a converter in which
one or more switching waveforms are resonant waveforms. It is reasonable
to say that a resonant power converter usually contains a resonant circuit.
In fact, there are many topologies of the resonant power converter, which
are many more than ZCS and ZVS resonant converters.

5.2 Steady-State Analysis of Cascade Reverse Double
I'-LC RPC

In this chapter, a cascade reverse double I'-LC RPC is introduced. Under
some assumptions and simplifications, the steady-state AC analysis is under-
taken to study the two most interesting topics: voltage transfer gain and the
input impedance.

5.2.1  Topology and Circuit Description

The circuit diagram of a cascade reverse double I'-LC resonant power con-
verter with a diode-bridge rectifier plus load is shown in Figure 5.1. Like
other resonant converters, this topology consists of a bipolar voltage source,
resonant network — the cascade reverse double I'-LC, the rectifier-plus-filter,
and load (such as a resistive load R). The power MOSFETs S; and S, and
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their antiparalleled diodes D, and D, act together as a bipolar voltage source.
To operate this circuit, S, is turned on and off 180° out of phase with respect
to the turn-off and -on of S, at same frequency o = 2nf. After the switching
circuit, the input voltage can be considered as a bipolar square-wave voltage
alternating in value between +V and -V, which is then input to the resonant
circuit section. L,, L, and C,, C, represent the resonant inductors and capac-
itors, respectively. The output DC voltage is obtained by rectifying the volt-
age across the second resonant capacitor C,. L; and C; comprise a low-pass
filter to smooth out the output voltage and current, and R denotes either an
actual or an equivalent load resistance.
The following assumptions should be made:

1. All the switches and diodes used in the converter are ideal compo-
nents

2. All the inductors and capacitors are passive, linear and time-invariant

3. The output inductor is large enough to assume that the load current
does not vary significantly during switching period

4. The converter operates above resonance

5.2.2  Classical Analysis on AC Side

This analysis is available on the AC side before the rectifier bridge.

5.2.2.1 Basic Operating Principles

For the cascade reverse double I'"LC RPC considered here, the half-bridge
converter applies a square wave of voltage to a resonant network. Since the
resonant network has the effect of filtering the higher-order harmonic volt-
ages, a sine wave of current will appear at the input to the resonant circuit
(this is true over most of the load range of interest). This fact allows classical
AC analysis techniques to be used. The analysis proceeds as follows. The
fundamental component of the square wave input voltage is applied to the
resonant network, and the resulting sine waves of current and voltage in the
resonant circuit are computed using classical AC analysis. For a rectifier with
an inductor output filter, the sine wave voltage at the input to the rectifier
is rectified, and the average value is taken to arrive at the resulting DC output
voltage. For a capacitive output filter, a square wave of voltage appears at
the input to the rectifier while a sine wave of current is injected into the
rectifier. For this case the fundamental component of the square wave voltage
is used in the AC analysis.

5.2.2.2  Equivalent Load Resistance

It is necessary that the rectifier with its filter should be expressed as an
equivalent load resistance before the analysis is carried out, which illustrates
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FIGURE 5.2
Equivalent load resistance R,

the derivation of the equivalent resistance to use in loading the resonant
circuit. The resonant converter uses an inductor output filter and drives the
rectifier with an equivalent voltage source, i.e., a low-impedance source
provided by the resonant capacitor. A square wave of current is drawn by
the rectifier, and its fundamental component must be used in arriving at an
equivalent AC resistance. For this case, the root-mean-square value of the
voltage and current before the rectifier are given as:

T
v (rms)=——=V
uc( ) 2\/5 0

. 242
1 \rms)=——
uc( ) n Lf
v,.(rms) ni& 3 lzR
@i (rms) 81, 8

The equivalent resistance R,, is shown in Figure 5.2.

5.2.2.3  Equivalent AC Circuit and Transfer Functions

The equivalent AC circuit diagram of the cascade reverse double I'-LC RPC
is shown in Figure 5.3. Note that all the parameters and variables are trans-
ferred to the s-domain. Using Laplace operator s = jo, it is a simple matter
to write down the voltage transfer gain of the cascade reverse double I'-LC
RPC:

[s*L,L,R,,C,C, +5°L,L,C,
G(S) — VCZ(S) — Re 1

Vi(s) ! 2
+5°(LiR,,C, + LR, C, + LR, C,) +s(L; + L) + R, ]

or
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FIGURE 5.3
Equivalent circuit of the cascade reverse double I'-LC RPC.

g(s)= Req / B(s) (5.1)

where

B(s) = s*L,L,R, C,C, +5°L,L,C,
2 (5.2)
+5%(L,R,C, + LR, Cy + LR, Cy) +s(L +L,) + R,

1" Yeq 1" Yeq eq
The voltage and current stresses on different reactive resonant components

are obtained with respect to the input fundamental voltage V..
Voltage and current on inductor L;:

VLl(S) _ SLl[S3L2ReqC1C2 + S2L2Cl + Squ (Cl + Cz) + 1]

= (5.3)
V(s) B(s)
1,(5) _ SR, GG, +5°LyC, + 3R, (C, +Cy) +1 5
Vi(s) B(s) '
Voltage and current on capacitor C;:
Vai(s) _ s’L,R,C, +sL, +R,, 55)
V() B(s) '
Ie,(5) _ sC,(s’L,R,,C, +sL, +R, ) 56)
Vi(s) B(s) '
Voltage and current on inductor L,:
Vi,(s) st(st_,qC2 +1) 57)

V(s) B
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ILZ(S) 3 SRWC2 +1

= (5.8)
Vi(s) B(s)
Voltage and current on capacitor C,:
R
Gls)= 12 = 59
Vi(s)  B(s)
Icz(S) _ Req (5.10)
Vi(s)  B(s)C,
Voltage and current on the load R,
G(s) = Lﬂeq(s) = &
Vi(s)  B(s)
IReq (S) — L
Vi(s)  B(s)
The input impedance is given by
B(s) (.11

7 =
" S’LR,C,C, +5°L,C, +5R, (C, +C,)+1

5.2.2.4  Analysis of Voltage Transfer Gain and the Input Impedance

In general, the voltage gain and the input impedance have more attractions
to the designer rather than other transfer functions listed above. To simplify
the mathematical analysis, the resonant components are chosen as follows:

1
L1=L2=L C1=C2=C 0)0=\E
The quality factor Q is defined as

_ oL 1 Z

Q = =—0 (5.12)
R, oCR, R,
where the characteristic impedance Z is
'L
Z,=. = 5.13
=y (519
The relative switching frequency is defined as

p=2 (5.14)

®
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where o is the switching frequency and w, is the natural resonant radian
frequency:

Under the above-simplified conditions, the voltage gain g(s) given in pre-
vious section can be rewritten as

B(B) =R, [1-3p% +B* + (2~ B*)BQ]

g(B)= =|s(B) £ 0 (5.17)

1
(1-3p+B")+j(2-B*)BQ
The determinant and phase of g(B) are given by:

1
V(=3B +B*)? +(2-B*)*B*Q°

8(B) =
and

-1 (Z_BZ)BQ (518)

0=—t
M1 3p 4+ p

Analogiously, the input impedance Z,,(s) can also be simplified as:

_R,[1-3B+B' +j(2—B)BQ] _

Z. =\Z. Z 5.19
m(B) 1_B2+](2_B2)B/Q m(B)‘ q) ( )
where
7, ()= S P ITHG
NA=BT) +(2-B7)B7/Q
and
o tan 27BBQ _ 1 @-pp 5.20)

1-3p* +B* (1-B*)Q

The characteristics of the voltage gain |g(B) | and phase angle 6 vs. relative
frequency [ referring to various Q is shown in Figure 5.4 and Figure 5.5,
respectively. Note that for lower Q value, the voltage gain |g()| is higher
than unity at some certain switching frequencies. It means the output voltage
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FIGURE 5.4
Voltage gain | g(B)| vs. B referring to Q.
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FIGURE 5.5
Phase angle 8 vs. B referring to Q.

can be larger than the fundamental harmonic of the input voltage. The result
could be explained thusly: the resonant network consisting of inductors and
capacitors has the function of filtering the higher order harmonic compo-
nents in the input quasi-square voltage. The energy of higher order harmon-
ics is then transferred to the fundamental component thus enlarging the
output voltage.

This explanation is reasonable when fast Fourier transform (FFT) is applied
to the comparison to waveforms of the input voltage and the second capac-
itor voltage respectively. The resonant circuit in cascade reverse double I'-LC
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RPC allows the signal with higher frequency (B > 1) passing it and enlarging
the energy. In other words, the bandwidth of this novel converter is wider,
as it provides more options for the designer to choose the appropriate oper-
ating frequency in different applications.

The maximum voltage gain |g(B)| can be obtained from

dézg(ﬁ) =0
or 4B° +(3Q* —18)B* +(22-8Q%*)B* +4Q* -6 =0 (5.21)
when Q=1 4B°-15p*+14p*-2=0 (5.22)
yields By =042 B,=111 PB,=153

It means the local maximum or minimum values on the gain curve are
achieved at these roots, respectively. Generally, the voltage gain decreases
with the increase of the Q value. For instance, when Q = 1, 2, and 4 with 2
= 2, the gain |g(B)| = 1, 0.5, and 0.25, respectively. At certain switching
frequencies, the smaller the value of Q is, the higher the gain.

Specifically, when Q << 1, Equation (5.21) can be simplified,

2B¢ -9B* +11B* -3 =0 (5.23)
It yields two positive real roots as
B, =0.618 B,=1.618
These roots indicate the existence of two peaks in the voltage gain curve,
which is the main characteristics of the four-energy-storage-element resonant
converters and rarely stated in most conventional two or three elements

counterparts.
The voltage gain |g(B)| at these two roots is then given by

8B =

1 IS R
J(1-3p2 +B*)2 +(2—B*)B°Q*

B1.B2

This result is derived under the condition Q << 1, but applicable for all Q
values.

Furthermore, when Q >> 1, Equation (5.21) can be rearranged,
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FIGURE 5.6
Input impedance | Z,,(B)| vs. B referring to Q.

3Bt -8B +4=0 (5.25)
It gives other two positive real roots as
B;=0.816 P,=1414

The former represents the switching frequency at which the local minimum
gain is achieved, while at the latter the maximum voltage gain can be obtained.

From Equation (5.24), it should be noted that when B = 1.414 (82 = 2), the
voltage gain |g(B)| constantly keeps unity with any value of Q, as shown
in Figure 5.4.

The absolute value of the input impedance |Z;,(B)| and phase angle ¢ vs.
B referring to various Q is shown in Figure 5.6 and Figure 5.7, respectively.
The input impedance has its maximum value when the switching frequency
is equal to natural resonant frequency (i.e., p = 1), and its minimum value
when the B = 1.414. The phase angle ¢ keeps zero when B = 1.414, with any
Q value, which means the resonant converter can be regarded as a pure
resistive load.

5.2.3  Simulation and Experimental Results

Some simulation and experimental results shown in this section are helpful
to understand the design and analysis. The chosen technical data are good
examples to implement a particular RPC for reader’s reference.
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FIGURE 5.7
Phase angle ¢ vs. B referring to Q.
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FIGURE 5.8
Simulation results at frequency f = 50 KHz.

5.2.3.1 Simulation Studies

In order to verify the mathematical analyses, a four-element cascade reverse
double I'-LC RPC is simulated using PSpice. The parameters used are
V.=%15V, L, =L, =100 uH, C, = C, = 0.22 pF, and R = 22 Q. The natural
resonant frequency is f, = 1/ (ZR\/‘E) =34 kHz. The applying frequency is f
= 50 KHz, corresponding to the § ='1.42. The simulation results are shown
in Figure 5.8. The input signal V; is a square waveform and the voltage across
C, is a very smooth sinusoidal waveform.
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FIGURE 5.9
Experimental waveforms (f = 50.38 KHz).

5.2.3.2  Experimental Results

To verify the simulation results of the proposed cascade double I'-LC RPC,
a test rig was constructed with the same conditions: V,=+15V, L, = L, =
100 puH, C; = C, = 0.22 pF and R = 22 Q. The natural resonant frequency is
fo = 34 kHz. For high frequency operation, the main power switch selected
is IRF640 with its inner parasitic diode used as the antiparalleled diode. A
high-speed integrated chip IR2104 is utilized to drive the half-bridge circuit.
The switching frequency is chosen to be 50.38 KHz, corresponding to the B
= 1.42. The experimental results are shown in Figure 5.9. The input signal V;
is a square waveform and the voltage across C, is a very smooth sinusoidal
waveform.

Select the switching frequency to be 42.19 KHz, corresponding to the =
1.24. The experimental results are shown in Figure 5.10. The input signal V;
is a square waveform and the voltage across C, is also a smooth sinusoidal
waveform.

5.3 Resonance Operation and Modeling

From the circuit diagram in Figure 5.1, the steady-state operation of the
circuit is characterized by four operating modes within one switching period,
when the resonant converter operates under continuous conduction mode
(CCM). The equivalent circuits corresponding to each operating mode are
depicted in Figure 5.11. Note that for a large output filter inductor, the bridge
rectifier and the load can be represented as an alternating current sink with
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FIGURE 5.11
Different operating resonance modes.

constant amplitude I, synchronous with the polarity of the second resonant
capacitor voltage vc,.

5.3.1  Operating Principle, Operating Modes, and Equivalent Circuits

The operating modes of cascade reverse double I'-LC RPC are very difficult
to distinguish by analytic calculations, even under CCM conditions. How-
ever, the state of the converter should not exceed four modes when it oper-
ates above resonant frequency. The sequence among different modes is
dependent on the phase angle to the voltage gain V,(s)/ V|(s). In other words,
when this angle is between 0° and +180°, the voltage across the second
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FIGURE 5.13
Voltage waveforms when v, lags behind V.

capacitor v, leads the input quasi-wave voltage V; in Figure 5.12, thus the
sequence from mode 1 to mode 4 should be:

* Model (t, <t <t): V;>0, v, >0 (Figure 5.11a)
e Mode2 (t; <t<t): V,>0, vy <0 (Figure 5.11b)
* Mode 3 (t, <t <t3): V; <0, v, < 0 (Figure 5.11c)
e Mode4 (t; <t <t,): V;<0, v, >0 (Figure 5.11d)

Similarly, when the angle is between —180° and 0°, v, will lag behind the
input voltage V; in Figure 5.13, causing the sequence to be changed to:

e Mode?2 (t, <t <t): V;>0, v <0 (Figure 5.11b)
* Model (t; <t<t): V>0, v >0 (Figure 5.11a)
e Mode4 (t, <t < t3): V; <0, v > 0 (Figure 5.11d)
e Mode3 (t; <t <t,): V; <0, v <0 (Figure 5.11c)
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In practice, when simulation is in progress, it is up to the algorithm that
determines the shifting instant between different operating modes, by means
of judging the switching period and the polarity of the second capacitor
voltage.

5.3.2  State-Space Analysis

On the basis of the fact that the steady-state operation of resonant converter
is periodic and composed of multiple operating modes, each mode stands
for one state dependent on the different input voltage and rectifier current,
thus, the state equation for each mode is given by:

X, =Ax, +B, (5.26)

where x; is the state vector of the converter, A; is the state coefficient matrix,
B; is the input vector of the converter in the i* operating mode, respectively.
For i mode, Equation (5.26) can be solved analytically:

t
x,(t) = e™x,(t,) + J‘ e"IBdt =@ x,(t,)+T, (5.27)

0

t
where @, = ®(t,t,)=e’" is the state transition matrix, T, = J.eA"(H)B .dt and
0
x(ty) are the initial conditions for the i mode. For the continuous operation,
each state solved in i mode will be employed as the initial conditions for
the next (I + 1) mode.

In fact, the solving process of Equation (5.27) is very tedious and time
consuming by the requirement for evaluating the integral. However, by
combining A; and B; to form an augmented dynamic matrix, the integration
overhead can be eliminated at the expense of obtaining only the cyclic
steady-state description:

d(x(t) (A B (x(t)
(OHE () 62
or

%521‘ = Ai"%i(t) (5.29)
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By means of the concept of state transition matrix, the solution for the state
vector in different operating modes can be expressed as:

(t) = D7, (t,)

R(t,) = d,d 3, (t,)

For i mode:
X(t)=D®, .. R(t) =D, k() (5.30)

A o T
where O, =( 0’ 1’) and x(t;) is the state vector at time t;.

Due to periodic nature of the system, the state vector at initial time ¢,
should be equal to the one at final time f; in one cycle, that is,

x(t)=®, x(t,)+T,, = x(t,) (5.31)

tot

yields:
Xyt () = (I" - q)tot)_l Lot (5.32)

Thus, the state variables at any subsequent time are solved from Equation
(5.30).

To obtain the average steady-state output voltage, the average values of
the state-variables over a complete cycle are found from:

:% J x()dt (5.33)

f

xav

Again, the expression includes the integral process, which can be simpli-
fied by augmenting the state vector with

Tao(t) = %x(t) (5.34)

Then, consider the total dynamics of the converter during the i mode, the
simultaneous equations are given by:

xi =Ax, +B, (5.35)
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d,
Xi_aw = -, 5.36
= (5.36)

1

where d, is the duty cycle for i* mode in one cycle.
Substituting Equation (5.36) into Equation (5.28), the resulting dynamic
equation is

x,(t) A; B, 0 x,(t)
N T A (5.37)
dt d
i—av(t) : In 0 0 xi—m](t)
or
zi(t) = Az (t) (5.38)

Again, as discussed in previous section, the state equation can be expressed
as the function of state transition matrices in different modes:

2(t)=0,D,, - @,z(t,) (5.39)

with the initial conditions:

2t,)=] 1 (5.40)

From the state variables, i.e., the voltage across the capacitors and current
through the inductors, their average values can be gained directly.

The state coefficient matrix and the input source vector are determined in
terms of different operating modes of the resonant converter. Considering
the operating conditions described in Figure 5.12, for mode 1, suppose V, >
0 and v, > 0, it can be obtained

[0 0o YL, 0 0 0
0 0 VL, -YL, 0 0
L_|ve -ve o 0 0 0
Yl oG, 0 0 -1G, 0
0 0 0 VL 0 1L,
0 0 0 0 1C,  —1RC, |
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and B=[vi,, 0 0 0 0 o]

where x=(i,, 1

. T
117 112001, Vca s V)

For mode 2, V; > 0, v¢, < 0, the structure of the topology is changed due
to the alteration of the polarity of the second capacitor voltage, giving:

[0 0 -1/L, 0 0 0
0 0 1/L, -1/L, 0 0
A /C, -1/C, 0 0 0 0
2710 1/C, 0 0 1/C, 0
0 0 0 —l/Lf 0 —1/Lf
I 0 0 0 0 1/Cf —1/(RCf)_
and B, =B

For mode 3, V; < 0, v, < 0, because only the input source is changed, the
topology of the system remains invariant, thus the state coefficient matrix
A, is identical with A,, that is,

T

A,=A, and B,=[-V/L, 0 0 0 0 0]

Similarly, when operating the above resonance, for mode 4, V; < 0, v, >
0, yielding:

A,=A, and B,=B,

By employing the above coefficient matrices and vectors with the initial
conditions, the values of all state variables in different operating modes can
be obtained following Equation (5.39). Thus, the dynamic operating behavior
of the resonant converter can be described by these state variables as well.

5.4 Small-Signal Modeling of Cascade Reverse Double
I'-LLC RPC

In the previous section, state-space averaging technique has been applied to
investigate the dynamic behavior and successfully simulated the waveforms
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Equivalent circuit of cascade reverse double I'-LC RPC.

at different time intervals, however, the numerical results cannot reveal the
relations of various control specialties, e.g., frequency response, closed-loop
control system stability, etc. In order to study these characteristics more
deeply, a number of mathematical methods were presented among them the
small-signal modeling is implemented.

5.4.1  Small-Signal Modeling Analysis

5.4.1.1 Model Diagram

The block diagram of the small-signal model is depicted in Figure 5.14, where

0 and f,, represent small-signal perturbation of the line voltage and the
frequency control signal. The output variable is the perturbed output voltage,
0, . With the model, it is easy to obtain the commonly used small-signal
transfer functions, such as control-to-output transfer function, line-to-output
transfer function, input impedance, and output impedance.

5.4.1.2  Nonlinear State Equation

The equivalent circuit of the resonant converter is shown in Figure 5.15. As
seen, the half-bridge circuit employing two diodes, applies a square-wave
voltage, v,, to the resonant network. Suppose the converter operates above
resonance, the state equations of the resonant converter can be obtained,
where the nonlinear terms are in bold face:
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di
L, 7;1 T0c =y
dv .
G d?l T, =1y
di
L, # T0c, =00y
i (5.41)
G, d? +sgn(vC2)1Lf =1
di, o
Lf d—tf + (sz —i )+ Vg = ‘vcz‘
do,
f _ .
Cf 7 lLf Zn
The output variable is the output voltage, v,, which gives:
v, = (iLf —i)r + Vg (5.42)

In this circuit, the output voltage is regulated either by the input line
voltage, v, or by the applying switching frequency, ®. Thus, the operating
point ? can be expressed as the function of these variables 7 = {7, R, w}.

5.4.1.3  Harmonic Approximation

Under the assumption that both the voltage and current inside the resonant
network are quasi-sinusoidal, the so-called fundamental approximation
method is applied to the derivation of the small-signal models. In other
words, the variables in the resonant network are assumed as:

i, =1, (t)sinot +1i, (t)cos wt
i, =i, (t)sinwt+1i, (t)cos wt (5.43)
Ve =0, (f)sinot + v, (t) cos ot

Ve, =0, (t)sinwt + v, (t) cos wt

Note that the envelope terms {i,, i1, iy, Ty U1e U1 Uae Vool are slowly time
varying, thus the dynamic behavior of these terms can be investigated. The
derivatives of i, i;,, vc and v, are found to be:
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di di di

A:[ hs — i, ]sinot +[ he + i, ] cos ot
dt dt dt

di,, di o di, ,

—L2 2 _ i, sinot +[—25 + wi,_]cos ot
dt [ dt ZE] [ dt Zs]

) ‘ j (5.44)
Yer _ [71]15 — oo, |sinwt +[ “ie + oo, ]cos ot
dt dt dt

do.,  dv, . dv

—C2 _ [ _ o, |sinot +[—2 + wv,_]cos ot
ar g %] Car 2]

5.4.1.4  Extended Describing Function

By employing the extended describing function modeling technique stated
in the literature, the nonlinear terms in Equation (5.41) can be approximated
either by the fundamental harmonic terms or by the DC terms, to yield:

v, () = fi(v)sinw t

sgn(v,)i; = f,(0y, 0y, 1) SINOE+ £5(0,, 0, 1) cOS O f (5.45)
‘Ucz‘ = [0y, 0y,

These functions are called extended describing functions (EDFs). They are
dependent on the operating conditions and the harmonic coefficients of the
state variables. The EDF terms can be calculated by making Fourier expan-
sions of the nonlinear terms, to give:

_4
flw)=_v

40, .

fZ(UZS’UZC’iLf) = ;TlLf

P

(5.46)

. 40, .
B(UZS/UZC'ILf)=;AC Ly
P

2
f4(025’02c) = EAp

where

— |n2 2
Ap =1\Uy, + 0,
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is the peak voltage of the second capacitor voltage v,.

5.4.1.5 Harmonic Balance

Substituting Equation (5.43) to Equation (5.46) into Equation (5.41), the non-
linear large-signal model of cascade reverse double I'-L.C RPC is obtained
as follows:

di 4
L(—%-wi)+v, =—0
1( dt slc) 1s n

dilc :
L( it +wi . )+0,=0

0 . .
Cl( - (osvlc) = lls - Z25

dt
do S
Cl( dtlc + msvls) = llc - lZc
di .
LZ( dis - 0‘)5125) = vls - 025
diy, . (547)
LZ( dt + (DSIZS) = vlc - ch
do,, 4o, .
C,( It —O)SUZC)+;A—szf =1,
Co(— 2+ 00,) + — iy =1,
P
di,
f .
Lf?+(sz —i ), = Ap — Vg
dog,
(TR T
The corresponding output equation is
0, = (i —i,)1, + 0 (5.48)

It should be noted that the small-signal modulation frequency is lower
than the switching frequency, thus the nonlinear model can be linearized by
perturbing the system around the operating point ® The perturbed variables
are the inputs, the state variables, and the outputs. Each one has the form of

x(t) = X + X(t)
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where X is the steady state at the operating point, and x(t) is a small
amplitude perturbation.

Similarly, in this circuit, the input variables are found to be

v=V+0 0.=Q +0

5.4.1.6 Perturbation and Linearization

Under the small amplitude perturbation assumptions, the complete linear-
ized small-signal models can be established by applying the perturbation to
Equation (5.47) and only considering the first partial derivatives, to give:

di - A R
L, d:; ==Zpi,, —E, fy =0y,

o At =i, — i + G0, +]1sfsN

do A oA ~
1 _ 5 5 A
Cl dt - llc 12c Gsvls ]lcfsN

di,, ~ ~ 2 ~
L, dib =0,, =0y, +Zyi, +E, fiy
(5.49)
di A

2 4t 1~ Y2~ ZLZZZS - EchsN

Z)25

2 dt = Z25 - gssUZS + gscv2c - stlLf + ]2sfsN

dﬁZC 2 ~ ~ 2 ~
C2 dt = 125 - gch)Zc + gCSUZS - 2kc1Lf + ]ZcfsN

d{Lf 2 A A A
Lf e =(i, - sz)rE — O + ko, +k,
do A A
S =i, i
fodt Lf o
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FIGURE 5.16

Equivalent small-signal circuit of cascade reverse double I'_-LC RPC.

where the input variables are 9 and jiN , standing for the perturbed line
voltage and normalized switching frequency, respectively.
The output part of the small-signal model is given by:

(5.50)

All the parameters used in the above models are given in the Appendix.

5.4.1.7

This linearized small-signal model makes it possible to describe the operat-
ing characteristics of the resonant converter using equivalent circuit model,
as shown in Figure 5.5. In this model, the circuit is divided into two parts:
the resonant network and the output part. To simplify the drawing, some
dependent sources are defined as:

Equivalent Circuit Model

~

Llllc

~

Lllls

A

e

A

=Z + Elsf;N e, =2 + Elcf;N

1s

€y, = Zpyhy +Ey fiy

]15 = Gsvlc + ]1sfsN

j25 = gscf)Zc - 2ksiLf + ]ZsfsN
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Closed-loop system of cascade reverse double I'-LC RPC.

By employing the Kirchoff’s current law and voltage law, the equivalent
circuit can be drawn following the state-equation Equation (5.49). Note that
in the output part, the voltage across the second capacitor ‘?ch‘ is replaced
by two voltage-controlled sources {k0, k.0, }. This circuit model can be
implemented in general-purpose simulation software, such as PSpice or
MATLAB, to obtain the frequency response of the system.

5.4.2  Closed-Loop System Design

The closed-loop control system diagram of the half-bridge cascade reverse
double I'_LC RPC is illustrated in Figure 5.17, where the feedback loop is com-
posed of the sampling network, the compensator, and the voltage-controlled
oscillator (VCO). The sampling network, R, and R,, contributes attenuation
according to its sampling ratio of R,/ (R, + R,). Since the two resistors are chosen
to be equal, the gain attenuation of the network is 20 log (v,/v,) = -6dB. The
sampled voltage, v,, is then sent to the inverting input side of the error amplifier,
where it is compared with a fixed reference voltage v, and generates an error
voltage, v.. This voltage determines the frequency output of a voltage-con-
trolled oscillator (VCO), whose gain can be obtained either in datasheet or by
experiment. The Bode plot, considering all the voltage gains of the main circuit,
the sampling network and VCO, is shown in Figure 5.18.

It should be noted that the slope of the magnitude response at the unity-
gain crossover frequency is —40dB/decade. Both the gain margin and the
phase margin of the small-signal model are not able to meet the requirements
of the stability. Thus, the alleged feedback compensation is often used to
shape the frequency response such that it remains stable under all operating
conditions, especially in the presence of noise or disturbance injected at any
point in the loop. In order to yield a —20dB/decade slope at the unity-gain
crossover frequency, the magnitude response of the compensation network
must have a slope of +20dB/decade slope at the unity-gain crossover fre-
quency. Hence, a three poles and double zeros compensation network is

© 2006 by Taylor & Francis Group, LLC



100 Synchronous and Resonant DC/DC Conversion Technology

Bode Diagram

50

= -40 dB/decade
g /
g 0 ]
2
E \
 -50
=

-100

0

Phase margin = 5 deg.

RN

101 102 540 103 104

Phase (deg)
®
o

-360
Frequency (Hz)

FIGURE 5.18
Bode diagram of the small-signal equivalent circuit.
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FIGURE 5.19
Compensation network.

employed, whose circuit implementation and Bode diagram are shown in
Figure 5.19 and Figure 5.20 respectively.
The transfer function for this compensation network is

1+ joR,C, 1+ jo(R, +R,)C,
-0°R,C,C, +jo(C, +C,) R, +joRR,C,

H(jo) = (5.51)

As seen from Equation (5.51), it has two high-frequency poles, one at f,
= 1/2R;C; and the other at f,, = (C, + C,)/2R,C,C,. The zeros are at f,; = 1/
2R,C,and f,, = 1/2(R; + R;)C;, respectively. The two gains of the compensa-
tion network are K; = R,/R, and K, = R, (R, + R;)/RR;, respectively. To
simplify the design process, the two high frequency poles are usually chosen
to be equal to each other (i.e., f,; = f,, = f,) such that
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FIGURE 5.20
Bode schematic diagram of the compensation network.

1 C+C
2nR,C, 2mR,CC,

The phase lag due to the double poles, 6, is

b

1

0, = 2tan'(2)

where f; is the unity-gain crossover frequency.
Similarly, the two zeros are also chosen to be equal, such that

1 1
2nR,C, 2m(R, +R,)C,

The phase boost at the double zeros, 6,, is

ah
0 =2t =L
, an (fz)

101

(5.52)

(5.53)

(5.54)

(5.55)

Hence the total phase lag introduced by the compensation network and

the error amplifier at the unity-gain crossover frequency is

4

6, =270°-2 tanl(j]:l) +2 tan*l(f”)

z 1
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Bode Diagram
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FIGURE 5.21

Bode diagram of the open loop system.

where the 270° phase lag is due to the phase inversion introduced by the
inverting amplifier and the pole at the origin of the compensation network.

Consider the real system described in Figure 5.21, the unity-gain crossover
frequency is chosen to be 900 Hz, where the attenuation is —-16 dB. Hence,
the gain of the error amplifier at the unity-gain crossover frequency is chosen
to be +16 dB in order to yield 0 dB at the unity-gain crossover frequency.

The locations of the double poles and double zeros of the compensation
network are chosen to yield the desired phase margin of 45°. The total phase
shift at the unity-gain crossover frequency is 360° — 45° or 315°. Taking into
account the effect of equivalent series resistor (ESR) in the output capacitor,
the phase lag of the output filter with an output capacitor ESR is

0, = 180°—tan’1(i) (5.57)

ESR

where f;q is the ESR break frequency

1

— 5.58
2nr,C, (5:58)

fesz =

Then the phase lag contribution from the compensation network and the
error amplifier is

0, =315°-0,. (5.59)
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Hence, from Equation (5.58), the phase lag contribution from the compen-
sation network is

2tan”’ (;’) —2tan™ (f?’:) =270°-9,, (5.60)

z

Solving this equation yields a value of 4.64 to achieve a phase lag of 65.67°.
Hence, the high-frequency pole should be located at 4.64 times the unity-
gain crossover frequency, or 4.2 KHz, while the low-frequency zero should
be located at one-fourth of the unity-gain crossover frequency, or 190 Hz.
There are six components to be selected for the compensation network. As
described previously, the gain at the double zero, K}, is 0 dB, or 1. Assuming
an R, value of 1 KQ, R, is 1 KQ too. The gain at the double poles, K,, is
selected to be 20 dB, or 10. Thus, R3 is given by

RiR,

= 5.61
*“ KR —R, (5.61)
The capacitance value for C; is
C,= L (5.62)
° 2mfR, '

Hence, the capacitance values of C; and C, can be calculated respectively
from Equation (5.52) and Equation (5.54).

The Bode diagram of the open loop system is given in Figure 5.21. Notice
that the gain at the unity-gain crossover frequency in the overall magnitude
response of the feedback-compensated resonant converter is 0 dB with a
slope of 20 dB/decade. The unity-gain crossover frequency is enhanced
from 540 KHz to 930 KHz, at which point the phase lag is reduced from
—175° to —134°. The values of gain margin and phase margin are 9.7 dB and
46°, respectively. Both of them have fit the specified requirements of the
stability.

In most cases, the stability plays an important role in various performance
indexes of a closed-loop system. For this resonant converter, the stability can
be studied by analyzing the characteristics of the poles and zeros of the
closed-loop system. Since the small-signal model has been found in previous
section, the state-space equations can be established from Equation (5.49),
to give:
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and
y=Cx+Di
where

A f f A A

A A A A ~ T
X = (le’llc’vls’vlc’ZZS’ZZC’UZS’UZC’lLf’va)

Based on the relationship between the state-space equation and transfer
function, these equations of the open loop system can be transformed to the
transfer function G,(s), to give:

Y(s)
G.(s) = 7 =
1(8) ae)

ClsI-AI"'B+D (5.63)

By considering both the expression in Equation (5.51) and G,(s), the closed-
loop control system transfer function can be obtained. Hence, the poles of
the closed-loop control system are found to be:

p1, = —0.3138 +19.3296i P34 = —0.8750 £12.9716i
Pse = —0.8809 + 5.2819i prs = —0.3914 + 0.9492i

P90 = —0.0071 + 0.0377i P12 = —0.7777 + 0.0000i
pi=0
Notice that all the real parts of the poles are nonnegative, thus, the whole

system is found stable. The root loci of the closed-loop system are given in
Figure 5.22.

5.5 Discussion

In all the previous sections, the analyses are undertaken on the basis of the
assumption that two resonant inductors are identical, as well as two resonant
capacitors. The following discussion will be focused on the condition that
the resonant components have different values, that is, variable-parameters.
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FIGURE 5.22
Root loci of the closed-loop system.

In addition, the discontinuous operation, always occurring when switching
frequency is lower than the natural resonant frequency, will also be taken
into consideration.

5.5.1 Characteristics of Variable-Parameter Resonant Converter

In fact, most of the derivation results and general conclusions in Section 5.3
and Section 5.4 are still valid for the variable-parameter condition, except
that the curves of the voltage transfer gain are a little bit different. For
instance, if the ratios of two inductors and two capacitors are defined as:

p=L /L, and g=C, /C,
then the expression in Equation (5.1) can be rewritten as :

R

o) = . 5.64
8) ®*pB*C*R, — o*(pg+p+1)LCR,, .64

+R,, +jloL(p+1) - 0’ L*Cpq]

Following the same definitions of the natural resonant frequency w,, Q value,
and relative frequency B, the voltage transfer gain g(B) is given by:

1

8O B2 pg s p+ )+ B+ i+ - paBBQ

(5.65)
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and its determinant is

1

®B)=
5l JL-B2(pg + p+ D+ B4 pal +1(p+1) - pgB*Pp>Q>

(5.66)

The local maximum and minimum values of the voltage gain g(B) can be
gained by solving the resulting equation after setting the derivatives of the
determinant to zero.

d

17 5®I=0 (5.67)

4p*q*B°® +[3p°7°Q” — 6pq(pq + p + D IB*
+[4pq +2(pg +p+1)* —4pq(p + DQ*IB* (5.68)
+Q*(p+1)* -2(pg+p+1)=0

When p = g = 1, this equation is simplified to be
4B°+(3Q” —18)B* +(22-8Q%)p* +4Q* -6 =0

which is the same as Equation (5.21).

Figure 5.23a to d depict the voltage gain |g(B)| with different parameter
ratios referring to various Q values. One can find that all the curves have
the similar shape in Figure 5.4, which begins with unity at low switching
frequency and displays two peaks with lower Q values. However, the dif-
ferent parameter ratio results in a different bandwidth. Thus, the designer
will have more choice to find the most appropriate bandwidth to meet the
requirements of various applications. Besides this, with certain parameter
ratios (for example, p = 2, g = 1), all the curves intersect at one point, which
is independent of the Q values. The corresponding switching frequency can
be calculated by setting the imaginary part of the denominator in the expres-
sion in Equation (5.65) to zero, gives:

p+1=pap’
or
B2 = ”p;l (5.69)
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FIGURE 5.23
Voltage gain |g(B)| with different parameter ratios referring to various Q.

Substituting Equation (5.69) into Equation (5.65), the voltage gain at this
frequency is obtained as:

\g(B)\ = ; (5.70)

Hence, the voltage transfer gain is only dependent on the inductors ratio
o and it determines the rough shape of the gain curve over a wide frequency
range [0~ f], which is useful for the designer to estimate the needed oper-
ating point.

Figure 5.24 gives the maximum voltage transfer gain vs. different param-
eter ratios of p and g, corresponding to the peak value in Figure 5.23a to d.
Notice that the maximum gain is obtained with small p and large gq. This is
true because when L, is much smaller than L, while C, is larger than C,, the
cascade reverse double I'"LC RPC will be degraded to the conventional
parallel resonant converter, which voltage gain is prominent near the natural
resonant frequency. Figure 5.24 shows the three-dimensional relations.
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FIGURE 5.24
Maximum voltage gain vs. different parameter ratios of p and 4.

The dynamic analysis of the variable-parameter resonant converter is sim-
ilar to that in the previous section, except that some relevant matrices need
to be amended. The waveforms of the input and the resonant voltage are
shown in Figure 5.25a, where some distortions can be found in the second
capacitor voltage v,,. Figure 5.25b is the probe output of the commonly used
circuit simulation software PSpice. From this one can find a good accordance
between the two figures.

The comparison of the resonant output voltage and total harmonic distor-
tion (THD) of the variable-parameter resonant converter is given in Table 5.1.
Compared to other conditions, the second capacitor voltage obtains the
highest amplitude when L, = L,, C; = C,, while it keeps the lowest total
harmonic distortion value. Thus, it is reasonable to implement the practical
cascade reverse double I'"LC RPC with dual symmetric resonant network.

5.5.2 Discontinuous Conduction Mode (DCM)

When the switching frequency is lower than half of the natural resonant
frequency, the current through the inductors and the voltage across the
capacitors will become discontinuous. For the cascade reverse double I'-LC
PRC, in DCM operation, the energy in the resonant capacitor is consumed
before the new half of a switching cycle. There are six stages of operation in
one switching cycle, as shown in Figure 5.26. Suppose before the beginning
of a switching cycle, the second inductor current i;, is zero. When stage 1
begins at time f,, since i}, is lower than the constant-current-sink I, all the
rectifier diodes become forward biased and conduct. The second capacitor
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Simulation waveforms using Matlab (a) and PSpice (b) when L, = 10 L,.

C, is clamped to zero volts by the freewheeling action, which is shown in
Figure 5.27a. Thus, the second inductor L, is charged and the current though
itis increased. Stage 2 commences when the current i}, reaches the magnitude
of the current-sink I, at time ¢,. The topology at this moment is the same as
that in CCM operation. Stage 3 starts when the input voltage source V;
changes its polarity at time £,, as depicted in Figure 5.27c. This completes
the first half-cycle of operation. The next half-cycle operation repeats the
same way as the first half-cycle, except that the direction of the inductor
current i;, and the polarity of the capacitor voltage v, are reversed.

The state coefficient matrix and input source vector corresponding to two
additional operating modes are given by:
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TABLE 5.1

Comparison of Output Resonant Voltage and
THD Values under Different Parameter Ratios

Switching frequency f, = 50 KHz
o(L/L) B(C/C)  V,Amplitude (V)  THD (%)

1 1 23.5 241
2 1 11.0 7.90
0.5 1 17.0 6.84
1 2 6.0 5.82
1 0.5 8.0 5.93
2 2 3.5 2.72
0.5 0.5 10.0 7.14
0.5 2 19.0 8.55
2 0.5 6.0 391

Note: With L, = 100 uH, C, = 0.22pF, R = 220Q, L, =
2.4 mH, C; = 220 uF

TABLE 5.2
Comparison of Output Voltage and THD among Different Resonant Converters.
V,(V) Harmonic Statistics Harmonic proportion (%)

Converter THD(%) 1st 3rd 5th 1st 3rd 5th
SRC 3.355 7.88 5.50 3.042 3.663 100 18.4 222
RPC 4.254 6.09 1218 0.419 0.261 100 3.44 2.14
SRPC 4.341 15.9 59.87 2.485 0.625 100 4.15 1.04
CRDI-LC 2.407 12.0 23.29 0.517 0.179 100 222 0.77
Vi — — 18.83 6.366 3.820 100 33.8 18.5

t ts tg

 J

to t to t3

mode1 mode2 mode3

FIGURE 5.26
Switching waveforms for the discontinuous-mode cascade reverse double I'-LC RPC.
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FIGURE 5.27
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The augmented state-space equation in Section 5.4 is still valid besides that
the state transition matrices describing two additional operating modes
should be considered as well. The waveforms of simulation and experimen-
tal results under DCM operation are shown in Figure 5.28. Note that the
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FIGURE 5.28
Simulation (a) and experimental (b) switching waveforms for DCM operation.

second capacitor voltage is discontinuous at some intervals, which verifies
the description of the theoretical analysis.

In practice, the discontinuous conduction mode is often dependent on the
switching frequency and the equivalent load current I, Namely, under a
certain load current, when the switching frequency is increased, the operat-
ing state of the resonant converter will transfer from DCM to CCM. Con-
versely, if the switching frequency is invariant, the increase of the load
current will lead to the occurrence of DCM. Thus, it is very significant to
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FIGURE 5.29
Critical load resistor vs. the switching frequency.

find the relationship between the load current and the switching frequency,
in other words, to find the critical load current ], under a certain frequency.

In many open literatures, the critical load current is always obtained by
solving the differential equations and identifying the respective duration of
various subintervals. For instance, the normalized critical load current of
RPC is given:

J., =~/sin?(y/2)+sin’(y) / 4 —sin(y) / 2 (5.71)

This conclusion is very simple and straightforward to describe the rela-
tionship between f, and I,. However, it is acquired at the cost of very com-
plicated calculations and derivations. For SRPC, there is no similar analytical
expression given in the literature. In fact, with the increase of the quantity
of the resonant components, the order of the differential equations becomes
very large so that it seems impossible to solve them by pen and paper. Once
again, the numerical calculation offers a very useful solution to overcome
such a problem.

The numerical analysis method starts at solving the higher order state
equations using recursion algorithm. Once the steady state is achieved, it is
up to the algorithm that judges whether the critical load current is found
correctly. The drawbacks of this method are in two aspects: one is the discrete
result; the other is time-consuming. However, the obtained results are proved
to be precise and useful so long as the step of the loop is small enough. The
critical load resistor and critical load current vs. the switching frequency are
shown in Figure 5.29 and Figure 5.30 respectively.
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Critical load current vs. the switching frequency.
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APPENDIX

Parameters Used in Small-Signal Modeling
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6

DC Energy Sources for DC/DC Converters

The DC/DC converter is used to convert a DC source voltage to another DC
voltage actuator (user). In a DC/DC converter system the main parts are the
DC voltage source, switches, diodes, inductors/capacitors, and load. This
chapter introduces the various DC energy sources that are usually employed
in DC/DC converters.

6.1 Introduction

Ina DC/DC converter system the initial energy source is a DC voltage source
with certain voltage and very low internal impedance, which can be usually
omitted. This means the used DC voltage source is ideal. The DC voltage
source can be a battery, a DC bus (usually equipped in factories and labo-
ratories), a DC generator, and an AC/DC rectifier. As is well-known, the
battery, DC bus, and DC generator can be considered an ideal voltage source.
They will be not discussed in this book. AC/DC rectifiers are widely applied
in industrial applications and research centers since it is easily constructed
and less costly. In this chapter the AC/DC rectifiers will be discussed in
detail. AC/DC rectifiers can be grouped as follows:

* Single-phase half-wave diode rectifier

¢ Single-phase full-wave bridge diode rectifier

* Three-phase bridge diode rectifier

¢ Single-phase half-wave thyrister rectifier

* Single-phase full-wave bridge thyrister rectifier
* Three-phase bridge thyrister rectifier

* Other devices rectifiers

117
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@ Vin = «/;\/,,,sinmt V4 Vo

FIGURE 6.1
Half-wave diode rectifier.

6.2 Single-Phase Half-Wave Diode Rectifier

The single-phase half-wave diode rectifier is shown in Figure 6.1, it is the
simplest rectifier circuit. The load Z in the figure can be any type such as
resistor, inductor, capacitor, back electromotive force (EMF), and/or a com-
bination of these. This rectifier can rectify the AC input voltage into DC
output voltage. The analysis of the circuit is based on the assumption that
a diode as an ideal component is used for the rectification. A diode forward
biased will conduct without forward voltage-drop and resistance. A diode
reverse biased will be blocked, and likely an open circuit. Since the used
diode is not continuously conducted, the output current is always discon-
tinuous in some part of negative half-cycle.

6.2.1 Resistive Load

A single-phase half wave rectifier with a purely resistive load (R) is shown
in Figure 6.2a, and its input/output voltage v;, and v,, and input/output
current i;, and i, waveforms are shown in Figure 6.2b and c. The AC supply
voltage v;, is sinusoidal, the output voltage and current obey Ohm’s law.
Therefore the output voltage and current are sinusoidal half-waveforms

v, (t) =2V, sinot 6.1)
N2V sinot O<ot<w
vo®=y " 6.2
o) { 0 T <ot <27 (62)
i (=i, (t)= " sin t O<mt<m 6.3)

0 <t <21
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(c) Output voltage and current

FIGURE 6.2
A single-phase half wave rectifier with a purely resistive load (R).

Where V,, is the root-mean-square (RMS) value of the input voltage. The
input wave is a sinusoidal waveform, the corresponding output is half-wave
of a sinusoidal waveform for both voltage and current without angle shift
between voltage and current. The output DC average voltage and current are

V.= % V, =045V, (6.4)
V.
o =045-2 (6.5)

6.2.2 Inductive Load

A single-phase half wave rectifier with an inductive load (a resistor R plus
an inductor L) is shown in Figure 6.3a. The input voltage and current v;, and
i;, waveforms are shown in Figure 6.3b, output voltage v, in ¢ and output
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FIGURE 6.3
A single-phase half wave rectifier with an inductive load (R + L).
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current i, in d. The AC supply voltage is sinusoidal, the output voltage and
current obey Ohm’s law. The impedance of load is

Z=R+joL=+R*+(wL)’ £ o
where

|Z|=vR*+(wL)> and ¢ =tan’1%L

Input voltage is

v, () =2V, sinot 6.1)

Output voltage is

vo(t)={\/§Vinsinwt 0< ot <(T+0) 656)

0 (T+0) <ot <2m

Where V,, is the RMS value of the input voltage. The input wave is sinu-
soidal waveform, the corresponding output is a partial sinusoidal waveform
more than half-cycle. Since it is negative value in the negative half-cycle, the
output DC average voltage is

vV, = ﬁ(l—cosq))V

O-av T in

=0.45(1-cos 9)V.

in

(6.7)

The input and output current waveform is no longer a sinusoidal waveform.

\/E‘/in : . —t/t
i =is()=1|Z] [sin(wt—d)+sind-e™*] 0Lt <(T+) 68)

0 (T+0) <ot <2m

where 1 is the load time constant T = L/R. The input and output current
average value is

V.

I, =045 I;” (1-cos¢) (6.9)

© 2006 by Taylor & Francis Group, LLC



122 Synchronous and Resonant DC/DC Conversion Technology

@ Vip = W/;V,-,,sinmt L Vo

(a) Circuit diagram

Vin= Vo

Jrugloee

Y

ot

(c) Input and output currents

FIGURE 6.4
A single-phase half wave rectifier with a pure inductive load (L).

6.2.3 Pure Inductive Load

A single-phase half wave rectifier with a pure inductive load (an inductor
L only) is shown in Figure 6.4a, and its input/output voltage v,, and v, and
input/output current i;,, and i, waveforms are shown in Figure 6.4b and c.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage can follow it in time.
The impedance of load is

Z=joL=wL £L7w/2

Input and output voltage is
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v, (t) =0, (t) =2V, sin ot (6.1a)

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output can be a full sinusoidal waveform too.
Since it is negative value in full negative half-cycle, the output DC average
voltage is 0.

The input and output current waveform is a sinusoidal waveform.

i (=i, (t)= VELVI‘HQ— cosof) (6.10)

6.2.4 Back EMF Plus Resistor Load

A single-phase half wave rectifier with a resistor plus an EMF load (a resistor
R plus an EMF) is shown in Figure 6.5a, and its input/output voltage v;, and
v and input/output current i, and i, waveforms are shown in Figure 6.5b
and c. The EMF value is E which is smaller than the input peak voltage V2V,.
Suppose an auxiliary parameter m is

m=E/N2V, <1

and

. .4 E
oO=Smn m=Smn ——
J2v

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage and current obey Ohm’s
law. The impedance of load is

Input voltage is v, (t)= V2V, sinot (6.1)

in

V. sin ot oot <(n—o)

Input voltage is v, (t) = {VZ in (6.11)

E (T-a)<ot<(2r+a)

Where V,, is the RMS value of the input voltage. The input wave is a
sinusoidal waveform, the corresponding output is a partial sinusoidal wave-
form less than half-cycle. The output DC average voltage is

O-av

2V
vV, = 2V, cosa+EC+ %) > E (6.12)
T 2 n
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D .
iin lo
@ Vip = ’\/g Vi,sinot vo R ;
A
-+
\_/
(a) Circuit diagram
A
Vin
Vov,[F=-~—
lin
|
e N L,
0 : n\/gn ot
|
|
I
(b) Input voltage and current
|
A |
|
| Vo
Jev
_{/'o\
E
:/\ | L,
U T 2n ot
|
|

(b) Output voltage and current

FIGURE 6.5
Single-phase half wave rectifier with an EMF plus resistor (R + EMF).

The input and output current waveform is no longer a sinusoidal waveform.

1 .
=i = g 2SN =) osors(-a) (g
0 (m—o) <ot <(2m+ o)
The input and output current average value is
0.45V.
0 = o 12coso—m(m—20)] (6.14)

© 2006 by Taylor & Francis Group, LLC



DC Energy Sources for DC/DC Converters 125

6.2.5 Back EMF Plus Inductor Load

A single-phase half wave rectifier with an EMF and inductive load (an EMF
plus an inductor L) is shown in Figure 6.6a, and its input/output voltage v;,
and v, and input/output current i;,, and i, waveforms are shown in
Figure 6.6b and c. The circuit will be analyzed for the relationship of the
output to input. The AC supply voltage is sinusoidal waveform:

v, () =2V, sinot 6.1)

2V, si <ot<
Output voltage is vo(t):{\ V,, sinot o< of <(T+7)

(6.15)
E (m+y)<ot<(2rn+o)

T

Where J

o

—o -0ty
(V2V, sinot - E)d(ot) :J (E—+2V, sinot)d(ot)

Where v,, is the RMS value of the input voltage. The input wave is sinu-
soidal waveform, the corresponding output is a partial sinusoidal waveform.
The output DC average voltage is E.

The input and output current waveform is no longer a sinusoidal waveform.

i, (t)=1i,(t)

V2V, (6.16)

_ L"” [(coso—cosmt) —m(wt—a)] oot <(T+a+y)
)

0 (T+o+y)<ot<(2r+a)
The input and output current average value is

0.45V.
0w = oor [ycosy—sin(o.+7)+sino — % o] (6.17)

6.3 Single-Phase Bridge Diode Rectifier

Single-phase full-wave diode rectifier has two forms:

¢ Bridge (Graetz)
¢ Center-tap (mid-point)
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Vb +

@ Vi, = JZ V,,sinot Vo E

(a) Circuit diagram

Voltage
across
diode

< 1 cycle >
(b), (c) and (d)

FIGURE 6.6
Single-phase half wave rectifier with EMF plus inductor (EMF + L).

These are shown in Figure 6.7a and b. The input and output waveforms
are same in both circuits. Use Graetz type for the description in the following
sections.
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+
D1 D3 N
‘ Vs R§ Vo
$ D4 % D2

(a) Bridge (Graetz)

Vb1

D

N

|

D2
(b) Center-tap (Midpoint)

FIGURE 6.7
Single-phase full-wave diode rectifier.

6.3.1 Resistive Load

A single-phase full-wave diode rectifier with a purely resistive load is shown
in Figure 6.8a, and its input/output voltage v;, and v, and input/output
current i, and i, waveforms are shown in Figure 6.8b and c. The circuit will
be analyzed for the relationship of the output to input. The AC supply
voltage is sinusoidal, the output voltage and current obey Ohm’s law. There-
fore the output voltage and current are sinusoidal half-waveforms.

v,,(t) =2V, sinot (6.18)
N2V, sinwt O<ot<m
v, (t) = in 6.19
o®) {\/EVI-” sin(wt—m) mw<ot<2w (619)
——" sin ot O<ot<m
i,(h=iy(=1 - R (6.20)

/

——sin(wt-n) w<ot<2n
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FIGURE 6.8

Synchronous and Resonant DC/DC Conversion Technology

v,
Jav, Lo
iin
L >
0 T 2n ot
(b) Input voltage and current
A
Yo
v e
io
»
0 T on ot

(c) Output voltage and current

Single-phase full-wave diode rectifier with a purely resistive load.

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is repeating half-wave sinusoidal
waveform for both voltage and current without angle shift between voltage
and current. The output is a DC voltage with ripple in the repeating fre-
quency 2m. After FFT analysis of the rectified waveform, harmonics compo-
nents are shown in the frequency spectrum. From the spectrum, there are
only nth (n = 2k) harmonics exsisting. The parameter ripple factor RF is

defined

2
RF — Vuc - \ n=1
dc Vdc
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where V. is the DC component of the output voltage, which is the average
value, V, is the nth order harmonic component of the output voltage. The
output DC average voltage and current are

v 22

O-av — T‘/m =09V,

in

(6.22)

v
I, =09 (6.23)
R

O—-av

6.3.2 Back EMF Load

A single-phase full-wave diode rectifier with an EMF plus resistor load (a
resistor R plus an EMF) is shown in Figure 6.9a, and its input/output voltage
v;,, and v, and input/output current i;, and i, waveforms are shown in
Figure 6.9b and c. The EMF value is E which is smaller than the input peak
voltage V2V,,. Suppose an auxiliary parameter n1:

m=E/\2V, <1

m

and

a=sinlm=sin" —L—
V2v,
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage and current obey Ohm's
law. The impedance of load is

Input voltage is v, (t) =2V, sin ot (6.1)

2V, sinot o< of <(T-o)

(6.24)
E (m—o) <ot <(n+o)

Output voltage is v, (t) = {

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is a partial sinusoidal waveform less
than half-cycle with repeating frequency of 2w. The output DC average
voltage is

242V,
v =22 s+ 2% ESE (6.25)
O-av P o
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o
a
n
a
g

(b) Input voltage and current

A

V,
N N
M
E

| N
0 T 2n ot

(c) Output voltage and current

FIGURE 6.9
Single-phase full-wave D-rectifier with EMF plus resistor (R + EMF).

The input and output current waveform is no longer a sinusoidal waveform.

%(\/EVmsinmt—E) oot <(n—a)

i, () =i,(t)= (6.26)
0 (T—o)<ot<(n+o)
The input and output current average value is
0.45V.
Ig = Tm[cos o —m(m—20)] (6.27)
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(a) Circuit diagram

f in

'\/;VI - —_— = Vin

(b) Input voltage and current

A ‘o A
NIV R M

(c) Output voltage and current

FIGURE 6.10
Single-phase full wave D-rectifier with an capacitive load (R + C).

6.3.3  Capacitive Load

A single-phase full wave diode rectifier with a capacitive load (a resistor R
plus a capacitor C) is shown in Figure 6.10a, and its input/output voltage
v;,, and v, and input/output current i;, and i, waveforms are shown in
Figure 6.10b and c. The circuit will be analyzed for the relationship of the
output to input. The AC supply voltage is sinusoidal. The load time constant
T=RC.
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Input voltage is v, () =2V, sinot (6.1)

From previous section analysis, the peak value of output voltage is V,,,, =
V2V,,. The minimum output DC voltage is V,,;,. The capacitor charges from
Vin t0 V0 during t,, discharges from V. to V,,;, during t, = T/2-t, = 1/2f

since usually t, << t,.

in

The minimum output DC voltage is V,,,,

b

1
Vmin = \/5‘/1716_7 = ﬁ‘éne 2R (628)

Considering the peak-to-peak variation of the output DC voltage is

_ /Ty _ [~ _ \/E‘/m
V, =2V, (1-e ) =2V, (¢, / 1) = 2RC (6.29)
Defining
2V, -V
B=cos' — 2" =cos(e") = cos(1- L) (6.30)
N2V, 2fRC
Output voltage is
ﬁVmsinwt (g—B)SmtSn/Z
M=y _ ot+m/2 T 3n (6.31)
2V ————=V <ot <(=-
v, -, Tcat<(T-B)

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is a partial sinusoidal waveform less
than half-cycle. The repeating frequency is 2. The output DC average volt-
age is

V,

O-av

s a1
=2V, 0 (6.32)

The capacitor charging and discharging current waveform is nearly a
rectangular-wave.

Ll (E—B)Sthn/Z
v (=1 R VB 2 5 (6.33)
) E<o)t<(—n—|3)
R 2 2
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77

BY

N

(a) Circuit diagram

(b) Input voltage waveform

FIGURE 6.11
A three-phase half-bridge diode rectifier with a resistor (R).

6.4 Three-Phase Half-Bridge Diode Rectifier

A three-phase half-bridge diode rectifier is shown in Figure 6.11. The three
phase AC suppliers have the same RMS value V,, with amplitude \2V,, and
frequency , the phase angle shift is 120°.

6.4.1 Resistive Load

A three-phase half-bridge diode rectifier with a purely resistive load is shown
in Figure 6.11a, and its input/output voltage v;, and v, and input/output
current i, and i, waveforms are shown in Figure 6.11b. The circuit will be
analyzed for the relationship of the output to input. The AC supply voltage
is sinusoidal. Therefore the output voltage and current are sinusoidal half-
waveforms.
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v, () =2V, sinot (6.34)
0o (H) =2V, sinot (2% + %) <ot< (Z”T’E + 5?“) (6.35)

wheren=1,2,3, ...

) . «EVM . 2nt 2nt 5w
L (t) = Zo(t) = Tsm ot (? + g) <mwt< (T + ?) (636)

Where V,, is the RMS value of the input voltage. The input wave is a
sinusoidal waveform, the corresponding output is a repeating partial sinu-
soidal waveform for both voltage and current without angle shift between
voltage and current. The output is a DC voltage with ripple in the repeating
frequency 3. After FFT analysis of the rectified waveform, harmonic com-
ponents are shown in the frequency spectrum. From the spectrum, there are
only nth (n = 3k) harmonics existing. The parameter ripple factor RF is

defined

S,
RP = Ve _ i (6.37)
Vdc Vdc

where V. is the DC component of the output voltage which is the average
value, V, is the nth order harmonic component of the output voltage. The
output DC average voltage and current are

v _ 36

= V. =117V 6.38
O-av o in in ( )

I

V.
=1.17 - 6.39
O-av R ( )
6.4.2  Back EMF Load (0.5 V2V,, < E < 2V,)

A three-phase half-wave diode rectifier with an EMF plus resistor load (a
resistor R plus an EMF) is shown in Figure 6.12. This section discusses the
case that EMF value E is in condition: 0.5 V2V, < E < V2V,,. Suppose an
auxiliary parameter m:

05 <m=E/N2V, <1
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— Da iy, io
o— +
R
R
o— Vo
Y
B L E —

FIGURE 6.12
Three-phase half-wave diode rectifier with EMF plus resistor (R + EMF).

and

30°< o =sin' m =sin™ _E < 90°
V2

in

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage and current obey Ohm’s
law. The impedance of load is R

Input voltage is v, (t)= V2V, sinot (6.1)

in

Output voltage is

in

2V sinot (%m)s(ots(z"?“m-a)

0, (t) = (6.40)

other

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is a partial sinusoidal waveform less
than half-cycle with repeating frequency of 3w. The output DC average
voltage is

2V
1% =Lcosa+(3—a—l)E>E (6.41)
T T 2

O-av

The input and output current waveform is no longer a sinusoidal waveform.

%(ﬁvm sinwt — E) oot <(n—o)
0 (T—o) <ot <(T+o)

i, ()= io() = (642)
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6.4.3  Back EMF Load (F < 0.5 \2V,)

A three-phase half-wave diode rectifier with an EMF plus resistor load (a
resistor R plus an EMF) is shown in Figure 6.12. The EMF value E is in the
condition E < 0.5 \2V,,. Suppose an auxiliary parameter :

m=E/\N2V, <05

=2V, sinot (6.34)
I~ . 2nmT T 2nnt 5w
v,(t) =2V, sinwt (— + ) <ot < (— + —) (6.35)
wheren=1,2,3, ...

2nm T 2n7t 5n

2V ot—E —+ )<t —
== g0 asinot=B CTE DT ()

0 other

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform the corresponding output is repeating partial sinusoidal wave-
form for both voltage and current without angle shift between voltage and
current. The output is a DC voltage with ripple in the repeating frequency
3w. After FFT analysis of the rectified waveform, harmonic components are
shown in the frequency spectrum. From the spectrum, there are only nth (n
= 3k) harmonics existing.

Where V,, is the DC component of the output voltage, which is the average
value, V, is the nth order harmonic component of the output voltage. The
output DC average voltage and current are

v 3’\r" 6

O-av o

v, =117V, (6.44)

6.5 Three-Phase Full-Bridge Diode Rectifier
with Resistive Load

A three-phase full-bridge diode rectifier with a purely resistive load is shown
in Figure 6.13a, and its input/output voltage v;, and v, and input/output
current i;,, and i, waveforms are shown in Figure 6.13b. The three phase AC
suppliers have same RMS value V,, with amplitude V2V, and frequency o,
and phase angle shift of 120° each other The circuit will be analyzed for the
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ot

(b) Input voltage waveform

FIGURE 6.13
Three-phase full-bridge diode rectifier with a resistor (R).

relationship of the output to input. The AC supply voltage is sinusoidal.
Therefore the output voltage and current are sinusoidal half-waveforms

v,,(t) =2V, sinot (6.34)
. nmw (n+Dm
0, (t) =6V, sinot 3 Sets—— (6.45)
wheren=1,2,3, ...
_
16V,
i (=i, (t)= “Tmsin ot % <ot< @ (6.46)

Where V,, is the RMS value of the input voltage. The input wave is a
sinusoidal waveform, the corresponding output is a repeating partial sinu-
soidal waveform for both voltage and current without angle shift between
voltage and current. The output is a DC voltage with ripple in the repeating
frequency 6 w. After FFT analysis of the rectified waveform, harmonic com-
ponents are shown in the frequency spectrum. From the spectrum, there are
only nth (n = 6k) harmonics existing. The parameter ripple factor RF is
defined
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RF =1 Vi

B

de dc

= 0.054 (6.47)

where V. is the DC component of the output voltage, V, is the nth order
harmonic component of the output voltage.

The input voltage is an AC voltage with distortion in the repeating fre-
quency 6 . After FFT analysis of the supplying waveform, the harmonic
components are shown in the frequency spectrum. From the spectrum, there
are only nth (1 = 6k £1) harmonics existing. The parameter total harmonic
distortion (THD) is defined

z v,
Vv
THD = % = = 0.046 (6.48)
Sfund Sfund

where V,,; is the fundamental component of the input voltage, V,, is the nth
order harmonic component of the input voltage.
The output DC average voltage and current are

v iV —234V (6.49)

O-av — in

V.
I =234" 6.50
O-av R ( )

Since the output DC voltage ri ple is very small (RF = 0.054), the EMF load
usually has the condition E < V6 V,,. There is no need to spend time discuss-
ing this case.

6.6 Thyristor Rectifiers

A thyristor is a silicon-controlled rectifier (SCR). It is a four-layer p-n-p-n
semiconductor device forming three junctions J1-J2-]J3, as shown in
Figure 6.14a. It has three external electrodes: anode, cathode, and gate. This
structure can be considered as a two-type transistor in a cascade connection
shown in Figure 6.14b and c. Its characteristics will be discussed in the next
section. It is controlled by a firing pulse with shifting firing angle (o). When
o = 0° the characteristics of a thyristor is the same as those of a diode.

© 2006 by Taylor & Francis Group, LLC



DC Energy Sources for DC/DC Converters 139
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(a) Thyrisator symbol and structure

A
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p Q,
Ji

n n
G R — Jo Jo

O P p
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(b) Combination by two transistors

(c) Equivalent circuit

FIGURE 6.14
Thyristor.

6.6.1  Single-Phase Half-Wave Rectifier with Resistive Load

A single-phase half-wave thyristor rectifier with resistive load is shown in
Figure 6.15. The firing angle o can be set in the range:

O<oa<m
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T

lin » i

+ vy o~

@ Vi = 2 Vysinot R § Yo

FIGURE 6.15
Single-phase half-wave thyristor rectifier with a resistor (R).

As before, the input voltage is a sinusoidal wave:

v, (t)= V2V, sin ot

in
The output voltage and current are

in

«EV sin wt ofot<m
Uo(t)=

0 T<O<2T+ 0

\2v,
. . in o < <
i (t) — lo(t) — R sin wt Ot

0 T<OE<2T+ 0o

Their average values are

Vorw =0.225V,,(1+ cos o)

Io_p =0.225 % (1+cosa)

(6.1)

(6.51)

(6.52)

(6.53)

(6.54)

6.6.2  Single-Phase Half-Wave Thyristor Rectifier with Inductive Load

A single-phase half-wave thyristor rectifier with inductive load (R + L) is
shown in Figure 6.16. The load time constant is T = L/R. Hence the load

impedance Z is

Z =R+ joL=+R*+(oL)* £ ¢
where

¢ =tan™" oL
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T

iin L iﬁ L

+ V- -

-
@ Vin = '\/;V,,,sinwt vo R

FIGURE 6.16
Single-phase half-wave thyristor rectifier with inductive load (R + L).

The output voltage and current are

2V, sin ot Sof<
v, (t) = V2V, sinw a<ot<p (6.56)
0 B<ot<2m+ao
\/E‘/in : 3 7([5_&)/@
iin(t) — io(t) — | 7 | s1n(cot - ¢) + SlI'l(O( - (]))e L/R o<of< B (657)
0 B<ot<2m+a
where [} is the extinction angle and is determined by
o
sin(B — ¢) = sin(o. — p)e “"* (6.58)
Their average values are
Vo_w =0.225V, (cos o — cosB) (6.59)
Vi
Iow = 0.225? (cos o — cosP) (6.60)

6.6.3  Single-Phase Half-Wave Thyristor Rectifier with Pure
Inductive Load

A single-phase half-wave thyristor rectifier with pure inductive load (L) is
shown in Figure 6.6. The load is an inductor L only. Therefore,

Z=joL=wL £ ¢ (6.61)

where

Nla
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iin IT A io

vr — +

+
@ Vin = «/;V,,,sinwt L Vo

FIGURE 6.17
Single-phase half-wave thyristor rectifier with pure inductive load (L).

T

iin o o
+ vp — *
@ Vin = «/;V,-,,sinmt Vo R §
_ E
O

FIGURE 6.18
Single-phase half wave thyristor rectifier with EMF plus resistor (R + EMF).

The output voltage and current are

in

o.(f) = V2V, sin ot a<ot<2n—o
© 0 2n—o < ot < 2T+ o

V2V,
. . m _ < < _
i, () =i, ()= Z| (cono. — conwt) aot<2n—o

0 2n— o< ot <27+ 0o
Their average values are
Vofuv =0
2V,
o = 2 " [(r— o)+ sina]
oLn

6.6.4  Single-Phase Half-Wave Rectifier with Back EMF
Plus Resistive Load

(6.62)

(6.63)

(6.64)

(6.65)

A single-phase half wave thyristor rectifier with an EMF plus resistor load
(a resistor R plus an EMF) is shown in Figure 6.18. The EMF value is E,
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which is smaller than the input peak voltage V2V,,. Suppose an auxiliary
parameter m:

m=E/N2V, <1
and

E
V2V,

m

N=sin'm=sin™

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (t)= 2V, sin ot (6.1)

The thyristor conduction condition requires firing angle o > 1. Hence,
output voltage is

o, (t) = {fv sin ot aot<(nt-"n) (6.66)

E (m—mM)<ot<2n+o)

The input wave is a sinusoidal waveform, the corresponding output is a
partial sinusoidal waveform less than half-cycle. The output DC average
voltage is

2V,
Vorw = \271;" (cosn+cosa) + % (o+m+m)>E (6.67)

The input and output current waveform is no longer a sinusoidal wave-
form.

i (t)=iy(t)= (\ZV sinwt — E) a<ot<(t-n) (6.68)
0 (m—m)<wt<2n+o)
The input and output current average value is
2V,
Iy, = 2 " [cosm+ coso—m(m—m—o)] (6.69)

2nR
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N

FIGURE 6.19
Single-phase half wave thyristor rectifier with EMF plus resistor and inductor (EMF + R + L).

6.6.5  Single-Phase Half-Wave Rectifier with Back EMF
Plus Inductive Load

A single-phase half wave thyristor rectifier with an EMF plus inductive load
(an EMF plus a resistor R and an inductor L) is shown in Figure 6.19. The
EMF value is E, which is smaller than the input peak voltage V2V,,. Suppose
an auxiliary parameter m:

m=E/N2V, <1

and

I | -1
n=sin" m=sin" —=—
\2v,

As before, the load Z is

Z =R+ joL=~R*+(0L)® £ ¢

where

|Z|=VR*+(wL)> and ¢= tan’l%

the load time constant T = L/R.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (t)= V2V, sinot (6.1)

in
Since the inductor causes the current continuity, the thyristor conduction

angular length is v, in which usually o + y = n. The thyristor conduction
condition requires firing angle oo > 1. Hence, output voltage is
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" si <of <

0o (t) = 2V, sin ot o< of<(a+7Y) (6.70)
E (a+y)<ot<(2m+ o)
Where v is determined by:
v mo_ sin(at+7v—¢)

e OL/R = €95 (6.71)

—sin(o. — )

cos O

The input wave is sinusoidal waveform, the corresponding output is a partial
sinusoidal waveform less than half-cycle. The output DC average voltage is

V., =E (6.72)

The input and output current waveform is no longer a sinusoidal waveform.

i, (t)=1i,()

2Vor [sin(ot - 0) — (-2

2] conp 6.73)
- osot<(a+7y) :
B v

— [L — Sil’l(OL — ¢)]e oL/R }]
cond
0 (a+y)<ot<(2n+a)
The input and output current average value is
2V,
In = \/2;‘;’” [cos o — cos(ot + ) — my] (6.74)

6.6.6  Single-Phase Half-Wave Rectifier with Back EMF Plus
Pure Inductor

A single-phase half wave thyristor rectifier with an EMF plus a pure inductor
L is shown in Figure 6.20. The EMF value is E, which is smaller than the
input peak voltage V2V,,. Suppose an auxiliary parameter m:

m=E/N2V, <1

and

© 2006 by Taylor & Francis Group, LLC



146 Synchronous and Resonant DC/DC Conversion Technology
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FIGURE 6.20
Single-phase half wave thyristor rectifier with EMF plus inductor (EMF + L).

IR | |
n=sin" m=sin" —=—
\2v,

The load Z is
Z=joL=wL £ ¢

where

N a

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (t) =2V, sin ot (6.1)

Since the inductor causes the current continuity, the thyristor conduction
angular length is y, which is usually o + y = . The thyristor conduction
condition requires firing angle o > . Hence, output voltage is

" si <t<
o, (t) = «/EV," sin ot o< of <(o+7) 675)
E (a+y)<of<(2rn+o)
where v is determined by:
_ cono.—cos(o+7) 6.76)

m
The input wave is a sinusoidal waveform, the corresponding output is a

partial sinusoidal waveform less than half-cycle. The output DC average
voltage is
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Vip = «/;Vmsinmt $ D3 D4 -

FIGURE 6.21
Single-phase full-wave semicontrolled thyristor rectifier with inductive load (L + R) plus a free-
wheeling diode D.

V.

O-av

=E (6.77)
The input and output current waveform is no longer a sinusoidal waveform.

i, (t)=1i,(t)

2V,
\7L’" [cosa—coswt —m(owt—a)] aot(o+7y) (6.78)
®

0 (a+y)<ot<(2n+o)

The input and output current average value is

J2v, . ~ my’
= " [ycoso+sin o —sin(o +y) — )

+ 6.79
O-av 21wl m(X'Y] ( )

6.6.7  Single-Phase Full-Wave Semicontrolled Rectifier
with Inductive Load

A single-phase full-wave semicontrolled rectifier with inductive load (an
inductor L and a resister R) plus a free-wheeling diode D, is shown in
Figure 6.21. This rectifier is operating in quadrant 1 only because of the free-
wheeling diode D. The rectified output waveform is repeating in the fre-
quency 2. The load Z is

Z =R+ joL=+R*+(oL)* £ ¢
where
oL

|Z|=VR*+(wL)*> and ¢=tan
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the load time constant T = L/R.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, () =2V, sinot (6.1)
2V, sinot <ot <
Output voltage is v, (t) = V2V, sinw asofsm (6.80)
0 T<ot<(n+o)
The output DC average voltage is
2V,
Vo =Y (14 cosa) (6.81)
T

If the inductance is large enough and load time constant T = L/R is larger
than the half-cycle T/2 = 1/2f, and the input and output current waveform
can be considered constant.

2v,

. T in <mt<
lo(t) — (n_a)R (1+COS(X) Ot (682)
0 <ot <(T+o)

The input and output current average value is

2V.
= \/EV’” (1+cosa) (6.83)
R

O-av

6.6.8  Single-Phase Full-Controlled Rectifier with Inductive Load

A single-phase full-wave semicontrolled thyristor rectifier with inductive
load (an inductor L and a resister R) is shown in Figure 6.22. This rectifier
is operating in quadrants I and IV. The rectified output waveform is repeating
in the frequency 2. If the inductance is large enough, the output current
can be constant. The load Z is

Z=R+joL=+R*+(wL)’ £ o
where

ZI= R +lf and o= tant Ok
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Vip = W/;V,nsinwt?-m T4 -

FIGURE 6.22
Single-phase full-wave semicontrolled thyristor rectifier with inductive load (L + R).

the load time constant t = L/R >> T/2 = 1/2f.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (t) =2V, sinot (6.1)

Output voltage is v, (t) = ﬁVin sinot oot (n+o) (6.84)

The output DC average voltage is

2.2V,

%

O-av —

cos . (6.85)
v

If the inductance is large enough and load time constant T = L/R is larger

than the half-cycle T/2 = 1/2f, the input and output current waveform can
be considered constant.

242V,
in(t)= Qcosoc (6.86)
T

The input and output current average value is

2V.
= (w” (1+cosa) (6.87)
R

O-av

6.6.9 Three-Phase Half-Wave Rectifier with Resistive Load

A three-phase half-wave thyristor rectifier with a resister R is shown in
Figure 6.23. This rectifier is operating in quadrant I only. The rectified
output waveform is repeating in the frequency 3w. The circuit will be
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FIGURE 6.23
Three-phase half-wave semicontrolled thyristor rectifier with resister.

analyzed for the relationship of the output to input. The AC supply voltage
is sinusoidal.
Input line-to-neutral (between phase a to N) voltage is

0, (£) =2V, sin(wf - g) (6.88)
ﬁVm sin ot (xS(utSZ—n
Output voltage is v, (t) = 2n3 (6.89)
0 ot > 3

The firing angle o starts from the phase cross point ot = 30°. Each thyristor’s
maximum conduction period is 120°. Possible firing angle range is

0 <o <150°

The output DC average voltage is

36V, m

——"cosa o< —
V= % 6 (6.90)

V6V, =+ cos20 o> Ll

Ve 8n 6

The output current waveform is a partial sinusoidal wave.
TZ” sinwt o<ot< Z?TE
0, (t) = o (6.91)
0 ot > ?

The output current average value is
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FIGURE 6.24
Three-phase half-wave semicontrolled thyristor rectifier with inductive load (L + R).

WCOS(X (XS%

V =9 — L2 S 6.92
o =Vev. 1 13 . (692
|—+——cos20. o>—

R \6 8n 6

6.6.10  Three-Phase Half-Wave Thyristor Rectifier with Inductive Load

A three-phase half-wave thyristor rectifier with inductive load (an inductor
L and a resister R) is shown in Figure 6.24. This rectifier is operating in
quadrants I and IV. The rectified output waveform is repeating in the fre-
quency 3. If the inductance is large enough, the output current can be
constant. The load Z is

Z=R+joL=+R*+(aL)® £ o
where

|Z|=VR?*+(wL)®> and (|)=tar1’1m?L

the load time constant t = L/R >> T/3 = 1/3f.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input line-to-neutral (between phase a to N) voltage is
v () =2V, sin(ot - %) (6.88)

Output voltage is v, (t) = \/EVM sinoft oot (Z?TE + o) (6.93)

The firing angle o starts from the phase cross point wt = 30°. Possible firing
angle range is

0<o<=<180°
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FIGURE 6.25
Three-phase full-wave thyristor rectifier with resister R.

The output DC average voltage is

_ 36V,

V. =
O-av o

cosa. (6.94)

If the inductance is large enough and load time constant T = L/R is larger
than the half-cycle T/2 = 1/2f, the output current waveform can be consid-
ered constant.

36V,
2 i cos (6.95)
2nR

io(t) =

The output current average value is

Iy, = " cos o (6.96)

6.6.11  Three-Phase Full-Wave Thyristor Rectifier with Resistive Load

A three-phase full-wave thyristor rectifier with a resister R is shown in

Figure 6.25. This rectifier is operating in quadrant I only. The rectified output

waveform is repeating in the frequency 6w. The circuit will be analyzed for

the relationship of the output to input. The AC supply voltage is sinusoidal.
Input line-to-line (between phase a to c) voltage is

vuc(t) = \/g‘/in

. T
sin(wt — g) (6.88)

N“%Vin sinot o<of<==
Output voltage is  v,(f) = 2753 (6.97)
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The firing angle o starts from the phase cross point ot = 30°. Each thyristor
maximum conduction period is 120°. Possible firing angle range is

0 <o <150°

The output DC average voltage is

———"-cos 0. ast
VO av nl § 6 (698)
26V, |-+ cos200 o>
“V6 8n 6
The output current waveform is a partial sinusoidal wave.
V.
T’” sinwt o<t < 2?%
vo(t) = o (6.99)
0 ot >—
3
The output current average value is
3V6V, T
nR cosa o< o
6.100
\f 6V, 1 T ( )
—4 X2 cos 200 o>—
R V6 8n 6

6.6.12  Three-Phase Full-Wave Thyristor Rectifier with Inductive Load

A three-phase full-wave thyristor rectifier with inductive load (an inductor
L and a resister R) is shown in Figure 6.26. This rectifier is operating in
quadrants I and II. The rectified output waveform is repeating in the fre-
quency 6. If the inductance is large enough, the output current can be
constant. The load Z is

Z=R+joL=+R*+(aL)’ £ o

where
|Z|=vR*+(0L)> and ¢=tan™ oL

the load time constant t = L/R >>T/3 =1/3f
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FIGURE 6.26
Three-phase full-wave thyristor rectifier with inductive load (L + R).

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.
Input line-to-line (between phase a to c) voltage is

v, (t) = \/6V, sin(of - %) (6.88)

in

Output voltage is v, (t) = V6V, sinot  a<of< (2?75 +o) (6.101)

The firing angle o starts from the phase cross point wt = 30°. Possible firing
angle range is

0<o<180°

The output DC average voltage is

36V,
=227 cos 0 (6.102)
T

\%

O—-av

If the inductance is large enough and load time constant T = L/R is large
than the half-cycle T/6 = 1/6f, the output current waveform can be consid-
ered constant.

V6V,

3
io(t)= Tcosoc (6.103)

The output current average value is

= " cosol (6.104)
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7

Control Circuit: EMI and Application
Examples of DC/DC Converters

7.1 Introduction

During investigation of DC/DC prototypes and their characteristics, much
attention is paid to the circuitry components of the converters. Actually,
control components as auxiliary apparatus are important roles for DC/DC
converter operation. For example, the PWM pulse train generator is used to
yield the switching signal to all switches of DC/DC converters.

EMI, EMS, and EMC have to be considered during DC/DC converter
design because they affect the converter and other equipment working oper-
ation heavily.

Some particular examples of DC/DC converters are presented in this
chapter to demonstrate DC/DC converter application.

7.2 Luo-Resonator

The Luo-resonator is a pulse-width-modulated (PWM) signal generator,
which produces the PWM pulse train switching signal used for DC/DC
converters. This resonator consists of only three operational amplifiers (OA),
and provides a pulse train of the switching signal to control static switch-
on or switch-off with adjustable frequency f and conduction duty k. Luo-
resonator can be re-integrated into an application specific integrated circuit
(ASIC) to produce portable DC/DC converters.

The Luo-resonator is a high efficiency and simple circuit with easily adjust-
ing frequency f and conduction duty k. Its circuit diagram is shown in
Figure 7.1. It consists of three OAs named OALl to 3 and auxiliary. These
three 741-type OAs are integrated in a chip TL074 (which contains four OAs).
Two potentiometers are applied to adjust the frequency f and conduction
duty k.

157
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FIGURE 7.1
Luo-resonator.

The analysis of the Luo-resonator is performed under the assumption that
the operational amplifier is ideal:

1. Its open-loop gain is infinity
2. Its input impedance is infinity and output impedance is zero

3. Its output voltage positive and negative maximum values are equal
to the power supply voltages

7.2.1  Circuit Explanation

Type-741 OA can work with a =3 to £ 18 V power supplies, which are marked
V+, G, and V- with | V- | = V+. OA2 in Figure 7.1 acts as the integration
operation, its output V. is a triangle waveform with regulated frequency f
= 1/T controlled by potentiometer R,. OA1 acts as a resonant operation, its
output V; is a square-waveform with the frequency f. OA3 acts as a com-
parator, its output V), is a square-waveform pulse train with regulated con-
duction duty k controlled by R,.

First, the output voltage of OA1 maintained as V;; = V+. In the meantime
Vg inputs to OA2 via R,. Because of the capacitor C, the output voltage V.
of OA2 decreases toward V— with the slope —1/R,C. Voltage V feeds back
to OA1 negatively via R;. Voltage V, at point A changes from (2mV+)/(1 + m)
downward to 0 in the period of 0 — 2mR,C. It then intends toward negative.
It causes the OAl’s output voltage V; = V—at t = 2mR,C and voltage V,
jumps to

2mV —
1+m

(7.1)
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Therefore, the output voltage of OA1l jumps to V; = V—. In the meantime
V3 inputs to OA2 via R,. Because of the capacitor C, the output voltage V.
of OA2 increases toward V+ with the slope 1/R,C. Voltage V. feeds back to
OA1 negatively via R;. Voltage V, at point A changes from (2mV-)/(1 + m)
upwards to 0 in the period of 2mR,C —4mR,C. It then intends toward positive.
It causes the OAl’s output voltage V; = V+ at t = 4mR,C and voltage V,
jumps to

2mV +
1+m

(7.2)

Voltage V; takes the two values either V+ or V-.

Voltage V. is a triangle waveform, and inputs to OA3. It compares with
shift signal Vg, regulated by the potentiometer R; via Rs. When Vi, = 0,
OA3 yields its output voltage V), as a pulse train with conduction duty k =
0.5. Positive V., shifts the zero-cross point of voltage V. downward, hence,
OA3 yields its output voltage V}, as a pulse train with conduction duty k >
0.5. Vice versa, negative V., shifts the zero-cross point of voltage V.
upward, hence, OA3 yields its output voltage V,, as a pulse train with
conduction duty k < 0.5 as shown in Figure 7.2. Conduction duty k is con-
trolled by Vg, via the potentiometer R;.

7.2.2 Calculation Formulae

The calculation formulas are

Setting,
R
m=—> (7.3)
RZ
We obtain:
1 1
- = 7.4
f T 4mR,C 7.4)
and
R.V
k=05+—_d= (7.5)
2RV,

If the positive and negative maximum values of the shift voltage V., are
V+ and V-, and R; = R,, the value of the conduction duty k is in the range
between 0 and 1.0. Considering the resistance tolerance is 5%, we usually
choose that resistance R is slightly smaller than resistance Rs.

This PWM pulse train V/, is applied to the DC/DC converter switch such
as a transistor, MOSFET or IGBT via a coupling circuit. The voltage wave-
forms of V, — V|, are shown in Figure 7.2.
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FIGURE 7.2
Voltage waveforms of Luo-resonator.

7.2.3 A Design Example

A Luo-resonator was designed as shown in Figure 7.2 with the component
values:

R,=10kQ; R, =R, = R; = 100 kQ; R; = Ry = 95 kQ;
R, =510 Q to 5.1 kQ; R, =20 kQ and C =5.1 nF

The results are m = 0.95, frequency f = 10 kHz to 100 kHz and conduction
duty k =0 to 1.0.

7.2.4 Discussion

Type 741 operational amplifier of chip TL074 has the frequency bandwidth of
about 2 MHz. Its open-loop gain is only about 20 when this Luo-resonator
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works at f= 100 kHz. The waveform of V- may be deformed slightly. It increases
or decreases as an exponential curve, but linearly. However, the frequency f
and conduction duty k of the output PWM pulse train are still adjustable.

Although real maximum positive and negative output voltages of all OA
are slightly smaller than the power supply voltages V+ and V—, experimental
results verified that Luo-resonator still works well. When power supply
voltages change from £ 5 V to + 18 V the variations of the frequency f and
conduction duty k are less than 2%.

7.3 EMI, EMS, and EMC

Electromagnetic interference (EMI) generally exists in all electrical and elec-
tronic equipment, especially in all DC/DC converters. Since the switching
frequency applied in DC/DC converter is high it causes significant EMI if
carelessly designed. For the sake of providing the power quality, two objec-
tives must be achieved. First, limit the radio frequency (RF) emissions that
can be imposed on the power mains. Second, elaborate the current electro-
magnetic susceptibility (EMS) test methods with the goal of reducing the
EMS of devices on the consumer end of the power grid.

Electromagnetic compatibility (EMC) has come a long way from the “black
magic” approach in the early 1960s to an almost exact science today with its
analytical methods, measurement techniques, and simulation software. Four
decades ago, all existing handbooks on EMC could be counted on the fingers
of one hand, but today they could occupy several shelves in a respectable
library. This fact is caused by the significant reason that the applied frequency
in 9 kHz to 30 MHz is much higher than those (1 kHz to 10 kHz) of 40 years
ago. EMI is a serious problem in power electronic circuits because of their
fast switching characteristics. Many countries have imposed EMC regula-
tions that must be met before electronic products can be sold legally. Because
of this fact, the vital importance of this problem in all equipment including
DC/DC converters is recognized.

7.3.1  EMI/EMC Analysis

The recent investigation of international regulations on EMC has prompted
active research in the study of EMI emission from switched-mode power
converters, which are now indispensable components in modern electronic
equipment such as computers. EMI study can be focused on three major
elements, namely,

1. The EMI source (EMI emission)
2. The coupling path (EMI transmission)
3. The victim (EMI effect)
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It is important to minimize the coupling path and to improve the EMI
immunity. An effective solution for EMI suppression is to attack the problem
at the EMI source. By studying power electronics circuits, the high dv/dt
and di/dt involved in the switching operation of traditional hard-switched
power electronics devices are the major source of EMI emission. Effectively
reducing dv/dt and di/dt in DC/DC converters will largely attenuate the
EMI emission in radio frequency (RF) radiation.

In order to improve the energy efficiency and reliability of power convert-
ers soft-switching techniques created in 1980s have been proposed to reduce

* The switching power losses across the power devices,
¢ The switching stress of switched-mode power electronics circuits.

Essentially, soft-switching techniques create a zero-voltage-switching
(ZVS) and/or zero-current-switching (ZCS) conversion process for the
power switched to turn-on and turn-off. Therefore, the instantaneous power
losses across the main switches can be reduced or eliminated. Results pub-
lished recently have confirmed the feasibility of such soft-switched operation.

Coupling path is a complex problem. EMI emission is created by the EMI
source and radiated out by certain manner, then EMI reaches the receiver or
victim. The EMI transferring process from the source to victim is called
coupling path. It relies on the following factors

¢ The physical structure in both EMI source and victim
¢ The location and direction between EMI source and victim

¢ The transmission media (shielded or unshielded) between EMI
source and victim

¢ The difference of the frequency bandwidths between EMI source
and victim

Successfully cut, the coupling path can effectively reduce the EMI to other
equipment (victim). Unfortunately, no matter how carefully it is done, EMI
still affects all victims.

Victim is the equipment to be harmed by the EML. In order to reduce the
interference some effective measures can be taken

¢ Neat physical structure

¢ Distance from source

¢ Shielding equipment

¢ Large different frequency band from EMI source

We concentrate to reduce the EMI emission that may be created by DC/
DC converters in further sub-sections.
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(b) Soft-switching (ZCS-QR) Buck converter

FIGURE 7.3
Hard-switching and soft-switching buck converter.

7.3.2  Comparison with Hard-Switching and Soft-Switching

Hard-switching converters usually have large rates of dv/dt and di/dt. For
example, a hard-switching buck converter is shown in Figure 7.3a can be
redrawn in Figure 7.3a and its corresponding soft-switching buck converter is
shown in Figure 7.3b. The soft-switching buck converter is similar to its hard-
switching circuit, except that it consists of the extra resonant components L,
and C,. Since the values of the extra resonant components L, and C, are
usually small, they can be carefully designed in the power devices (switch
S and diode D) snubbers. Although a snubber circuit can reduce the EMI, it
generally causes additional energy loss. Thus, resonant converters not only
produce less EMI, but also exhibit lower energy loss than hard-switching
converters with snubber circuit.

The resonant inductor L, limits the initial current of the main switch S to
provide zero-current condition during switch-on. The resonant process can
provide another zero-current condition for switch-off operation. The reso-
nant capacitor C, can discharge through the antiparallel diode of the main
switch S (it usually exists in the device), thus clamping the voltage across S
to about 1 V for near-zero voltage turn-off of the main switch S.

7.3.3  Measuring Method and Results

An EMC analyzer is usually used to measure the EMI emission conducted
and radiated. For example, an EMC analyzer HP 8591EM is widely applied
in experiments to measure both conducted and radiated emissions. During
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the tests, the detector function was set to the Comite International Special
des Perturbations Radioelectriques (CISPR) quasi-peak function. With the
converter off, the frequency range of interest is swept to survey ambient
environmental level. With the converter on, the signals measured are the
ambient and the converter emission signals. The actual emission from the
converter can be obtained by subtracting the ambient signal from the mea-
sured signals.

The basic converter components (L and C) in each set of hard-switched
and soft-switched converters are identical and the two converters are tested
under same load conditions. The magnitude of the inductor current and load
current in the two converters of each type are essentially identical. The
converters have no EMI filters and are not shielded. In addition, none of the
converters has any enclosure. The background EMI was measured just before
turning on each converter. Both the conducted EMI (from 50 kHz) and
radiated EMI (from 50 kHz to 5 MHz) of the converters were recorded. In
the radiated EMI measurement, the results have been corrected with the
antenna. All converters were tested with an output power of about 55 W.

For both of the hard-switched and soft-switched buck converters, V,,, = 55
V, V, =20V, switching frequency f = 50 kHz and duty cycle k = 0.4, L =2.5
mH, C = 20 uF and, R = 7.5 Q. For the soft-switched buck converter, L, = 4
uH and C, = 1 puFE Figure 7.4 shows the voltage and current waveforms of
the main switch S in the hard-switched buck converter. The corresponding
current FFT spectrum is shown in Figure 7.5. The switching trajectory in this
case is illustrated in Figure 7.6. Figure 7.9 shows the voltage and current
waveforms of the main switch S in the soft-switched buck converter. The
corresponding current FFT spectrum is shown in Figure 7.8. The switching
trajectory in this case is illustrated in Figure 7.9. The L-shape of the trajectory
confirms the main switch S in soft-switching state.

Comparison of Figure 7.4 and Figure 7.7 shows that the soft-switched
voltage and current waveforms have very little transient ringing. The reverse
recovery current of the diode in the soft-switched converter is also much
less than in the hard-switched converter. The significant reduction of the
transient ringing in the soft-switched converter results in much reduced dv/
dt and di/dt.

Comparison of the FFT spectrums in Figure 7.5 and Figure 7.8 shows that
the soft-switched current has much lower total harmonic distortion (THD)
than hard-switched current. The FFT spectrum in Figure 7.8 shows the fre-
quency bands are lower that that in Figure 7.5. Otherwise, amplitudes of all
harmonics in Figure 7.8 are lower than those in Figure 7.5. From this fact,
EMI emission is much lower than that of the corresponding soft-switching
converter.

Comparison of the FFT spectrums in Figure 7.6 and Figure 7.9 shows that
the switching trajectory shows that the conducted and radiated EMI emission
from the hard-switched buck converter (together with the background noise)
is larger than that from the soft-switched buck converter. It can be seen that
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(a) Voltage waveform
4.0A

2.0A |

OA ° o -3

2.0A
19.960ms 19.965ms 19.970ms 19.975ms 19.980ms 19.985ms 19.990ms 19.995ms 20.000ms

o Isw Time

(b) Current waveform

FIGURE 7.4
Voltage and current waveforms of hard-switching buck converter.
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FIGURE 7.5

Current FFT spectrum of hard-switching buck converter.
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FIGURE 7.6
Switching trajectory of hard-switching buck converter.
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FIGURE 7.7

Voltage and current waveforms of soft-switching buck converter.

© 2006 by Taylor & Francis Group, LLC



Control Circuit: EMI and Application Examples of DC/DC Converters 167

12mA

8mA

4mA

0A allls . s ldllil 5 B = ENK CWWE
4.0MHz 6.0MHz 8.0MHz 10.0MHz 12.0MHz 12.8MHz

v lsw Frequency

FIGURE 7.8
Current FFT spectrum of soft-switching buck converter.
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FIGURE 7.9

Switching trajectory of soft-switching buck converter.

the soft-switching technique effectively limits the conducted and radiated
EMI emission.

7.3.4  Designing Rule to Minimize EMI/EMC

In order to reduce the EMI in certain stage and keep the reasonable EMC,
some rules have to be considered during designing a DC/DC converter:

* Take soft-switching techniques ZCS, ZVS, and ZT
* Reduce the switching frequency as low as possible
* Reduce the working power

e Use fewer inductors

e House DC/DC converter in a shielded enclosure
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lin D1 D2 Vi D4 D5 V2 D7 D8

FIGURE 7.10
The 5000 V insulation test bench.

7.4 Some DC/DC Converter Applications

DC/DC conversion technique has been rapidly developed and has been
widely applied in industrial applications and communication equipment.
Some particular examples of DC/DC converters are presented here to dem-
onstrate DC/DC converter application.

e A 5000V insulation test bench
e MIT 42 V/14 V 3 kW dual direction DC/DC converter
¢ IBM 1.8 V/200 A power supply

7.4.1 A 5000 V Insulation Test Bench

Insulation test bench is the necessary equipment for semiconductor manu-
facturing organizations. An adjustable DC voltage power supply is the heart
of this equipment. Traditional method to obtain the adjustable high DC
voltage is a diode rectifier via a setting-up transformer. It is costly and large
size with poor efficiency.

Using a positive output Luo-converter quadruple-lift circuit plus a general
IC-chip TL494, can easily implement the high output voltage (say, 36 V to
1000 V) from a 24 V source. If higher voltage is required, it is available to
implement 192 V to 5184 V, via a positive output super-lift Luo-converter
triple-lift circuit, this diagram is shown in Figure 7.10. This circuit is small,
effective, and low cost. The output voltage can be determined by

(7.6)
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TABLE 7.1
The Experimental Results of the 5000 V Test Bench
Conduction duty, k 0 01 02 03 04 05 0.6 0.7 08 0.82
Output voltage V;, (V) 192 226 273 244 455 648 1029 1953 5184 6760
D4
it iL
S L
0—1/-—1 ~
(o™ —> L
+ 0—”— Ir +
Vi = J_ V,
- Cr T 182 AD, —‘7 -
FIGURE 7.11

The MIT 42 V/14 V 3 kW dual direction DC/DC converter.

The conduction duty cycle k is only adjusted in the range 0 to 0.8 to carry
out the output voltage in the range of 192 V to 5184 V. The experimental
results are listed in Table 7.1. The measured data verified the advantage of
this power supply.

7.4.2 MIT 42/14V 3 KW DC/DC Converter

MIT 42/14 V 3 KW DC/DC converter was required to transfer 3 kW energy
between two battery sources with 42 V and 14 V. The circuit diagram is
shown in Figure 7.11. This is a two-quadrant zero-voltage-switching (ZVS)
quasi-resonant-converter (QRC). The current in low-voltage side can be up
to 250 A. This is a typical low-voltage strong-current converter. It is easier
to carry out by ZVS-QRC.

This converter consists of two sources V; and V,, one main inductor L, two
main switches S; and S,, two reverse-paralleled diodes D, and D,, one res-
onant inductor L, and two resonant capacitors C,; and C,,. The working
conditions selected:

Vi=42V V,=14V
L =470 uH C,=C,=C,=1uF
_JluH normal — operation
" |9uH  low-current —operation

Therefore,
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1

O,=—F—= 106 rad 7.7
O \chr /S ( )
L .
Z, = \ C—' =1 Q (Normal operation) (7.8)
o =sin"! 4 (7.9)
Zol,

It is easy to keep the quasi-resonance when the working current I, > 50 A.
If the working current is too low, the resonant inductor will take a large
value to guarantee the quasi-resonance state. This converter performs two-
quadrant operation:

* Mode A (quadrant I) — Energy transferred from V; side to V, side
* Mode B (quadrant II) — Energy transferred from V, side to V; side

Assuming the working current is I, = 100 A and the converter works in
mode A, following calculations are obtained:

1
o, =———=10° rad/s 7.10
o JLC (7.10)
L
=1r=1Q 7.11
o \/Cr (7.11)
a=sin V1 = 2483 (7.12)
Zol,
V.C
{ =1 2042 pis (7.13)
12
t,=""%_358ps (7.14)
@,
_ 1+cosa _1+0.908

t3 V 12 Lr

1

100%10°° = 4.54 ps (7.15)

b+t 4t 0.42+3.58+4.54
v /v, -1 2

=427 us (7.16)
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TABLE 7.2
The Experimental Test Results of MIT 42V /14 Converter
Mode f(KHz) L(A) LA LA P,W P,(W n(% PD Wiin?

A 78 77.1 220 220 3239 3080 95.1 23.40
A 80 78.3 220 220 3287 3080 93.7 23.58
A 82 81 220 220 3403 3080 90.5 24.01
B 68 220 69.9 220 3080 2939 95.3 22.28
B 70 220 68.3 220 3080 2871 93.2 22.04
B 72 220 66.6 220 3080 2797 90.8 21.77

Note: With the condition: L, =1 pH, C,; = C,, =1 uE

T=t +t,+t,+t, =042+358+4.54+4.27=1281us (7.17)

f= % = %81 =78.06 KHz (7.18)

_ b+t 4.54+4.27
T 12.81

k

=0.688 (7.19)

The volume of this converter is 270 cubic inches. The experimental test
results in full power 3 kW are listed in Table 7.2. From the tested data, a high
power density 22.85 W/in.? and a high efficiency 93% are obtained. Because
of soft-switching operation, the EMI is low and EMS and EMC are reason-
able.

7.4.3 IBM 1.8 V/200 A Power Supply

This equipment is suitable for IBM next-generation computers with power
supplies of 1.8 V/200 A. This is a ZCS SR DC/DC Luo-convertet, and is shown
in Figure 7.12. This converter is based on the double-current synchronous rec-
tifier DC/DC converter plus zero-current-switching technique. It employs a
hixaploid-core flat-transformer with the turn ratio N = 1/12. It has a six-unit
ZCS synchronous rectifier double-current DC/DC converter. The six primary
coils are connected in series, and six secondary circuits are connected in
parallel. Each unit has particular input voltage V,, to be about 33 V, and can
offer 1.8 V/35 A individually. Total output current is 210 A. The equivalent
primary full current is I, = 17.5 A and equivalent primary load voltage is V,
= 130 V. The ZCS natural resonant frequency is

ror
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+
'2l R v,
Unit 1
+
____TV.] Cr ;<C
_ [ __Unit2 |
[ __Unit3 |
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Sz [ Unit6 |
L,
PWM S,
Ealig D,
FIGURE 7.12
The IBM 1.8 V/200 A power supply.
Z, = \7’ (7.21)
r
Z,1
o =sin"" ‘C; 1 (7.22)

The main power supply is from public utility board (PUB) via a diode
rectifier. Therefore V; is nearly 200 V, and the each unit input voltage V,, is
about 33 V. Other calculation formulae are

IlLr
t, =
Vi
tz_n+oc
(‘00
f, 1+cosocvlcr
Il
Vit +ty)
A Ty, Bt
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(7.25)

cos o

ﬂ) (t, +t, +t;)

(7.26)
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T=t +t, +t; +t, (7.27)
1
== 7.28
f=7 (7.28)
p=lith (7.29)
T
Real output voltage and input current are
Lm 2
VO:kNVl—(RL+RS+TN )Mo (7.30)
I, =kNI, (7.31)
The power transfer efficiency is
L
R +R.+-N?
I L S
_Volo _4_ T |, (7.32)
‘/inlin kN‘/m

The commercial unit of this power supply works in voltage closed-loop
control with inner current closed-loop to keep the output voltage constant.
Applying frequency is arranged in the band of 200 kHz to 250 kHz. The
volume of the power supply is 14 cubic inches. The transfer efficiency is
about 88 to 92% and power density is about 25.7 W/in.2.

I
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8

Energy Factor (EF) and Mathematical
Modeling for Power DC/DC Conuverters

We have investigated the characteristics of all power DC/DC converters in
steady-state in previous chapters. We will investigate the transient process
characteristics of all power DC/DC converters in this chapter.

Power DC/DC converters have pumping-filtering process, and resonant
process or voltage-lift operation or both. These circuits consist of several
energy-storage elements. They are like an energy container that stores certain
energy during performance. The stored energy will vary if the working
conditions change. For example, once the power supply is on, the output
voltage starts from zero since the energy-container is not filled. The transient
process from one steady state to another depends on the pumping energy
and stored energy. The same reason effects the interference discovery process
since the stored energy usually has the inertia to effect the impulse response.

All switching power circuits work under the switching condition with high
frequency f. It is thoroughly different from traditional continuous work
condition. The obvious technical feature is that all parameters perform in a
period T = 1/f, then gradually change period-by-period. The switching
period T is the clue to investigate all switching power circuits. Catching the
clue, we can define many brand new concepts (parameters) to describe the
characteristics of switching power circuits. These new factors fill in the
blanks of the knowledge in power electronics and conversion technology.
We will carefully discuss the new concepts and their applications in this
chapter.

8.1 Introduction

Four important factors — power factor (PF), power transfer efficiency (1),
total harmonic distortion (THD) and ripple factor (RF) — well describe the
characteristics of power systems. Unfortunately, all these factors are not

175
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available to use to describe the characteristics of power DC/DC converters
and other high frequency-switching circuits.

Power DC/DC converters are equipped with a DC power supply source,
pump-circuit, filter, and load. The load can be any type of the load, but most
investigation is concerned with resistive load R and back EMF or battery. It
means that the input and output voltages are nearly pure DC voltages with
a very small ripple, e.g., the output voltage variation ratio is usually less
than 1%. In this case, the corresponding RF is less than 0.001, which is always
ignored.

Since all power is real power without reactive power jQ, we cannot use
the power factor PF to describe the energy transferring process.

Because only the DC component exists without harmonics in input and
output voltage, THD is not available to use to describe the energy transfer-
ring process and waveform distortion.

To simplify the research and analysis, we usually assume the condition
without power losses during the power transferring process when investi-
gating power DC/DC converters. Consequently, we assume the efficiency n
=1=100% for most descriptions of power DC/DC investigations. Otherwise,
efficiency M must be considered for special investigations regarding the
power losses.

In general conditions, all four factors are not available to apply to the
analysis of power DC/DC converters. This situation left the designers of
power DC/DC converters confused for a very long time. They would like
to find other new parameters to describe the characteristics of power DC/
DC converters.

Energy storage in power DC/DC converters has received attention for
a long time. Unfortunately, as yet there is no clear concept to describe the
phenomena and reveal the relationship between the stored energy and
the characteristics of power DC/DC converters. Theoretically, we have
defined a new concept — energy factor (EF) — and researched the rela-
tionship between EF and the mathematical modelling of power DC/DC
converters. EF is a new concept in power electronics and conversion
technology, and thoroughly differs from the traditional concepts, such as
power factor (PF), power transfer efficiency (1), total harmonic distortion
(THD), and ripple factor (RF). EF and the sub-sequential parameters can
illustrate the system stability, reference response, and interference recov-
ery. This investigation is helpful for system design and foreseeing DC/
DC converters’ characteristics.

Assume that the instantaneous input voltage and current of a DC/DC
converter are v,(t) and i,(t), and their average values are V; and I,. The
instantaneous output voltage and current of a DC/DC converter are v,(t)
and i,(t), and their average values are V, and I,. The switching frequency is
f, the switching period is T = 1/f, the conduction duty cycle is k, and the
voltage transfer gainis M = V,/V,.
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8.2 Pumping Energy (PE)

All power DC/DC converters have a pumping circuit to transfer the energy
from the source to some energy-storage passive elements, e.g., inductors and
capacitors. The pumping energy (PE) counts the input energy in a switching
period T. Its calculation formula is:

T T
PE= J B, (t)dt = J' Vidt=V,I,T (8.1)
0 0

where

I, = JTil(t)dt

0

is the average value of the input current if the input voltage V, is constant.
Usually the input average current I, depends on the conduction duty cycle.

8.2.1 Energy Quantization

In switching power circuits, the energy is not continuously flowing from
source to actuator. The energy delivered in a switching period T from source
to actuator is likely an energy quantum. Its value is the PE.

8.2.2  Energy Quantization Function

Equation (8.1) demonstrates that the energy quantum (PE) is the function of
switching frequency f or period T, conduction duty cycle k, input voltage v,,
and current i;. Since the variables T, k, v;, and i, can vary with time, PE is
the time-function. Usually, in a steady state the variables T, k, v, and i
cannot vary; consequently PE is a constant value in a steady state.

8.3 Stored Energy (SE)

Energy storage in power DC/DC converters has received attention long ago.
Unfortunately, there is no clear concept to describe the phenomena and
reveal the relationship between the stored energy and the characteristics of
power DC/DC converters.
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8.3.1 Stored Energy in Continuous Conduction Mode (CCM)

If a power DC/DC converter works in the continuous conduction mode, all
components’ voltages and currents are continuous.

8.3.1.1 Stored Energy (SE)
The stored energy (SE) in an inductor is

W, = %Llf (8.2)

The stored energy across a capacitor is

W, = %cvg (83)

Therefore, if there are n; inductors and . capacitors, the total stored energy
in a DC/DC converter is

ny ne
SE= Z W, + Z W (8:4)
= =

Usually, the stored energy is independent from the switching frequency f (as
well as the switching period T). Since the inductor currents and the capacitor
voltages rely on the conduction duty cycle k, the stored energy is dependent
on the conduction duty cycle k. In subsequent descriptions, we call it stored
energy.

8.3.1.2  Capacitor-Inductor Stored Energy Ratio (CIR)

Most power DC/DC converters consist of inductors and capacitors. There-
fore, we can define the capacitor-inductor stored energy ratio (CIR).

ne

W
CIR = (8.5)

n

ZWM‘
j=1
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8.3.1.3 Energy Losses (EL)

Usually, most analysis applied in DC/DC converters assumes no power
losses, i.e., the input power is equal to the output power, P;, = P, or VI, =
V,I,, so that pumping energy is equal to output energy in a period PE =
ViI,T = V,L,T. It corresponds to the efficiency 1 = V,I,T/PE = 100%.

Particularly, power losses always exist during the conversion process. They
are caused by the resistance of the connection cables, resistance of the induc-
tor and capacitor wire, and power losses across the semiconductor devices
(diode, IGBT, MOSFET, and so on). We can sort them as the resistance power
losses P,, passive element power losses P,, and device power losses P;. The
total power losses are Py,,.

P,=P,+P, +P,
and
P,=P,+ Py, =P, +P,+P,+P,=V,, + P,+P,+ P,
Therefore,
EL=P,,xT=(P,+P,+P,)T

The energy losses (EL) is in a period T,

T
FL=[ Pudt=P.T (8.6)
0

Since the output energy in a period T is (PE — EL) x T, we can define the
efficiency n to be

P P, ,-P PE—-EL
n= Zo _ Zin loss _ (87)
P P PE

m

If there is some energy loss EL > 0, the efficiency n is smaller than unity. If
there is no energy loss during conversion process (EL = 0), the efficiency n
=1

8.3.1.4  Stored Energy Variation on Inductors and Capacitors (VE)

The current flowing through an inductor has variation (ripple) Ai;; the vari-
ation of stored energy in an inductor is
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AW, = %L(Ifnax I3, )= LI, (8.8)

where
Lox =1, + A, /2 and I, =1 —-Ai/2

The voltage across a capacitor has variation (ripple) Av.; the variation of
stored energy across a capacitor is

AW, = %c(vjm V)= CVeto (8.9)

where
Vmax = VC + A’UC/Z and Vmin = VC - AUC/Z
In the steady state of CCM, the total variation of the stored energy (VE) is

nc

ny
VE= ) AW, + ) AW, (8.10)
j=1 =1

8.3.2 Stored Energy in Discontinuous Conduction Mode (DCM)

If a power DC/DC converter works in the discontinuous conduction mode
(DCM), some components” voltages and currents are discontinuous. In the
steady state of the discontinuous conduction situation, some minimum cur-
rents through inductors and/or some minimum voltages across capacitors
become zero. We define the filling coefficients m; and m¢ to describe the
performance in DCM.

Usually, if the switching frequency f is high enough, the inductor’s current
is a triangle waveform. It increases and reaches I, during the switching-
on period kT, and decreases and reaches I,;, during the switching-off period
(1 -Kk)T. If it becomes zero at t = ¢, before the next switching-on, we consider
that the converter is working in DCM. The waveform of the inductor’s
current is shown in Figure 8.1. The time t, should range kT < t, < T, and the
filling coefficient m; is

(8.11)
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|max—————

\

FIGURE 8.1
Discontinuous inductor current

where 0 < m; < 1. It means that the inductor’s current only can fill the time
period m; (1 — k)T during switch-off. In this case, I.,;, is equal to zero and the
average current I, is

I =1

max

[m, + (1 —my)k]/2 (8.12)
and

ANip =1, (8.13)
Therefore,

AW, = LLAi, = L

max [mL + (1 - mL)k]/z (814)
Analogously, we define the filling coefficient m. to describe the capacitor
voltage discontinuity. The waveform is shown in Figure 8.2. Time ¢, should
be kT < t, < T, and the filling coefficient m is

t, — kT

Mg = =0 (8.15)

where 0 < m < 1. It means that the capacitor’s voltage only can fill the time
period m(1 — k)T during switch-off. In this case, V , is equal to zero and
the average voltage V. is

min

V.=V

max

[me + (1 — mok]/2 (8.16)
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Vmax—————

\

FIGURE 8.2
Discontinuous capacitor voltage.

and
Av- =V

max

(8.17)
Therefore,
AW = CV Ay = CV2

max [mC + (1 - mC)k]/z (818)

When we consider that a converter works in DCM, it usually means that
only one or two energy-storage elements, voltage and current, are discon-
tinuous, not all elements. We use the parameter VE, to present the total
variation of the stored energy.

g nc—d

VED_ZAWL] 2 AW, + ZAWC]+ 2 AW (8.19)

jEnp_g+1 j=ne_g+1

where n;_; is the number of discontinuous inductor currents, and n., is the
number of discontinuous capacitor voltages. We have discussed these cases
in other papers. This formula is the same as equation (8.10). For convenience,
rather than necessity, we use equation (8.10) to cover both CCM and CDM.

8.4 Energy Factor (EF)

As described in a previous section, the input energy in a period T is the
pumping energy PE = P, X T = VI, X T. We now define the energy factor
(EF) as the ratio of the stored energy (SE) over the pumping energy (PE):
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S s 2 Wi+ 2 Wy
pp=SE_ SE _ = =1 (8.20)
PE VT VI, T

Energy factor (EF) is a very important factor of a power DC/DC converter.
It is usually independent from the conduction duty cycle k, and proportional
to the switching frequency f (inversely proportional to the period T) since
the pumping energy PE is proportional to the switching period T.

8.5 Variation Energy Factor (EF))

We also define the energy factor for the variation of stored energy (EF,) that
is the ratio of the variation of stored energy over the pumping energy:

e ;AWL].+;AWQ

EFV =—= =
PE  VI,T V,I,T

(8.21)

Energy factor EF and variation energy factor EF,, are available to be used to
describe the characteristics of power DC/DC converters. The applications
are listed in next sections.

8.6 Time Constant T and Damping Time Constant 1T,

We define the time constant T and damping time constant 1, of a power DC/
DC converter in this section for the applications in the next section.

8.6.1 Time Constant t

The time constant T of a power DC/DC converter is a new concept to
describe the transient process of a DC/DC converter. If there are no power
losses in the converter, it is defined:

2T xEF
1+CIR

(8.22)
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This time constant T is independent from switching frequency f (or period
T = 1/f). It is available to estimate the converter responses for a unit-step
function and impulse interference.

If there are power losses and n < 1, it is defined:

1= 2IXEEL L op1En (8.23)
1+ CIR n

The time constant t still is independent from switching frequency f (or period
T =1/f) and conduction duty cycle k. If there is no power loss, 1 =1, equation
(8.23) becomes (8.22). Usually, the higher the power losses (the lower effi-
ciency 1), the larger the time constant t since CIR > 1.

8.6.2  Damping Time Constant 1,

The damping time constant 1, of a power DC/DC converter is new concept
to describe the transient process of a DC/DC converter. If there are no power
losses it is defined:

o _2TxEF
47 1+CIR

CIR (8.24)

This damping time constant 7, is independent from switching frequency f
(or period T = 1/f). It is available to estimate the oscillation responses for a
unit-step function and impulse interference.

If there are power losses and | < 1, it is defined:

_2TXEF  CIR
1+CIR n+CIR(1-n)

(8.25)

Ty

The damping time constant 1,4 is also independent from switching frequency
f (or period T = 1/f) and conduction duty cycle k. If there is no power loss,
N = 1, equation (8.25) becomes (8.24). Usually, the higher the power losses
(the lower efficiency n), the smaller the damping time constant 7, since CIR
> 1

8.6.3 Time Constants Ratio &

The time constants ratio § of a power DC/DC converter is a new concept
to describe the transient process of a DC/DC converter. If there are no power
losses, it is defined:
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£ = %d - CIR (8.26)

This time constant ratio is independent from switching frequency f (or period
T = 1/f). It is available to estimate the oscillation responses for a unit-step
function and impulse interference.

If there are power losses and 1 < 1, it is defined:

g="d - CIR (8.27)

T OV
n(1+CIR1n)
n

The time constant ratio is still independent from switching frequency f (or
period T = 1/f) and conduction duty cycle k. If there is no power loss, n =
1, equation (8.27) becomes (8.26). Usually, the higher the power losses (the
lower efficiency 1), the smaller the time constant ratio & since CIR > 1. From
this analysis, most power DC/DC converters with lower power losses pos-
sess the output voltage oscillation when the converter operation state
changes. And vice versa, power DC/DC converters with high power losses
will possess the output voltage smoothening when the converter operation
state changes.

By cybernetic theory, we can estimate the unit-step function response using
the ratio &. If the ratio § is equal to or smaller than 0.25 the corresponding
unit-step function response has no oscillation and overshot. Vice versa, if
the ratio & is greater than 0.25, the corresponding unit-step function response
has oscillation and overshot. The higher the value of ratio &, the heavier
oscillation with higher overshot.

8.6.4  Mathematical Modeling for Power DC/DC Converters

The mathematical modeling for all power DC/DC converters is

M
Gls)]=——F 8.28
() 1+sT+5°1T, (8.28)

where M  the voltage transfer gain: M = V,/V,,
T the time constant in (8.23),
1, the damping time constant in (8.25), T, = &1
s the Laplace operator in the s-domain.

Using this mathematical model of power DC/DC converters is significantly
easier to describe the characteristics of power DC/DC converters. In order
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FIGURE 8.3
Buck converter.

to verify this theory, few converters are investigated to demonstrate the
characteristics of power DC/DC converters and applications of the theory.

8.7 Examples of Applications

In order to demonstrate the parameters’ calculation, some examples are
presented in this section. A buck converter, super-lift Luo-converter, boost
converter, buck-boost converter, and positive output Luo-converter are used
for this purpose,

8.7.1 A Buck Converter in CCM

We will carefully discuss the mathematical model for buck converter in
various conditions in this sub-section.

8.7.1.1 Buck Converter without Energy Losses (r, = 0 Q)

A buck converter shown in Figure 8.3 has the components values: V, = 40
V, L = 250 uH with resistance r, = 0 Q, C = 60 uF, R = 10 Q, the switching
frequency f = 20 kHz (T = 1/f = 50 ps) and conduction duty cycle k = 0.4.
This converter is stable and works in CCM.

Therefore, we have got the voltage transfer gain M = 0.4,ie. V, = Vo = MV,
=04x40=16V.I;=1,=16 A, P, =0 W and I, = 0.64 A. The parameter
EF and others are listed below:

PE=V,[,T =40%0.64%50u =128 m], W, = %Llf =0.5%250p*1.6* = 0.32m],
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W, = %cvg =0.5%60u*16> =7.68m]J,SE=W, + W. =0.32+7.68 =8m]J,

pr=E_ 8 _¢o5 cr=Ne_768_,,
PE 1.8 W, 0.32
PO
EL=P, *T=0m], n=—2—=1
PO+Ploss
c 2THER( 1M gs g 2 2TFEF L CIR
1+CIR n 1+CIR n+CIR(1-7)

gt R 2555025
n| 1+ CIR——
n

By cybernetic theory, since the damping time constant 7, is much larger than
the time constant 1, the corresponding ratio § is 25 >> 0.25. The output
voltage has heavy oscillation with high overshot. The corresponding transfer
function is

G(S) M M/’C‘Ed

T ltsttstr, (s+5)(s+s,) (8.29)

where s, =0 +jo and S, =0 —jo

with

and

V4, -7 J60000-625  243.67

= =8122 rad/s
211, 30000u 30000

w=

The unit-step function response is
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FIGURE 8.4
Buck converter unit-step function response.

v, (t)=16]1- oz (cos 122t 0.1026sin 8122t) | V

The unit-step function response (transient process) has oscillation progress
with damping factor ¢ and frequency ®. The simulation result is shown in
Figure 8.4.

The impulse interference response is

t

Av, (t) = 0.205L1e"12 sin 8122t

where U is the interference signal. The impulse response (interference recov-
ery process) has oscillation progress with damping factor ¢ and frequency
®. The simulation result is shown in Figure 8.5.

In order to verify the analysis, calculation, and simulation results; we
constructed a test rig with the same conditions. The corresponding test
results are shown in Figures 8.6 and 8.7.
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FIGURE 8.5
Buck converter impulse response.
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FIGURE 8.6
Unit-step function responses of buck converter (experiment).
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FIGURE 8.7
Impulse responses of buck converter (experiment).

8.7.1.2 Buck Converter with Small Energy Losses (r, = 1.5 Q)

A buck converter shown in Figure 8.3 has the components values: V, = 40
V, L = 250 uH with resistance r; = 1.5 Q, C = 60 mF, R = 10 Q, the switching
frequency f = 20 kHz (T = 1/f = 50 ps) and conduction duty cycle k = 0.4.
This converter is stable and works in CCM.

Therefore, we have got the voltage transfer gain M = 0.35,i.e. V, = V. =
MV, =035x40=14V.I,=1,=14A,P, =P, xr, =14x15=294 Wand
I, = 0.564 A. The parameter EF and others are listed below:

PE = V;I,T = 40 % 0.564 * 50u = 1.128 mJ, W, = %Llf =0.5%2500%1.4% =

0.245m],

W, = %CVCZ =0.5%60u 14> =5.88m],SE = W, + W = 0.245+5.88 = 6.125m],

—SE—@=5.43 CIR =

W, 588 _
PE  1.128

EF - _
W, 0.2345
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EL=D, *T=29450=0147m], n=—0 —087,
PO+PZoss
o= 2B eI | mg96 s, = 2TFEE CIR 45564
1+CIR n * 1+CIR n+CIR(1-n)
gt R 13155025
T 1_n
| vrer= A

By cybernetic theory, since the damping time constant 1, is larger than the
time constant 7, the corresponding ratio & is 1.31 >> 0.25. The output voltage
has heavy oscillation with high overshot. The corresponding transfer func-
tion is

_ M . M/,
Gls)= l+st+s’tr,  (s+s)(s+s,) (8.30)
where s, =0 +jo and S, =0 —jo

with

1 1

21,  261.2ys

= 3833 Hz

and

4t -1 — :
w:\/ 1, -7 _ V/52031-9920 _ 205.2 _ 7888 rad/s
211, 26015.5 26015.51

The unit-step function response is

t

v, (t) = 14| 1- 09921 (05 7888t — 0.486 5in 7888t | V

The unit-step function response (transient process) has oscillation progress
with damping factor ¢ and frequency ®. The simulation resuslt is shown in
Figure 8.8.
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FIGURE 8.8

Buck converter unit-step function response (r, = 1.5 Q).

The impulse interference response is

t

Av, (t) = 0.975Le090%! sin 7888

where U is the interference signal. The impulse response (interference recov-
ery process) has oscillation progress with damping factor ¢ and frequency
®. The simulation result is shown in Figure 8.9.

In order to verify the analysis, calculation, and simulation results; we
constructed a test rig with the same conditions. The corresponding test
results are shown in Figures 8.10 and 8.11.

8.7.1.3 Buck Converter with Energy Losses (r; = 4.5 £

A Buck converter shown in Figure 8.3 has the components values: V, = 40
V, L = 250 pH with resistance r, = 4.5 Q, C = 60 pF, R = 10 Q, the switching
frequency f = 20 kHz (T = 1/f = 50 ps) and conduction duty cycle k = 0.4.
This converter is stable and works in CCM.

Therefore, we have the voltage transfer gain M = 0.2756,i.e. V, = V.= MV,
=02756 x40=11V. I, =1,=11A, Pj. = Py xr, = 1.12x 4.5 = 5445 W and
I, = 0.4386 A. The parameter EF and others are listed below:

© 2006 by Taylor & Francis Group, LLC



Energy Factor and Mathematical Modeling for Power DC/DC Converters 193
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FIGURE 8.9
Buck converter impulse response (r; = 1.5 Q).

FIGURE 8.10
Unit-step function responses of buck converter (r, = 1.5 Q experiment).
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FIGURE 8.11
Impulse responses of buck converter (r, = 1.5 Q experiment).

PE = V,I,T = 40 *0.4386 * 50 = 0.877 m], W, = %Llﬁ =0.5%250p%1.12 =

0.151m],

W, = %CVC? =0.5%60u*11> =3.63mJ, SE =W, + W, = 0.151+3.63 = 3.781m],

_SE_3781_ a0 cpoWe_ 363

= = = =24
PE 0.877 W, 0.151

o _ 0.689,

EL=P,, *T =5.445+50=0.2722m], n=———
PO + Ploss

— +loss

2T *EF
" 1+CIR

2T+EF  CIR
1+CIR n+CIR(1-n

(1 +CIR 1_”) =2032 us, 1, = - 50.8 s
n

T CIR
g="t= - =025

n(1+CIR1_n]
n
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By cybernetic theory, since the damping time constant t, is the critical
value, the corresponding ratio & is equal to 0.25. The output voltage has no
oscillation. The corresponding transfer function is

B M M/,
G(s)= 1+st+s%t7, (s+0)2

(8.31)

where

11
27, 101.2p

=9843 Hz

The unit-step function response is

t
[ (t) =11(1-1 1+ ; £0.0001016 | |/
0.0001016

The unit-step function response (transient process) has no oscillation
progress with damping factor ¢. The simulation result is shown in Figure
8.12. The impulse interference response is

V2
12.00

PASAAAAAANAANNANANAN A ANNAAAAAAAANANANANANNAAANNAAAANANA

4.001} /

0.00
0.00 1.00 2.00 3.00 4.00

Time (ms)

FIGURE 8.12
Buck converter unit-step function response (r; = 4.5 Q).
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FIGURE 8.13
Buck converter Impulse response (r; = 4.5 Q).

t

Av, (t) — t LJe 00001016
0.0000508

where U is the interference signal. The impulse response (interference recov-
ery process) has no oscillation progress with damping factor ¢. The simula-
tion result is shown in Figure 8.13.

8.7.1.4 Buck Converter with Large Energy Losses (r; = 6 Q)

A buck converter shown in Figure 8.3 has the components values: V, = 40
V, L = 250 pH with resistance r; = 6 Q, C = 60 UF, R = 10 €, the switching
frequency f = 20 kHz (T = 1/f = 50 ps) and conduction duty cycle k = 0.4.
This converter is stable and works in CCM.

Therefore, we have the voltage transfer gain M = 0.25,i.e. V, = V. = MV,
=025x40=10V. [, =L, =1A, P, =P xr,=12x6=6 Wand I, =04 A.
The parameter EF and others are listed below:

PE=V,I,T =40%0.4 %50 = 0.8m], W, = %Lli =0.5%250p %1% =

0.125m],
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We = %CVC2 =0.5#%60u *10*> =3m],SE=W, + W, =0.125+3=3.125m],

EF:S—E:@:&% CIR:WC:L:ZZL
PE 0.8 W, 0.125
PO
EL=D, *T=6%50=03m], n=—0—=0.625,
PO + Ploss

= 2 oR I | 20405 ps = 2EE SR 55y
1+ CIR n 1+CIR n+CIR(1-n)

g="t= R _0162<025

n(1+CIR1_n)
n

By cybernetic theory, since the damping time constant 1, is smaller than the
time constant T, the corresponding ratio & is 0.162 < 0.25. The output voltage
has no oscillation. The corresponding transfer function is

G(S) M M/TTd

Tttt (s+04)(s+0,) (8.32)

with

CTHdtr, -7 240.3+142.66 0500 Hy

o, = =
! 211, 18695.3u

o = T- 4t -1 240.3-14266 5200 Hz
2 211, 18695.3u

The unit-step function response is
0,(t) = 10(1 + 0.342¢20500¢ _ ] 342e-52001) 7

The unit-step function response (transient process) has no oscillation progress
with damping factor 6,. The simulation result is shown in Figure 8.14.
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FIGURE 8.14
Buck converter unit-step function response (1, = 6 Q).

The impulse interference response is
Avy(t) = 1.684U (20500 — g-5200r)

where U is the interference signal. The impulse response (interference recov-
ery process) has no oscillation progress with damping factor ¢,. The simu-
lation result is shown in Figure 8.15.

8.7.2 A Super-Lift Luo-Converter in CCM

Figure 8.16 shows a super-lift Luo-converter with the conduction duty k =
0.5. The components values are V; = 20 V, f = 50 kHz (T = 20 ps), L = 100
pH with resistance r, = 0.12 Q, C; = 2500 pF, C, = 800 pF and R = 10 Q. This
converter is stable and works in CCM.

Therefore, we have the voltage transfer gain M = 2.863, i.e., the output
voltage V, =V, =5725 V. Ve =V, =20V, [ =17.175 A, I, = 5725 A, I, =
11.45 A and P, = >, x v, = 11.45% x 0.12 = 15.73 W. The parameter EF and
others are listed below:

PE = V,I,T = 20%17.175+20u = 6.87 mJ], W, = %L[f =0.5%100u *11.45 =

6.555m],
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FIGURE 8.15
Buck converter impulse response (1, = 6 Q).
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FIGURE 8.16
Super-lift Luo-converter.

W, = %clvgl = 0.5 #2500 202 = 500 m],
1

We, = ECZVCZ2 =0.5%800u *57.25° =1311m],

SE = W, +Wq, + W, = 6.555 + 500 + 1311 = 1817.6 m],
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pp=SE_ 18176 06 cr=WatWe 1811 _ o0 g
PE 687 W, 6.555
EL=P, T=1573%20=03146m], n=- 10 =09542,
PO + Ploss
(L 2TXEE() L (p1on)_40u2646%1326 o
1+CIR n 2773
OTxEF  CIR 40%264.6%20.3
T, = = =775Uus

1+CIR n+CIR(1-n) 277.3

By cybernetic theory, since the damping time constant t; is much larger
than the time constant 7, the corresponding ratio § = 775/506 = 1.53 >> 0.25.
The output voltage has heavy oscillation with high overshot. The transfer
function of this converter has two poles (-s; and -s,) that are located in the
left-hand half plane (LHHP).

M M/t
G(S) = 2 = d (8.33)

1+st+s7117, (s+51)(s+52)

where
s;=0+jo and s,=0-jo

with

_ 11 645 Hz

2t, 1.55ms

- V4T =T _ /1686400295936 _ 1197.2

- = =1398 rad/s
211, 843200 843200

The unit-step function response is

t

v, (t)=57.25| 1- 0015 (cos 1398t — 0.461sin 1398¢) | V
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FIGURE 8.17
Super-lift Luo-converter unit-step responses.

The unit-step function response (transient process) has oscillation progress
with damping factor ¢ and frequency ®. The simulation result is shown in
Figure 8.17.

The impulse interference response is

t

Av, (t) = 0.932U1e %15 sin 1398t

where U is the interference signal. The impulse response (interference recov-
ery process) has oscillation progress with damping factor ¢ and frequency
®, and is shown in Figure 8.18.

In order to verify the analysis, calculation, and simulation results; we
constructed a test rig with same conditions. The corresponding test results
are shown in Figures 8.19 and 8.20.

8.7.3 A Boost Converter in CCM (No Power Losses)

A boost converter shown in Figure 8.21 has the components values: V; =
40 V, L = 250 uH, C = 60 uF, R = 10 Q, the switching frequency f = 20 kHz
(T =1/f =50 ps) and conduction duty cycle k = 0.6. This converter is stable
and works in CCM.

Therefore, we have got the voltage transfer gain M = 1/(1 - k) = 2.5, i.e.
Vo=Ve=V,/(1-k)=100 V., =10 A, and I, = I; = 25 A. The parameter
EF and others are listed below:
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FIGURE 8.18
Super-lift Luo-converter impulse responses.
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FIGURE 8.19
Unit-step function responses of super-lift Luo-converter (experiment).

© 2006 by Taylor & Francis Group, LLC



Energy Factor and Mathematical Modeling for Power DC/DC Converters

1 10.0V — 1.00m 1 RUN
W- .........
-I-I-I-I-f-l-I-I-I-f-l-l-l-l-f-I-I-I-I-i-l-l-l-l——I-I-I-I-i-l-l-l-l-i-l-l-I-I-i-l-l-l-l-i-I-I-I-I-

1

FIGURE 8.20
Impulse responses of super-lift Luo-converter (experiment).
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FIGURE 8.21
Boost converter.

PE = V,I,T = 40 %2550 = 50mJ, W, = %Llf =0.5+250 *25% = 78.125m)],

W, = %CVCZ = 0.5+60y *100% = 300m]J, SE = W, + W, = 78.125+300 =

378.125m),
EF=2E 31D ;505 cr=Yeo 300 ;g
PE” 50 W, ~ 78.125

Since no power losses in the converter, EL=0and n = 1:

© 2006 by Taylor & Francis Group, LLC



204 Synchronous and Resonant DC/DC Conversion Technology

o 2T><EF(1+CIR1—T]): 10017.5625 _ 15 5511

~ 1+CIR 1+3.84
2T x EF CIR 100 #7.5625 * 3.84
1+CIR n+CIR(1-n) 4.84
g= Tt CR 3845025
T 1— n
n| 1+CIR—
n

By cybernetic theory, since the damping time constant 1, is much larger
than the time constant 7, the corresponding ratio & is 3.84 > 0.25. The output
voltage has heavy oscillation with high overshot. The transfer function of
this converter has two poles (-s; and -s,) that are located in the left-hand half

plane (LHHP).

M M/t
G(s)= = X
1+st+5s°11, (s+sl)(s+sz)
where
s;=0+jo and s,=0-jo
with
o= 1 -1 _gnm
2t;, 1.2ms

411, - 1° - .
m:\/ T, -1 :\/375000 24414 _ 5921 _ oo o /s
211, 187500 1875001

The unit-step function response is

v, (t)=100 1—6Wi)12(cos3158t—0.264si113158t) v

(8.34)

The unit-step function response (transient process) has oscillation progress
with damping factor ¢ and frequency ®. The simulation result is shown in

Figure 8.22.
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FIGURE 8.22
Boost converter unit-step responses.

The impulse interference response is

t
Av, (t) = 0.528Ue%"2 sin 3158

where U is the interference signal. The impulse response (interference recov-

ery process) has oscillation progress with damping factor ¢ and frequency
®, and is shown in Figure 8.23.
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FIGURE 8.23
Boost converter impulse responses.
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FIGURE 8.24
Buck-boost converter.

8.7.4 A Buck-Boost Converter in CCM (No Power Losses)

A Boost converter shown in Figure 8.24 has the components values: V; =
40 V, L = 250 uH, C = 60 uF R = 10 Q, the switching frequency f = 20 kHz
(T =1/f =50 ps) and conduction duty cycle k = 0.6. This converter is stable
and works in CCM.

Therefore, we have got the voltage transfer gain M = k/(1 - k) = 1.5, i.e.
Vo=Ve=kV, / (1-k)=60V.I,=6A,],=9 Aand I, = 15 A, The parameter
EF and others are listed below:

PE=V,I,T =40%9+50p =18 m], W, = %LIf =0.5%250p *15% = 28.125m],

W = %CVCZ =0.5%60u *60> =108 mJ,SE =W, + W, =28.125+108 =

136125 m),
pr=2E BB 5505 cr=De. 18 _54
PE” 18 W, 28125

Since no power losses in the converter, EL=0and n = 1:

e 2TxEF(1+CIR1—n): 100y *7.5625 15625

~ 1+CIR 1+3.84
2T x EF CIR 100 % 7.5625 * 3.84
T, = = = 600us
1+CIR n+CIR(1-n) 4.84
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T CIR
E=—2= > =3.84>025

T _
n(ucmlnj
n

By cybernetic theory, since the damping time constant t,; is much larger
than the time constant 7, the corresponding ratio & is 3.84 > 0.25. The output
voltage has heavy oscillation with high overshot. The transfer function of
this converter has two poles (-s; and -s,) that are located in the left-hand half
plane (LHHP).

M M/t
G(s)= —— = d (8.35)
T+st+5™t1,  (s+s))(s+s,)
where
s;=0+jo and s,=0-jo
with
o= Lt 833 Hz
21, 1.2ms

V4, -7 375000-24414  592.1

217, 187500 - 1875001

®= = 3158 rad/s

The unit-step function response is

t

v, (t)=60| 1— %912 (cos 3158t — 0.264sin 3158t ) | V

The unit-step function response (transient process) has oscillation progress
with damping factor ¢ and frequency . The simulation result is shown in
Figure 8.25.

The impulse interference response is

t

Av, (t) = 0.528Ue%"2 sin 3158t
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FIGURE 8.25
Buck-boost converter unit-step responses.

where U is the interference signal. The impulse response (interference recov-
ery process) has oscillation progress with damping factor ¢ and frequency

o, and

-20.00
-20.00
-40.00
-50.00
-60.00
-70.00
-50.00

-90.00

is shown in Figure 8.26.

Wout

5.00 10,00 15.00 20,00

Time (ms)

FIGURE 8.26
Buck-boost converter impulse responses.
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FIGURE 8.27
Positive-output Luo-converter.

8.7.5 Positive Output Luo-Converter in CCM (No Power Losses)

Figure 8.27 shows a positive output Luo-converter with the conduction duty
is k. The components’ values are V, =20V, f =50 kHz (T =20 ps), L, =L, =
1 mH, k =05, C; = C, = 20 pF and R = 10 Q. This converter is stable and
works in CCM.

Therefore, we have got the voltage transfer gain M =k/(1-k) =1, i.e., the
output voltage V, =V, =kV,/(1-k) =40 V. Vo =V, =40V, [ =4 A, 1, =4
Aand I;; = I;, = 4 A. The parameter EF and others are listed below:

PE =V,I,T = 40 %4%20u = 3.2mJ, W, =%L11§1 =0.5%1m*4* = 8m],

W, = %Lzlfz =05%1m*4> =8m], W, = %clvg] =0.5%20 *40> =16m)],

W, = %czvg2 =0.5%201#40> =16m],SE=W,, + W;, + Wey + W, =16+32 =

48m],

:E:ﬁ:w CIR:7WC1+WC2:g:2
PE 32 Wi + W, 16

Since no power losses in the converter, EL =0 and n = 1:
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e 2TxEF(1+CIR1—n): 4()”3*15 — 200ps
n

~ 1+CIR
| ATxEE CIR _ 401552 o0
1+CIR n+CIR(1-n) 3
=t R 25025
T 1_n
n| 1+CIR—
n

By cybernetic theory, since the damping time constant 1, is much larger
than the time constant 1, the corresponding ratio & is 2 > 0.25. The output
voltage has no oscillation and overshot. The transfer function of this con-
verter has two real poles (-s; and -s,) that are located in the left-hand half

plane (LHHP).

M M/ 1,
G(s)= =
1+st+5s°11, (s+sl)(s+sz)
where
s;=0+jo and s,=0-jo
with
G=L=L=125OHZ
2t, 0.8ms

Jdrt, — 1 _ 1/320000—-40000  529.2

= =3307 rad/s
211, 160000 160000u

w=

The unit-step function response is

v, (t)=40[1- oS (cos 3307t — 0.378sin 3307¢) | V

(8.36)

The unit-step function response (transient process) has oscillation progress
with damping factor ¢ and frequency . The simulation is shown in

Figure 8.28.
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FIGURE 8.28

Positive-output Luo-converter unit-step responses.

The impulse interference response is

t

Av, (t) = 0.756ULe 098 sin 3307

where U is the interference signal. The impulse response (interference recov-
ery process) has oscillation progress with damping factor ¢ and frequency
®, and is shown in Figure 8.29.

8.8 Small Signal Analysis

We analyzed the characteristics of power DC/DC converters in large signal
operation in the previous section. We will analyze the characteristics of
power DC/DC converters in small signal operation in this section. It will
verify that the transfer function (8.28) is generally correct for both large and
small signal analysis, and describe the native characteristics of a power DC/
DC converter.

If the conduction duty cycle k changes from k; to k, (Ak = k, — k;) in a small
increment to the new value (k, = k; + Ak), the pumping energy PE changes
correspondingly in an increment to the new value (PE + APE). Analogously,
the inductor currents and capacitor voltages have to change correspondingly,
and the stored energy SE changes to (SE + ASE).
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FIGURE 8.29
Positive-output Luo-converter impulse responses.

T T
APE = JO Vi (£)| 1oy, it - .L Viiy (£)| iz @t =V (Iy, = I ) T = V,ALT

(8.37)
The stored energy in an inductor is
1
AW, = EL(If_kZ -1, (8.38)
The stored energy across a capacitor is
1
AW = C(ve, -v&,) (8.39)

Therefore, if there are n; inductors and 7. capacitors the total stored energy
in a DC/DC converter is

nc

1y
ASE = Z AW, + Z AW, (8.40)
=1 j=1

We define the energy factor EF in small signal operation as
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E AW, + E AW
ASE "5 =1
EF = = (8.41)
APE VALT

Correspondingly, the capacitor/inductor stored energy ratio (CIR) is

c
2. AN
CIR=1— (8.42)

L

The energy losses increment (AEL) in a period T is defined as

AEL = AP, x T (8.43)
So that the efficiency n is.
_ APE — AEL (8.44)
APE

The time constant 1, damping time constant 1, and time constant ratio & are
not changed, they are still defined in the same forms:

1= 2IXEEL L op1En (8.45)
1+CIR n
T, = 2T X EF CIR (8.46)
1+CIR n+CIR(1-n)
T CIR
E=-1= 5 (8.47)
T 1-1
n|1+CIR——
n
The transfer function is not changed
M M (8.48)

G(S)= P 2,2
1+st+s°1t, 1+st+&s°t
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In order to verify this theory and offer examples to readers, we prepare
two converters: a buck converter and super-lift Luo-converter below to dem-
onstrate the characteristics of power DC/DC converters and applications of
the theory.

8.8.1 A Buck Converter in CCM without Energy Losses (r, = 0)

A buck converter shown in Figure 8.3 has the components values: V, = 40
V, L = 250 pH with resistance r, = 0 Q, C = 60 mF, R = 10 Q, the switching
frequency f =20 kHz (T = 1/f = 50 ps) and conduction duty cycle k changing
from 0.4 to 0.5. This converter is stable and works in CCM.

Therefore, we have got the voltage transfer gain M = 0.5, ie. V, = V. =
MV, =05x40=20V.[,=1,=2A, P,,, =0 Wand I, =1 A. The increments
are AV, =4V, Al, = Al, =04 A, AL, = 0.34 A. The parameter EF and others
are listed below:

APE = V,A,T = 40 x 0.36 x 50 = 0.72 m],

AW, = %L(If,os —I44)=05x2500x (22 - 1.6 ) = 0.18 m],

AW, = %c (Vo5 = VE04) = 432 m], ASE=AW, + AW = 4.5 m],

AEL =0 m]J, n=w=1
APE
_ASE_ 45 oo cp AW 432,
APE ~ 0.72 AW, ~ 0.18
(o 2TXER() o lem) ps o J2TXEF . CR 0
1+CIR n 1+CIR n+CIR(1-n)

From the above calculation and analysis, we found that the time constants
are unchanged. Therefore, the transfer function for small signal operation
should not be changed and is still (8.29). Correspondingly, the unit-step
response is

t
v, (t)=16+ 4[1 — 0912 (cos 8122t — 0.1026 5in 8122t ) |V

© 2006 by Taylor & Francis Group, LLC



Energy Factor and Mathematical Modeling for Power DC/DC Converters 215

Vout
20.00

25.00

20.00

15.00

10.00

0.00
.00 5.00 10.00 15.00 20.00
Time (ms)

FIGURE 8.30
Unit-step responses of buck converter without power loss (simulation).

The unit-step function response for large signal (k = 0 to 0.4) and small signal
(k = 0.4 to 0.5) operation is shown in Figure 8.30 for comparison with each
other.

The impulse response for small signal is described by,

t

Av, (t) = 0.20UIe°%"2 sin 8122t

where U is the interference signal. The small-signal impulse response is
shown in Figure 8.31.

In order to verify this analysis and compare the simulation results to
experimental results, a test rig was constructed. The conduction duty cycle
k changes from k = 0.4 to 0.5. The experimental results for unit-step response
(k = 0.4 to 0.5) and impulse interference response (k = 0.5 to 0.4) are shown
in Figures 8.32 and 8.33. We can see that both simulation and experimental
results are identical to each other.

8.8.2  Buck-Converter with Small Energy Losses (r, = 1.5 Q)

The buck converter shown in Figure 8.3 has the components values: V, =
40 V, L = 250 pH with resistance r; = 1.5 Q, C = 60 UF, R = 10 Q, the switching
frequency f =20 kHz (T = 1/f = 50 ps) and conduction duty cycle k changing
from 0.4 to 0.5. This converter is stable and works in CCM.
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FIGURE 8.31
Impulse responses of buck converter without power loss (small signal).

1 5.00% — 1.00% +1 RUN

FIGURE 8.32
Unit-step responses of buck converter without power losses (experiment, small signal).

We have the voltage transfer gain M = 0.435,i.e. V, = V. = MV, = 0.435 x
40=174V. [, =1,=174 A, P, . =P r, =174 x15=454 W, I, = 0.871 A,
and AV, =34V, Al,=Al, =034 A, AP,,.. = (%105 — PPLo4) 1. = (1.747 — 1.4?) X
1.5 =1.6 W, AL, = 0.313 A. The parameters are listed below:
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1 5.00Y

FIGURE 8.33
Small signal impulse responses of buck converter without power losses (experiment).

1

*L(szos - 15704) =

APE=V,ALT = 40X 0.313 % 500 = 0.626 mJ, AW, =

0.136 mJ,
AW, = %C(Vg_a5 —V2y5)=3.284 m], ASE=AW, + AW, =3.42 m),

APE—AEL _ 0546 _

AEL= AP, T =1.6%50=0.08 mJ, = - =0.87
APE 0626
pr=8E_342 545 cpoAWe 3284,
APE ~ 0.626 AW, 0136
o= 2TXEEL oI S qops, 1, = 2TXEE L CIR a0 6ps
1+CIR n 1+CIR n+CIR(1-n)

From the above calculation and analysis, we found that the time constants
are unchanged. Therefore, the transfer function for small signal operation

should not be changed and is still (8.30). Correspondingly, the unit-step
response is
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FIGURE 8.34
Unit-step responses (simulation) of buck converter with power loss (1, = 1.5 Q).

t

v, (t) =14+ 34| 1- 00061 (o5 7888t — 0.4865in 7888t ) | V

The unit-step function response for large (k = 0 to 0.4) and small signal
(k= 0.4 to 0.5) operation is shown in Figure 8.34 for comparison with each
other. The impulse response for small signal is described by

t

Av, (t) = 0.973Ue %! sin 7888t

where U is the interference signal. The small-signal impulse response is
shown in Figure 8.35.

In order to verify this analysis and compare the simulation results to
experimental results, a test rig was constructed. The conduction duty cycle
k changes from k = 0.4 to 0.5. The experimental results for unit-step response
(k = 0.4 to 0.5) and impulse interference response (k = 0.5 to 0.4) are shown
in Figures 8.36 and 8.37.

We can see that both simulation and experimental results are identical to
each other.

8.8.3  Super-Lift Luo-Converter with Energy Losses (r, = 0.12 Q)

Figure 8.16 shows a super-lift Luo-converter with the conduction duty k
changing from 0.5 to 0.6. The components values are V; =20 V, f = 50 kHz
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FIGURE 8.35
Impulse responses (simulation) of buck converter with power loss (r, = 1.5 Q, small signal).

i z.sov — 0.50m

FIGURE 8.36
Unit-step function responses (experiment, small signal) of buck converter with power loss (r;
=15Q).

(T = 20 ps), L = 100 uH with resistance r, = 0.12 Q, C; = 2500 pF, C, = 800
pF and R = 10 Q. This converter is stable and works in CCM.

We then obtain V, =65.09 V, I, =6.509 A, I, =22 A, I, =1491 A, P,,,, = %,
X1, =14912x0.12 =26.67 W, Vo =V, =20V, V,, =V, =65.09 V, and AV,
=774 V,AL =0784 A, A, =4.825 A, Al, =346 A, AP, = (%106 — P1o5) 1L =
74 W, AV = AV, =0V, AV, = AV, = 7.84 V. The parameters are
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{1 2.50V

FIGURE 8.37
Impulse responses (experiment, small signal) of buck converter with power loss (r; = 1.5 Q).

APE = V,ALT =193 m], AW, = 1.385 m],

AW, =0m], AW, = 383.68 mJ,

ASE _ 385.06

1.9

=203
APE

ASE = AW, + AW, + AW, = 385.06 m], EF =

APE — AEL _ 1.93-0.148 - 0.923

AEL= AP, T =74%20=0.148 mJ, n =

APE 1.93
Cr~ AW _383.68
AW, 138
_2TXEEL L o ITN ) a3 s
1+CIR n
_2TXEF  CIR

T, =768 us

~ 1+CIR n+CIR(1-7)

From the above calculation and analysis we found that the time constants
are unchanged. Therefore, the transfer function (8.33) for small signal oper-
ation should not be changed. Correspondingly, the unit-step response is
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FIGURE 8.38
Unit-step responses (simulation) of super-lift Luo-converter (r, = 0.12 Q).

t
v, (t)=57.25+7.8| 1—¢'% (cos 1398t — 0.461sin 1398¢) | V

The unit-step function response for large signal (k = 0 to 0.5) and small signal
(k = 0.5 to 0.6) operations are shown in Figure 8.38. The impulse response
for small signal is described by

t

Av, (t) = 0.923Ue0155 sin 1398t

where U is the interference signal. The small signal impulse response is
shown in Figure 8.39.

In order to verify this analysis and compare the simulation results to
experimental results, a test rig was constructed. The components’ values are
V=20V, f=50 kHz (T = 20 ps), k = 0.5, L = 100 pH (with r, = 0.12 Q), C,
=750 pF, C, =200 pF and R = 10 Q.

The experimental results for unit-step (small signal: k = 0.5 to 0.6) response
and impulse interference (small signal: k = 0.6 to 0.5) responses are shown
in Figures 8.40 and 8.41. We can see that both simulation and experimental
results are identical to each other.
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FIGURE 8.39
Impulse responses (simulation) of super-lift Luo-converter (r, = 0.12 Q, small signal).

FIGURE 8.40
Unit-step function responses (experiment, small signal) of super-lift Luo-converter (r, = 0.12 Q).

© 2006 by Taylor & Francis Group, LLC



Energy Factor and Mathematical Modeling for Power DC/DC Converters 223

FIGURE 8.41
Impulse responses (experiment, small signal) of super-lift Luo-converter (1, = 0.12 Q).
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Appendix A: A Second-Order Transfer Function

A typical second-order transfer function in the s-domain is shown below:

Gs)= M oM (8A.1)
1+st+s™tt; 1+st+&s“t

where M voltage transfer gain
T The time constant
T4 The damping time constant, 7, = &t
s The Laplace operator in s-domain

We now discuss various situations for the transfer function in detail.

Al Very Small Damping Time Constant

If the damping time constant is very small (i.e. T, << 1, & << 1) and it can be
ignored, the value of the damping time constant 1, is omitted (i.e. T, =0, §
= 0). The transfer function (19A.1) is downgraded to the first order as

G(s)=1 Ts - (8A2)

The unit-step function response in the time-domain is

g(t)= M{l— e_i) (8A.3)

The transient process (settling time) is nearly three times the time constant,
3t to produce g(t) = g(3t) = 0.95M. The response in time-domain is shown
in Figure 19A.1 with 1, = 0.

The impulse interference response is

t

Ag(t)=U-e* (8A.4)

where U is the interference signal. The interference recovering progress is nearly
three times of the time constant, 3t, and is shown in Figure 8A.2 with t, = 0.
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Unit-step function responses (t,; = 0, 0.17, 0.25t and 0.51).

A2 Small Damping Time Constant

If the damping time constant is small (i.e. T, < 7/4, § < 0.25) and it cannot be
ignored, the value of the damping time constant 1, is not omitted. The
transfer function (1) is retained as the second-order function with two real
poles -6, and -c, as

= (8A.5)

B M M/,
G(S)_ 1+st+5s%11, (s+01)(s+02)

where

T+ T — 411, T— /1% — 411,
o,=————% and G,=— V- ——

211, 211,

There are two real poles in the transfer function, assuming o, > o,. The unit-
step function response in the time-domain is
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Impulse responses(t; = 0, 0.11, 0.25t and 0.57).
g(t) = M(1 + Kye ot + Kye®) (8A.6)

where

Kometg © | P

2 2 1% -4, 2 2 /1% -4,

The transient process is nearly three times the time value 1/c;, 3/06, < 3t.
The response process is quick without oscillation. The corresponding wave-
form in time-domain is shown in Figure 8A.1 with 7, = 0.17.

The impulse interference response is

u

— —Got _ ,—Oqt A
Ag(t) m(e e ) (8A.7)

where U is the interference signal. The transient process is nearly three times
the time value 1/0;, 3/6, < 37. The response waveform in time-domain is
shown in Figure 8A.2 with 1, = 0.17.
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A3 Critical Damping Time Constant

If the damping time constant is equal to the critical value (i.e. T, = 7/4), the
transfer function (8A.1) is retained as the second-order function with two
equaled real poles 6, = 6, = G as

G() M :M/TTd

1+st+51T, (s+0)2 (BAE)

where

O=——7-=
27,

12
T

There are two folded real poles in the transfer function. This expression

describes the characteristics of the DC/DC converter. The unit-step function

response in the time-domain is

g(t)= M|:1—(1+2Tt}32;} (8A.9)

The transient process is nearly 2.4 times the time constant t, 2.4t The
response process is quick without oscillation. The response waveform in
time-domain is shown in Figure 8A.1 with 1, = 0.251.

The impulse interference response is

2
Ag(t)= 4Tute’rt (8A.10)

where U is the interference signal. The transient process is still nearly 2.4
times the time constant, 2.41. The response waveform in time-domain is
shown in Figure 19A.2 with 14 = 0.251.

A4 Large Damping Time Constant

If the damping time constant is large (i.e. T, > 74, & > 0.25), the transfer
function (8A.1) is a second-order function with a couple of conjugated com-
plex poles, -s; and -s,, in the left-hand half plane (LHHP) in s-domain
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B M . M/,
G(S) Cltst+sitr, (s+sl)(s+sz) (BA1D

where

s;=0+jo and s,=0-jo

41, -1
o, = 1 and o=Y_4 "
21, 211,

There are a couple of conjugated complex poles, -s; and -s,, in the transfer

function. This expression describes the characteristics of the DC/DC con-
verter. The unit-step function response in the time-domain is

= L
t)=M|1-e “* f— ——m 73 8A.12
3(t) |: e [cosw 4Td/T_1sm(0 J] ( )

The transient response has oscillation progress with damping factor ¢ and
frequency ®. The corresponding waveform in time-domain is shown in Fig-
ure 8A.1 with 1; = 0.51,and in Figure 8A.3 with 7, 215t and 10t.

The impulse interference response is

Ag(t) = Tdule_”d sin (o (8A.13)
T4

where U is the interference signal. The recovery process is a curve with
damping factor 6 and frequency ®. The response waveform in time-domain
is shown in Figure 8A.2 with 1, = 0.51, and in Figure 8A.4 with 1, 215t and
107.
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Appendix B: Some Calculation Formulas Derivations
B1 Transfer Function of Buck Converter

Referring to Figure 8.3, we obtain the output voltage v,(t) from input source
voltage v,(t) = V, using the voltage division formula.

Vi 0<t<kT
o ()=
0 KkT<t<T

Correspondingly, the transfer function in the s-domain is

1
sC
R+i
G(s)=vz(s)=M sC__ _ M (8B.1)
Ul(s) Ri 1+s£+sZLC
sL+—5€ R
R+i
sC

where M is the voltage transfer gain in the steady state.

This transfer function is in the second-order form. It is available for other
fundamental converters consisting of two passive energy-storage elements
(one inductor L and one capacitor C) and load R such as boost converter
and buck-boost converter. The voltage transfer gain M = k for buck converter,
M =1/(1 - k) for boost converter, M = k/(1 — k) for buck-boost converter.

B2 Transfer Function of Super-Lift Luo-Converter

Refer to Figure 8.16, we obtain the output voltage v,(t) from input source
voltage v,(t) = V; (0 t < kT) using the voltage division formula. Correspond-
ingly, the transfer function in the s-domain is
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R
sC,
R+ L
6(5)-2 (s) _ u sC, _ MsRC,
v (s) R.L  14sR(C +G,)+5’LC, +5s°RLC,C,
L+t G
G R+ L
sC,

(8B.2)

where M is the voltage transfer gain in the steady state. M = (2 - k)/(1 — k)
for the elementary circuit of a positive-output super-lift Luo-converter. This
is a third-order transfer function in the s-domain.

B3 Simplified Transfer Function of Super-Lift Luo-Converter

Refering to Figure 8.16, we obtain the output voltage v,(t) from input source
voltage v,(t) = V, using the voltage division formula. Correspondingly, the
transfer function in the s-domain is shown in equation (8B.2). If the capaci-
tance C, is very small, it can be ignored; and the item involving the C, can
be deleted in (8B.2). Therefore, we obtain the simplified transfer function
(8B.3) below

( ) MSRCl (83.3)

§)l=
1+sRC, +s°LC,

This is a second-order transfer function in the s-domain with two “poles”
and one “zero,” which means that there is off-set from the beginning.

In the other case, if C; is very large and 1/5C, = 0, we may obtain the other from

G(s)= % (8B.4)
1+s =z s’LC,

This is a second-order transfer function in the s-domain with two “poles.”
There is no off-set from the beginning.

B4 Time Constants T and 1, and Ratio §

The deviation of time constants T and T, and ratio & can be referred to as
the transfer function of the buck converter with power losses (r; # 0).

© 2006 by Taylor & Francis Group, LLC



Energy Factor and Mathematical Modeling for Power DC/DC Converters 233

G(s)= M - Mn (8B.5)

1+ +s Cr+£ +8’LC  1+s Cr+£ n+s*LCn
R R R

‘C=T](C1’+L)= CRr H]%:(l_n)zwc +n2WL _

R) R+r B ' B
(8B.6)
2T (1-n)EF+CIR _
_27(1-n) L 2TEF _2T+EF( . 1-m
n(1+CRR) 1+CIR ~ 1+CIR n
2T+EF ) CIR
T = CLn _ CLn B 1+ CIR n 3
L= _ - -
wlcre B 2TEEE(  opl=m) 2THERL | oplom
R) 1+CRR n ) 1+CRR n
_2T*EF  CIR
1+CIR n+CIR(1-n)
(8B.7)
g="d CIR (8B.8)
T

From equations (8.23) and (8B.6)

SE

2T X —
PE(1+CIR1_“)=
n

~ 1+CIR

_2xSE/ B, (1+CIR1_n]
n

1= 2DXEEL) oINS
1+ CIR n

1+ CIR

The stored energy SE, CIR, input power P,;, and the efficiency 1 are depen-
dent on the working state, but independent from the switching frequency f
and conduction duty cycle k. Therefore the time constant T is independent
from the switching frequency f and the conduction duty cycle k.

From equations (8.25) and (8B.7)
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o7 SE
2T xEF CIR “PE CIR

" 1+CIR n+CIR(1-n) 1+CIR n+CIR(1-n)

T4

_ 2xSE/P, CIR
1+CIR  n+CIR(1-7)

Analogously, the time constant ratio § are independent from the switching
frequency f and conduction duty cycle k.

Usually the stored energy is proportional to the input power. Therefore,
when the working state changes from one steady state to a new one; the
time constant 1, the damping time constant t,;, and the time constant ratio &
are unchanged. They are the parameters to rely on in circuit structure and
power losses. Readers can try changing the k and/or f to repeat the exercises
in Section 5, and will find the time constant 7, the damping time constant
1, and the time constant ratio & are unchanged.
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