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ABSTRACT

The main objective of the project is to provide a regulated output voltage of
the buck converter using closed-loop voltage-mode control method. This project
involves in designing the buck regulator circuit, simulating the circuit using PSpice
software and the hardware construction of the real converter circuit. It is essential to
design and simulate the circuit first before constructing the real circuit so that the
expected waveform and performance of the circuit can be predicted. The softwares
used in this projects are PSpice, MATLAB and Protel DXP 2004. The compensator
is designed by modifying the frequency response of the open-loop buck converter
circuit obtained from the simulation in PSpice. The real circuit of the power stage,
controller and compensator are constructed on the (Printed circuit board) PCB and

the circuits are tested to confirm the result with the theoretical predictions.



ABSTRAK

Objektif utama projek ini adalah untuk menyediakan voltan keluaran teratur
pengatur buck dengan menggunakan kaedah mod kawalan-voltan gelung tertutup
untuk mengawal penukar buck. Projek ini melibatkan rekabentuk litar penukar buck
serta simulasi litar menggunakan perisian PSpice. Pembinaan perkakasan litar
penukar yang sebenar telah dihasilkan bagi mengesahkan hasil simulasi. Adalah
penting untuk mereka dan melakukan simulasi terhadap litar terlebih dahulu sebelum
membina litar sebenar untuk menjangka gelombang yang dikehendaki dan prestasi
litar tersebut. Perisian yang digunakan di dalam projek ini adalah PSpice, MATLAB
dan Protel DXP 2004. Pemampas direka dengan mengubah sambutan frekuensi litar
penukar buck yang diperolehi daripada simulasi di dalam PSpice. Litar sebenar kuasa,
pengawal dan pemampas dibina di atas (Printed circuit board) PCB dan telah diuji

bagi mengesahkan keputusan teori.
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CHAPTER 1

INTRODUCTION

1.0 Introduction

This chapter describes the project background, objectives, scopes, and the
summary of the thesis. In the project background, it briefs the description of the buck
converter and the voltage-mode controller as well as the objectives and the scopes.

Lastly, outline of this thesis is given in this chapter.

1.1  Project Background

Direct current to direct current (DC-DC) converters are power electronics
circuits that converts direct current (DC) voltage input from one level to another .
DC-DC converters are also known as switching converters, switching power supplies
or switches. DC-DC converters are important in portable device such as cellular

phones and laptops.

Why do we need DC-DC converter? For example, when we want to use a
device with low voltage level, if we connected the device such as laptop or charger
directly to the rectified supplied from the socket at home, the device might not
functioning properly or it might be broken due to overcurrent or overvoltage.

Therefore to avoid unnecessary damage to the equipments and devices, we would



need to convert the voltage level to suitable voltage level for the equipments to
function properly. In this project, the configuration of DC-DC converter chosen for
study was buck configuration. Buck converter converts the DC supply voltage to a
lower DC output voltage level. The buck converter is suitable for low power

application due to the low voltage level at the output.

The control method chosen to maintain the output voltage from the buck
converter was voltage-mode control. VVoltage-mode control technique compares the
actual output voltage with the reference voltage. The difference between both
voltages will drive the control element to adjust the output voltage to a fix voltage
level. This is called as voltage regulation. Voltage regulation is very important in
electronic circuit to ensure the load or the connected device can operate properly and

to avoid damage to the equipment from overvoltage and overcurrent.

1.2 Project Objectives

The main objective of this project is to design a buck converter to convert the
input DC voltage to lower DC output voltage level for low power applications to
solve the problem of voltage regulation and high power loss of the linear regulator
circuit. The converter uses switching scheme operates the switches such as MOSFET
in cut-off and saturation region to reduce power loss across the transistor or switch.
The output voltage level is then regulated by the voltage-mode control circuit to a

desired output voltage level as in the design specification.

1.3 Project Scopes

The scopes of this project are:

I. Study the operation of buck converter.



ii. Study the operation of voltage-mode control circuit.

iii. Simulation of buck converter and controller circuit using PSpice,
Protel DXP 2004 and MATLAB softwares.

iv. Simulation of buck converter frequency response using PSpice

software.
V. Design the buck converter power stage circuit.
Vi. Design the controller and compensator circuit.
vii.  Testing and calibration of the completed buck converter to confirm

the actual response with the theoretical predictions.

The design specification is based on low power applications. For instance,
laptop battery charger, handphone charger and etc. The circuit is simulated by using

PSpice software to obtain the desired power stage response.

Table 1.1 below shows the buck regulator design specifications. Equation 1-1

is used to calculate the capacitor’s internal series resistance.

cor - AVo (1-1)
0
Topology Non-isolated buck converter
Minimum inductance (Lmin) 93uH
Frequency (f) 50 kHz
Minimum capacitance (Cin) 30uF
Output voltage (Vo) 75V
Output current (l,) Oto3 A
Output voltage ripple (AV,) +50mV
Output current ripple (Aly) +0.6A (1%)
Equivalent series resistance (ESR) 5()()21;\/ _83mO

DC input voltage (Vinor Vs)

9V to 12V, nominal =10 V

Switch selection

IRF9540 metal-oxide-semiconductor
field-effect transistor (MOSFET)

Table 1.1: Design specification of buck converter power stage.




Minimum inductance is required to maintain inductor current in continuous
conduction mode (CCM). Therefore, the value of selected inductance should be
higher than Lyn. The frequency is selected to minimize switching loss in the circuit.
The output voltage is chosen based on the required voltage for handphone charger
application and the value of capacitance was selected to have an output voltage ripple
of +50mV.

Load current (l,), duty cycle (D) and input voltage (Vin)values were chosen
within the range that will maintain the output voltage regulated at 7.5 V. Switching
device, IRF9540 MOSFET was selected for its capability of handling high switching
frequency. Since the regulator is used for low power application, MOSFET is the

best economical choice.

1.4 Outline of Thesis

This thesis consists of 6 chapters. In the first chapter, it discusses the project
background, objectives, and scopes. In Chapter 2, literature reviews and theories on

buck converter and switching converter are discussed.

The methodology, and equipments are discussed in Chapter 3 while the
hardwares and softwares implementation are discussed in Chapter 4. In Chapter 5,
results for both open-loop and closed-loop regulator are discussed. In the sixth
chapter, the suggestions and conclusions obtained upon successfully completing this
project is given. Finally, the last part in the thesis provides the references and

appendices used in the project.



CHAPTER 2

THEORIES AND LITERATURE REVIEWS

2.0 Introduction

This chapter describes all of the related theories and literature reviews of the

buck converter project.

2.1 Definition of Linear Voltage Regulator

Linear regulator controls the output voltage by varying the transistor base
current. The output voltage is controlled between 0 V to V. The variation in input
voltage or load will be compensated by adjusting the base current in order to

regulate the output.

In linear regulator the transistor operates in the linear region rather than
cutoff and saturation region. Effectively, the transistor acts as a variable resistance.
This causes the circuit to operate with low efficiency due high power loss in the

transistor. Lower output voltage results in even lower efficiency [1].



2.2 Linear Regulator

One method of converting a DC voltage is by using a linear voltage regulator.

The voltage output is given as equation 2-1 below.
V, =1.R, (2-1)

If transistor is used as the control element in the regulator circuit, by
adjusting the transistor base current (ip), the output voltage (V,), can be varied from 0
to roughly V.. The base current can also be adjusted to compensate for variation in
the supply voltage to regulate the output at a fixed voltage. This type of regulator is
called as linear regulator since the transistor operates in a linear region. In fact, the
transistor operates as variable resistance. Refer to Figure 2.1. r is the transistor
equivalent resistance or variable resistor when the transistor operates in transistor
linear region. Since the transistor is equivalent to variable resistance it operates in

transistor linear region, thus, there is voltage drop across the transistor.

= Vs [ VoZ Re — Vs VoZ R

() (b)

Figure 2.1: (a) Actual linear regulator circuit. (b) Linear regulator equivalent

circuit

The main drawback of a linear regulator is that the efficiency is quite low.
This is due to the power loss in the transistor. The power loss in the transistor makes
linear regulator inefficient. For instance, when the output is 50% of the supply
voltage, thus the power loss in the transistor is 50% of the total power supplied by
the source. Thus, lower output voltage result in even higher power loss and lower

efficiency in the circuit.



2.3 Definition of DC-DC Converter

DC-DC converters are power electronics circuit that converts DC input
voltage to a different DC output voltage level. It usually provides a regulated output.
DC-DC converter is also known as DC-DC regulator, switching power supplies or
switches and DC chopper [1].

2.4 Switching Converter

One way to solve the problem of linear regulator is by using a switching
converter. In switching converter the transistor acts as a switch (can be turned on and
off) instead of as a variable resistance. The transistor in switching converter operates
in saturation and cutoff region. Assuming the switch is ideal, the output voltage is the
same as the input voltage when the switch is on and zero when the switch is off. The
DC component of the output voltage is calculated using equations 2-2, 2-3, and 2-4
below.

v, = % [T v, @t (2-2)
B i DT (2-3)
Vo= [, V.(at
V, =V,.D (2-4)

From the equation, it can be seen that the output voltage is depending on the
duty ratio (D). The duty ratio is calculated as in equation 2-5 where f is the switching

frequency, T is time for one complete cycle, and ton is the time when the switch is on.

2-5
D=l _t xt (29)
T



Switch on and off

continuousl
i )

.+
IL
—_

T Vs R v =

(a) (b)
Figure 2.2: (a) Actual switching converter circuit. (b) Switching converter

equivalent circuit.

Figure 2.2 shows the switching converter and its equivalent circuits. When
the transistor operates in cutoff and saturation region, it acts as a switch that turns on
and off continuously with the period is determined by the pulse-width’s duty cycle

applied at the base of the transistor.

25 Definition of Buck Converter

Buck regulator is a DC-DC converter that converts higher DC voltage to

lower DC voltage or step-down DC-DC converter [2].

It is also known as down converter because the output voltage is less than the

input voltage [1].

2.6 Basic Circuit of Buck Converter

Figure 2.3 below shows the fundamental buck converter circuit with an ideal
switch (S). The converter consists of a diode (D), voltage supply (Supply), inductor
(L), and load (Load).



S YL
e

Supply _XD Load

Figure 2.3: Basic Buck Regulator Circuit

2.7 Circuit Operations

An ideal buck regulator controlled the output voltage by becoming either
completely on or off alternately. Figure 2.4 below will demonstrate the circuit
operations when the switch is on (closed).

Flow of current

T S YL

L

Supply /0 7 Load

Figure 2.4: Switch is on

When the switch is closed (short-circuited), the current from the supply will
flows through the inductor to the load and back to the supply. The arrow shows the
flow of current when the switch is on. The diode is opened (reverse biased) and will
not conducts.
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L
Y Y Y

"Flow of

-I_— 8upp|‘_~; DZX current Load

1) S O

Figure 2.5: Switch is off

On the other hand, Figure 2.5 shows the flows of current when the switch is
off (open). When the switch is opened (open-circuited), the energy stored in the
inductor is released to the load and diode. The diode is forward biased. The arrows in
the figure shows the path of current when the switch is off. The process is repeated
for output voltage regulation at a fixed value. For continuous current operations, the
switch will operate in on state again before the current reaches zero.

2.8 Power MOSFET

MOSFET is the abbreviation for metal oxide semiconductor field effect
transistor. It is a very fast switching transistor that has great potential for high
frequency and low power applications. Figure 2.6 below shows the IRF9540 P-
channel MOSFET. The three terminals are called drain (D), source (S) and gate (G).
Current flow from drain to source and the device has no reverse-blocking capability.
It is a voltage-controlled majority carrier device and has positive temperature
coeffiecient which means it can be cascaded to increase its current capability.[4]

D

Figure 2.6: IRF9540 P-channel MOSFET
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2.9  PSpice Software

PSpice is a software used to produce and analyze both analog and digital
electronic circuits. This software is used effectively in the project to solve many
problems related to voltage and current. It also capable of producing the waveforms
from the analyze circuit. [5]

Figure 2.7 below is the PSpice shematic window. The menu bar
consists of menu like file, edit, view and etc as shown in the figure. Menu bar helps
user to search for tools to modify the schematic circuit, saving project and to
simulate the project. Last added part list is a box that shows the last used component
throughout the entire work process. Toolbar buttons show the icons of the options in
the menu bar. It is a shortcut to the menu bar options. The scroll bars at the right side
and the bottom of the window allow user to scroll the window to view the hidden
part in the schematic circuit.

% OrCAD Capture - [ - [SCHEMATIC1 : PAGE1)] =3

E File Edit View Place Macro PSpice Accessories Options  Window  Help - a X
D|s(@| & &2 | waso ) e R E R EE R

o=l I | P A e B

T T T 3 ZIT

-

< =l

Menu bar I “Last added” Toolbar buttons ,i

. parts list (or icons) EN

|

PsR

Scroll bars
ﬁ
e
[+] | ey

0 items selecked Scale=100%  ¥=6.40 ¥=1,00

Figure 2.7 : PSpice schematic window
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2.10 Pulse Width Modulation Circuit (PWM)
PWM circuit controls the switching rate and pulse width in buck regulator

circuit. It consists of oscillator and gated latch to produce triangular waves and
modulated the signal to produce series of pulse signal to the switching element.

Figure 2.8 shows a basic PWM circuit and demonstrates how series of pulse

is generated from the triangular wave and control signal.

- Vref

Vactual

(@)

ANANANANWANWANIYA G
VAR VARVAR VAR VAR VAR

Vi

A

VH Ton

Vat

v

(©)

Figure 2.8: (a) PWM Circuit (b) Oscillator Output, Vos; Op-amp Output
Voltage, Verror. (€) PWM Output Voltage, Vi
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From Figure 2.8 (b), when the control signal is larger than the triangular wave,
the op-amp will generate high state and vice versa [8]. The control signal is
generated by comparing the reference voltage, Vi, with the actual voltage, Vactar,
taken from the sampling circuit, to produce Veror. From the Figure 2.8 (b) also it can
be seen that the pulse width is depending on the level of the error voltage. Vs the
same as the peak amplitude of the triangular waveform, T, is the time when the duty

cycle is positive and Var is the average voltage of the pulse output voltage.
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CHAPTER 3

METHODOLOGY AND EQUIPMENTS

3.0 Introduction

This chapter discusses on methodology and procedures as well as equipments
and softwares used in the entire work process. The methodology describes how the
flows of the project and procedures topic describes how the project was divided into
two phase (Final year project 1 and 2) and the works involved in each phase. The
work schedule topic mentioned about the used of Gantt charts for the project
schedules and the equipment and software topic describes about the equipments and

softwares used when the project was carried out.
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3.1 Methodology

Circuit Design

.

Modeling

.

Simulation

.

Hardware
Assembly

.

Testing and
Troubleshooting

Figure 3.1: Project methodology

Figure 3.1 above shows that the first step in this project was to design the
circuit components value for buck converter configuration. During this step, the

components value were calculated using established equations and formulas.

Then models of buck converter and its controller were built and simulated
using PSpice, MATLAB and Protel DXP 2004 softwares. The output and frequency
response of the power stage and controller were analyzed and compared with the

earlier theoretical predictions.

Next, when the simulation results had been confirmed to be approximately
the same with the predictions, the power stage and controller are assembled on the
PCB. The PCB circuits were built using Protel DXP 2004. The circuits were then
printed on the PCB before they undergo the etching process. After the circuits had
been etched properly, the hardwares of buck converter power stage and its controller
on the PCB platforms were obtained. Then the components were placed and soldered
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on the PCBs to complete the hardwares of buck converter power stage and voltage-

mode controller.

Lastly, the hardwares were tested in the lab to ensure that they function as the
desired buck converter in the earlier design process. Any flaws detected on the
hardwares were fixed immediately. Several numbers of tests were carried out during

this step in order to make the hardwares to operate properly and accurately.

3.2 Procedures

The procedures involved in this project are as shown in the Figure 3.2.
During final year project (FYP) 1, the works were focused on designing the buck
converter power stage and the voltage-mode controller. It was started with choosing
a title for the FYP 1, and ends with completed design of the converter’s power stage,
first seminar and report on the FYP 1 works. In FYP 2, the works were focused on
constructing the hardwares of buck converter power stage and the voltage-mode
controller. It ends with final FYP 2 seminar and the submitting of completed thesis to
the supervisor and the faculty. In general, the work involve in this project are shown
in Figure 3.2 below.



Choosing a title for the final project.

17

A 4

Construct the hardware based on the
circuit designed during FYP 1.

Collecting reading material or
literature review related to the

project.

A 4

A 4

Verify the response with the

simulation.

Preparing a proposal for the title

chosen.

A

y

A

y

Propose the title to the supervisor.

Fill in the PSM 2-0 form and submit

to the coordinator
week.

during the 4™

A

4

A

y

Study the circuit o

peration.

Fill in the PSM 2-1 form and submit
it during 13" week.

A

y

Design the components for the
converter and the controller circuit.

A

y

A

4

Final testing of the hardware and
prepare for the final FYP seminar.

Verify the design with the

supervisor.

A

y

A

y

Preparing the thesis draft to be
submitted during week 16.

Simulates the circuit by using

PSpice software.

A

4

A

y

Attend the final se

minar.

Presents and demonstrates the
projects in front of 3 selected panels
during the FYP 1 first seminar.

A

y

Report writing wo

rk.

A

y

A

y

Prepare a report for FYP 1.

Submit the completed hardcover
thesis with a soft copy to the faculty.

Figure 3.2: Flow charts showing the works flow
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3.3 Works Schedule

Gantt chart is used to organize works schedules and to simplify the projects
outline for project 1 (Appendix A) and project 2 (Appendix B). Project 1 consists of
works plan on designing and simulating the buck converter and voltage-mode
controller circuit using PSpice software while project 2 works plan emphasizes on

constructing the hardware and thesis writing.

3.4  Equipment and Software

The equipment used in this project consists of hardware components and also
software program to carry out the circuit simulation. The softwares used for circuit
simulation were PSpice, MATLAB and Protel DXP 2004. A buck converter circuit
was simulated using actual components’ value to simulate the output voltage
response and compared it with the desired response in the earlier design. During
hardware construction phase, Protel DXP 2004 and MATLAB were used to construct
the PCB circuits for buck converter power stage and its controller and to calculate

the components’ value for both circuits respectively.

The components used to construct the hardware of buck converter and
voltage-mode controller were capacitors, resistors, inductors, diodes, MOSFET and
etc. The values chosen were based on the specifications in the earlier design phase as

mentioned in Chapter 1, Table 1.1.
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CHAPTER 4

HARDWARE DESIGN AND SIMULATION

4.0 Introduction

This chapter describes about the hardware design and how the circuit of buck
converter power stage and voltage-mode controller were simulated using PSpice,
MATLAB and Protel DXP 2004 softwares.

4.1  Power Stage Design

The components for power stage of buck converter were calculated using
equation 4-1 through equation 4-8 as shown below. Ve is the power-switch
conduction voltage drop (assume Vg = 0.5 V), V4 is the diode voltage drop
(assumed V4 = 0.6 V), and Vi, is ranging between 9 to 12 V.

Al, = 2xcurrent regulation x I ;.. (4-1)
_(A-D)R, (4-2)

min 2 fs
_ (1_ D)Rmax (4_3)

min 2 f
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_ (1-D), (4-4)
™ AV, x8Lf°
(1-D)v, (4-5)
"8, f2AV,
VL =Vin _Vsat _Vo (4-6)
o-Ve (4-7)
VS
D= VotV (4-8)
Vi-V,,

The results obtained from the calculations were as shown in the Table 4.1

below.

Parameter Equation Chosen Value
Alo Al, =3x2x0.1=0.6A 0.6 A
L. _05— 220uH

min o VLD _ (12 0.5 7.5)><0.7 — 93,H el
Al x f 0.6 x50k

Crni 1000F

min C. - Al _ 0.6 _30.F )7
8f, xAV, 8x50kx0.05

D V, =12V,V, =7.5V 0.7

p=YoVs _g7
Vi-V,

Table 4.1: Buck converter power stage components value

From the calculation, the minimum value for inductance and capacitance are
93 uH and 30 uF respectively. The inductor and capacitor value is chosen to be
higher than the minimum value to maintain continuous-current mode operation with

1% ripple and to limit the ripple in the output voltage waveform at 0.05 V. The
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chosen value of inductor and capacitor used in the project are 220 uH and of 1000 uF

respectively.

4.1.1 Power Stage Simulation

The buck converter power stage in Figure 4.1 is simulated using PSpice
software to obtain the output voltage and current response. The pulse-width
generator equivalent generates the pulse-width modulation to control the P-channel
MOSFET to either on or off. TF is the time for the pulse to fall to zero and TR is the
time for the pulse to rise positive 12 V value. PW is the time for positive pulse-width,
PER is the period for 1 complete cycle, Duty cycle is the positive duty cycle and
Switching_freq is the desired switching frequency for the MOSFET. The
components value of the power stage is selected to be the same with the selected
values in Table 4.1. Load is selected to be 15 ohm and the input voltage is set to 12
V. The current probe and voltage probe is used to measure the voltage and current at
the inductor and the load respectively. Figure 4.2 shows the circuit built in Protel
DXP 2004. The circuit was printed on the printed circuit board (PCB) before it
underwent the etching process.

MOSFET L1
1 e 2 out
I+L \gn,_,
|
IC=0

| Pulzse-width generator \

L[ MM s
12 = W=D &0l = FLoad
T e
TO=0 Current 1000y 15

N IC=D
) probe Voltage

P =[Oty _ CoyclesSwitching_Freq}
PER = {1/ %witching_Fraq} prObe

FARAMETERS: o
Duty_Cycle =07
Switching_Freq = S0k

Figure 4.1: Simulation of buck converter’s power stage in PSpice
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Figure 4.2: Buck converter’s pov;er stage built in Protel DXP 2004

4.1.2 Power Stage Transfer Function

Equation 4-9 shows the transfer function of the buck converter power stage
obtained from International Rectifier’s application note [9]. R¢ is the ESR of the

capacitor, L and C is the selected value as in Table 4.1.

V.R +V 4-9
Power Stage = SVl *V, (4-9)

LCs® + s(IF; +R.C)+1

4.2  Controller Design

Figure 4.3 shown below is the controller and driver circuit of the buck
converter constructed in Protel DXP 2004. Integrated circuit (IC) SG3524 was used
to generate series of pulse-width to trigger the MOSFET on and off.



Resistor =10 kQ

NPN transistor

Driver circuit

Capacitor = 220 pF Resistor = 2.2 kQ

I
Dhods LH+1FE Thods 14

_—]

1L

jat
1L 1s @i
B3 st pomt? ., .r_" N

b £\

ST L
feked | o [ L]
ot N R )
[ 7 T 1 s
I ] [z | »m )l .
— _T|_ | == [ | Diode
- N
3 3 3uF]
2 - / W-DIFS
1Y B :\
!I]I'. L3
/ ke
/ PNP transistor
Rt
pommal CT / gt
— SG3524
Skt g ket

Figure 4.3: Controller and driver circuit built in Protel DXP 2004
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The IC SG3524 was represented by SW-DIP8 components in Protel DXP
2004. The driver circuit was built to drive the P-channel MOSFET. It consists of one
NPN transistor (2N2222A), one PNP transistor (2N2907), one 10 kQ resistor, one
2.2 kQ resistor, one 220 pF capacitor and 3 diodes (1N4148). The controller circuit

is similar to SG3524 test circuit as shown in Appendix C.

4.2.1 Frequency Selection

The switching frequency is selected to be 50 kHz. The frequency was
selected to be less than 100 kHz since the switching loss at 50 kHz is smaller
compared to switching loss at frequency of 100 kHz. In the controller circuit, the
switching frequency is determined by Rt and Cr values as shown in Figure 4.3.
Equation 4-10 was used to calculate the value for Rt and C+ for 50 kHz switching

frequency.

1.3 (4-10)

frequency =
q y R.C,

For Cr = 6.8 nF, the Ry is chosen to be 3800 ohm. The reference voltage is

adjusted to 2.5 V and the driver circuit is constructed to drive P-channel mosfet.

4.2.2 Controller Transfer Function

Equation 4-11 is the transfer function of the controller and the driver circuit
[1]. Viianguiar 1S the maximum voltage of the triangular waveform generated by IC
SG3524.
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Controller = (4-11)

triangular

4.3 Compensator Design

4.3.1 Compensator Transfer Function

The compensator transfer function is shown in equation 4-12 [10]. The values
of R4, R5, R6, R7, C1, C2, and C3 were obtained from equations which are
discussed in the next topics.

Compensator =

( 1 )(s(R5+R7)Cs+1
sR.(C, +C,) sR,C, +1

sR,C, +1 (4-12)

X )

SR, ( GG, )+1
C,+C,

4.3.2 Output Sense Network

Output sense network is a resistive voltage divider used to sense the changes
in output voltage at the converter output. The components value for the divider
circuit must be chosen carefully to maintain accuracy as high as possible. The worst-
case SG3524 input bias current is 2 UA (see Appendix C). The divider current is

chosen to be 1000 times greater than the worst-case value.
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Connected to pin 1 ct

R¥ c3
J—fm—| —
Ay,

R&

HE§

11§;.J

o Connected to pin 9

Figure 4.4: Compensator

The value of resistors in the divider network are calculated using MATLAB.

Figure 4.5 shows the program used in MATLAB to calculate the resistors’ value.

File Edit Text Go ell Tools Debug Desktop wWindow Help

DEE 2R~ & #hasd Ff 85

Z(*EE E| -{10 |+ | #1110 |x Bk @
1 - input hias current=:Ze-g6
2 - diwvider current=1000%*input hias current
3 - R6=2.5/divider current
4 - RL=(7.5-2.5] fdivider_current

Figure 4.5: MATLAB programming to calculate the resistive divider

components

Figure 4.6 shows the results of the simulation in MATLAB software to

calculate the value of R5 and R6.



27

Bl Command Window

»» clear

¥> input _bias current=:Zie-6

divider current=1000%input bias current
Re=2.5/divider current
R5=(7.5-2.5)/divider current

input khias current =

Z2.0000e-008

diwvider current =

0.00zo
L3
ke =
1250
RS =
2500
Al ==

Figure 4.6: Results of R5 and R6 calculation in command window.

4.3.3 Loop Compensation Design

The loop compensator was designed to reshaping the error-
amplifier/controller frequency response with external components to stabilize the
DC-DC converter.

The gain of the controller circuit is calculated using the equation 4- 13.



AV

0

Agyyy = ———2>——
P AV, (COMP)
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(4-13)

The gain was calculated using MATLAB. Figure 4.7 is the simulation result

from command window.

Figure 4.7: MATLAB simulation result of gain calculation.

> R=15
C=1000e-§&
L=100e-5&
r=83e-3
Ws=12

transgain=(7.5-0)/ (3.

B =

15

1.0000e-003

1.0000e-004

0.0330

12

Lransgain =

5

The output filter is an LC filter and function accordingly. The inductor and

capcitor produces two underdamped complex-pole pair at the filter resonant
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frequency which is at frequency of 503.2921 Hz and the ESR puts a zero in the
response above the resonant frequency which is at frequency of 1.9175 kHz. The

complex poles and zeros are determined using MATLAB. The simulation results are
shown in Figure 4.8 below.

Complex poles location= o, = 1 (4-14)

27+ LC

Zero location= (4-15)

=x Wo=1/ (2%pi*sgqrt (L+C)) Yocomplex poles location
gero=1/ (Z¥pi* (r*C)) Yzero location
Wo =
S503.2921
zera =

1.9175e+003
> |

Figure 4.8: MATLAB simulation result for the location of complex poles and

Zero.

The the gain and phase plots for open-loop buck converter are obtained by

multiplying the controller gain with the power stage transfer function. The simulation
is shown in Figure 4.9.



il Command Window

¥r transgain=(7.5-0)/0(3.5-1)
transfer=tf (Wa*[r*C 1], [L*¥C L/R4+r*C 1])
transfer=transfer*transgain

Lransgain =

Tran=sfer function:
o.0o0o0929s = + 12

le-007% =272 + 3.96%7e-005 5 + 1

Transfer function:
0.002988 s + 36

le-007% =2 + 8.96%Ye-005 = + 1

5 |

Figure 4.9: Open-loop buck converter transfer function from command

window .

response graphs are shown in Figure 4-10 and Figure 4.11.

il Command Window

>» P=hodeoptions:
P.Freqglnits="'HZ';
FP.Phaselnits="deg';
P.Maglcale='linear':
figure (1)

h=hodeplot (transfer, P}

h=
resppack.bodeplot

FE

response in command window.
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The results of simulation of open-loop buck converter and the frequency

Figure 4.10: The result of MATLAB simulation of buck converter frequency
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Figure 4.11: (a) Gain response of open-loop buck converter. (b) Phase response of open-loop buck converter.
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The integrator gain (Refer to Figure 4.4), 1 / (SR5 x (C2 + C1)), establishes
the open-loop unity-gain frequency. The zero will be located at approximately the
same frequency as the output-filter poles to compensate for gain reduction and phase
shift. The compensation network will have two zeros at f = 500 Hz to cancel out the
complex poles from the LC filter. They contribute a gain of 40 dB at f = 5 kHz. From
the magnitude response graph, at f = 5 kHz, the gain is 0.266 dB. Thus, the gain
contributed by the compensation network’s integrator should be 0 — (0.297+40) = -
40.27 dB = 0.009.

The pole at 1/(27R,C,) is positioned at approximately the same frequency as

the zero above the filter resonant frequency to maintain 20 dB/decade roll-off in the

gain response.

The final pole at 1/(22R,C,C, /(C, +C,)) is placed at f = 37.5 kHz to

minimize high-frequency noise at the pulse-width modulator.

The components for the compensator design are calculated using MATLAB.

The formulas, programming and the simulation results are as shown below.

,_ 1 (4-16)
- 24 R5x gain
PR (4-17)
 270,C2
11 (4-18)
c3__ @ 2810
27 x zeroxC3
4-19
R7 1 (4-19)

- 27 xzeroxC3

1 1 (4-20)
~ 27(0.75x f.)R4




x> £3=50e3
fr=0.1*f=
f= =

Soooa0
fr =

5000

> gain=0.009
gain =
o.oo0920
Fr CZ=1/ (2*pi*fr*R5*gain)

R4=1/ (Z*pitWa*C2)

C3=({(1/Wol-({1/2ero)l )1/ (Z*pi*Ra)
R7=1/ (Z%*pi¥=2ero*C3)
C1=1/ (2*pi* (0.75%f=3) *R4)

CZ =

1.414%e-006

k4 =

£23.52832

Figure 4.12: MATLAB simulation for compensator design (part 1)
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C3

9.3291e-005

R7

§d9.65852

C1

1.3987e-005

Figure 4.13: MATLAB simulation for compensator design (part 2)

The actual value of the components above are chosen according to its
availability in the market. Thus, the components used for the compensator are R5 =
2500 ohm (2400 ohm), R6 = 1250 ohm (1200 om), C2 = 1.4147 uF (1 uF), R4 =
223.5282 ohm (240 ohm), C3 = 93.29 nF (0.082 uF), R7 = 890 ohm (910 ohm), and
C1=18.99 nF (0.015 uF).

4.3.4 Closed-Loop Buck Converter Frequency Response

Figure 4.14 and Figure 4.15 are the circuit and waveforms obtain from simple
PSpice simulation.
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Figure 4.14: Circuit to simulate closed-loop buck converter frequency response

FARAMETERS:

L= 1000
W=7 A
= 1000y
R=14

R = 33m
pp = 4
Wi = 12
C1=0.0180
Ci=173u
3 = 0,09y
R& = 2500
Rfi = 1240
R¥ =884
Fd = 241
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Figure 4.15: Closed-loop buck converter frequency response (a) Gain response (b) Phase response
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From the frequency response analysis, after the compensator is added to the
controller, the overall response of the open-loop buck converter had been improved.
From the graph, it could be seen that the peaking due to complex pole pair had been
reduced and the phase margin value is equal to 62 degree.
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CHAPTER 5

RESULTS

51 Initial Results

Buck converter circuit is build using PSpice to simulate the output voltage
response. The components value used in the simulation are the actual values

available in the market. The circuits and output responses are as shown below.

5.1.1 Simulation Results

5.1.1.1 Practical Buck Regulator

Figure 5.1 shows the practical buck converter simulation using PSpice
software. The values for inductor and capacitor were chosen to be the same as in
Table 4.1.
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MOSFET L1

1 e 2 out

;g“ g

Pulse-width generator \

0 801 = ci § FLoad

o 1[,2 10000 16
- IC=0

TF = 174n

TR = 17in

P = {0ty _ CoycledSwitching_Freql]

PER = {1f5witching_Freq}

il
T W
T

FARAMETERS: 0
Dty _Cycle = 0.7
Swyitchino_Freg = 50k

Figure 5.1: Buck converter schematic

5.1.1.2 Output Response

Figure 5.2 shows the output voltage and current waveforms measured at the
load and inductor respectively. The voltage waveform shows that the waveform

reaches 9 V peak at t = 1 ms. The voltage stabilizes at 7.5 V after approximately 8
ms.
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Figure 5.3 shows the output voltage waveform after waveform is zoomed in.
From the figure, it can be seen that the voltage ripple is approximately 8.604 m —
8.595 m = 9 uV. This value is even lower than the design value for output voltage
ripple which is 50 mV. Thus, from the simulation, this value had met the design

requirement for output voltage ripple in the buck converter design.
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Figure 5.4 shows the inductor current waveform after zoomed in. From the
figure, it can be seen that the inductor current ripple is approximately 8.86 m — 8.85
m = 10 uA. Since the current regulation is supposed to be 1% of the maximum rated
current, therefore, this value had met the requirement for the current regulation in the

buck converter design.
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5.2 Hardware Results

Figure 5.5 shows the buck converter power stage circuit while Figure 5.6
shows the controller circuit and driver circuit constructed in one PCB and the Figre
5.7 shows the compensator circuit. The compensator circuit was not built on PCB so
that it is easier to change the components’ value during experiment to obtain the
desired frequency response.

Figure 5.5: Power stage circuit

Figure 5.6: Controller and driver circuit
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Figure 5.7: Compensator circuit

5.2.1 Open-loop Buck Converter

Figure 5.5 shows the output waveform from the controller and the driver

circuit. The duty cycle of the pulse-width is approximately 50% or 0.5.

Tek Stop | f if ]

D g 4 AL BOOMY
1@ —400mv
A 192us
1@ —193us

...................... +
; 1 Ch1 +Duty
51.21%

[ 100V | M[40.0us| A Chl £ 11.0V|
29 Jan 2008
6:21:

i+~ [0.00000s | 1 19
Figure 5.8: Output waveform from controller and driver circuit
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Figure 5.6 shows the triangular waveform generated by the controller circuit.

The maximum peak voltage of the triangular waveform is 3.6 V.

TekStop | [ : .
3 Ch2 Max
i EE Y
r:
{
P
: i ch2 +Duty
54.45 %
MiF 2.00v  M10.0us] A ChZ 4  2.44 V|
2 Apr 2008
0.00000 s 13:52:22

Figure 5.9: Triangular waveform generated by the controller circuit

Figure 5.7 shows the chopped input voltage waveform obtained from the
diode. The waveform from the diode is the same with the output waveform from
controller since the MOSFET was turned on and off by the pulse-width generated
from the controller circuit. Thus, the pulse-width had chopped the input waveform
and produces chopped input voltage waveform. Figure 5.8 shows the waveforms
measured from the diode and output voltage waveform from the load.

Tek Stop | [ 1

"B S00mv M[T0.0ps A Ch2 S 1.02V
1 Apr 2008
0.00000s 01:26:30

Figure 5.10: Input voltage waveform at the diode
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Figure 5.11: (a) Chopped input voltage. (b) Output voltage waveform.

5.2.2 Closed-loop Buck Converter

The following results show the regulation processed of the closed buck

converter. In Figure 5.9 and Figure 5.10, the output voltage was regulated at 7.11 to

7.20 V. This value is closer to the design value which is 7.5 V. The output voltage is

lower than the expected value is due to voltage drop in the circuit. In Figure 5.11,

since the input voltage is out of the design range, the voltage dropped at much lower

value (6.9 V). The changes in input voltage, causes the controller to vary the duty

cycle to regulate the output voltage. The top waveform was taken from the diode and

it is the chopped input voltage waveform while the bottom waveform was taken from

the load at the power stage output which represents the output voltage actual

response.
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Figure 5.12: (a) Chopped input voltage and output voltage. (b) Input voltage
(11.9 V) and output voltage.
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Figure 5.13: (a) Chopped input voltage and output voltage. (b) Input voltage
(10.5 V) and output voltage.
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Figure 5.14: (a) Chopped input voltage and output voltage. (b) Input voltage
(8.85 V) and output voltage.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS

6.0 Introduction

This final chapter concludes all the topics that have been discussed previously.
In addition to the conclusion, some suggestions for future work on this project are

described.

6.1 Suggestions For Future

Even though the proposed objectives has been met, there are still many
improvement that could be done for this project. The project is far from completed
since many improvement could be done to increase the reliability and accuracy of the

converter.

Because the technology is still improving over the years, there are many types
of configuration for buck converter control available in the market. For instance,

there are synchronous buck converter, peak-current control buck converter and etc.

Thus, this project could be expanded by implementing peak-current mode
control or synchronous buck configuration into the voltage-mode control buck

converter for improvement in the controlling the output voltage. By improving the
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control method for the buck converter, the complexity of the design will arise, thus it
will needs some study to be done in the future for such improvement.

Finally, even after such improvement, there will be more studies that could be
done to improve the efficiency and reliability of the converter. The method of
controlling the MOSFET by using pulse-width modulation generated by the

microcontroller is one such study that could be done in the future.

6.2 Conclusions

As conclusion, this project had successfully achieved its main objectives
which is to develop a voltage-mode control buck converter. The closed-loop circuit
simplifies the tedious work of controlling the output by automatically adjusting the

duty cycle to regulate the output voltage at a particular level.

Even though voltage-mode control sense the changes in output and input
signal to regulate the voltage at specific level, it still can be expanded by adding
other method such as peak-current control and synchronous buck configuration.
However, this will add complexity to the design. Thus further research and studies

are required for such expansion.

Voltage-mode control is chosen for this project since its design process is not
very complex and not to mention, cheap. The controlling method is also easy to
understand since it detects the voltage change through sense network and feed the

signal back to the controller circuit for regulation process.

Last but not least, this project had also taught me many things in handling
problems, providing and implementing solutions to solve them. Time management is
also very important as last minute work can be very pressuring and tiring. Good time
management is crucial since it ensures that this project can be finished on time with

good quality of work.
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PLANNING FOR PSM 1

NO [ ACTIVITIES WEEKS
819110(11)12(13)14|15
1 | Final year project briefing
2 | Selecting department
Selecting problem and title for
FYP
4 | Searching for literature
review and consultation with
supervisor
5 | Project proposal
6 | Submitting proposal
7 | Research and studies
8 | Studying buck converter
theory
9 | Choosing design specification
10 | Designing buck converter
components
11 | Simulation using PSpice
12 | Simulation of power stage
using PSpice
13 | Consultation with supervisor
14 | First seminar
15 [ Studying closed-loop design
16 | Designing controller circuit
17 | Simulation of the control
circuit
18 [ Constructs and simulates the
new converter circuit by using
PSpice
19 [ Consultation with supervisor
20 | Preparing the FYP 1 report
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PLANNING FOR PSM 2

NO

ACTIVITIES

Design PID
controller

Consultation
with
supervisor

Ordering
components
from Farnell

Bode plot
simulation for
complete buck
converter

Build PCB
circuits

Submitting
form PSM 2-0

Submitting
form PSM 2-1

Testing and
analyzing the
hardware

Preparation
for final
seminar and
final
presentation

10

Preparing the
thesis draft

11

Final seminar
and
demonstration

12

Submit the
thesis draft

13

Thesis writing
work

14

Submitting
completed
thesis with
hardcover
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¢ Complete Pulzse-Width Modulation [PWRM) §G2524 ... D OR N PACKAGE
g r— 5G3524 ... D, N, OR NS PACKAGE
Power- Ct_)mrol Circuitry . [TOF VIEW)
® Uncommitted Outputs for Single-Ended or T
Push-Pull Applications m-[ 1 ™ 1]l ReFouT
® Low Standby Current ... 8 mA Typ [ 15[l vee
® Interchangeable With Industry Standard oscouT [ 2 t4]] EMIT 2
5G2524 and SG3524 curr LM+ [[4  123fl coLz
CURRLIM-[] 5 12]] coL 1
description/ordering information RT[|® 1l EMIT 1
et 10f] SHUTDOWM
The 5G2524 and 5G3524 incorporate all the Gho [] & ofl come
functions reguired in the construction of a

regulating power supply, inverter, or switching

regulator on a single chip. They alzo can be used

as the confrol element for high-power-output

applications. The 5G2524 and SG3524 were

designed for switching regulators of either polarity, tfransformer-coupled de-to-de converters, fransformerless
voltage doublers, and polarity-converter applications emploving fixed-frequency, pulse-width modulation
(PWM) technigues. The complementary output allows either single-ended or push-pull application. Each device
includes an on-chip regulator, emor amplifier, programmable oscillator, pulse-steering flip-flop, twe uncommitied
pass fransistors, a high-gain comparater, and current-limiting and shutdown circuitry.

ORDERING INFORMATION

INFUT
W [l | meowr | SMOMEE| R
MAX [m)
PDIF (M) Tube of 25 SGEA5S24N SEIEIMN
C to TO-C an SOC (D) Tuoe of 40 S53E40 SG35M4
o Reelof 2500 | SG35240R
SOP [NS) Reel of 2000 S24NSR 5G3524
PDIF (M) Tube of 25 SGE2524N
-25°C to 85°C 20 R Tube of 40 ns
o Reelof 2500 | SG25240R

T Package drawings. standard packing guantifes, thermal data. symbofiztion, and PCE design guidelines are
available a3t wwwti.comisc/package.

Please be aware that an important notice concerning availabitty, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disciaimers theredo appears at the end of this data sheet.

FROCUCTION DJUTA nbromatin Iy cumend e of publesiion dai Copyright & 2003, Texas Instruments Incorparated
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functional block diagram

13 _ | Re‘ferenﬂel - 16
Ve Requiator ? REF OUT
+ Vref
. :
Vret | _—2 coLi
X u E \_11:‘1 EMIT 1
Vraf T Ve coLz
>
- mn Il T eara
‘ 05C OUT
Vref
1 \I\
2 ;Fg‘\\ Comparator
comp & N e Amplifier
4 Vref
CURR LM+ 22—
CURR LIM- > -
10
SHUTDOWN
ka
10 ke
8
GND
Il

WOTE A: Resistor values shown are nerminal

absolute maximum ratings over operating free-air temperature range (unless otherwise noted)t

Supply voltage, Ve (see Motes 1and 2) ... . ... ... 4DV
Collector output current, loe .. oo 10D MA
Reference output current, logresy - .. o SDmA

Current through CT terminal .. .. ..

. =S ma
Cperating virual junciion temperature, Ty ... ... e 180°C
Package thermal impedance, 8, (see Moles 3and 4): Dpackage ... ... .................. T3"C/W

Mpackage ._._ . . ... ... ... .........BFMCIW

MSpackage ... ... .. ... . ... .......... B4"CIW
Lead temperature 1,8 mm {1/18 inch} fromcasefor 10seconds . .. ... ... .. .. .............. 2BD°C
Storagetemperaturerange:Tsig T N sl (k=i

1 Stresses beyond those listed under “absolute maximum ratings” may cause permanent damage to the device. These are siress ratings only, and
functional operation of the dewice at these or any other conditons beyond those indicated under “recommended operating conditions™ is not
implied. Exposure to absolute-maximum-rated conditions for extended perods may affect device reliabilty.

MOTES: 1. Al voltage values are with respect to network ground terminal.

2. The reference regulator may be bypassed for operation from a fiwed 5-V supply by connecting the Voo and refierence output
{REF OUT} pin both to the supply voltage. in this configuration, the masimurm supply woltage is 8V

2. Maximum power dissipaton 5 a funcion of T Jymax|. 8)4-and Ta. The maxmum allowsble power dissipaticn at any alowable ambient

temperature i Po = (T Jimax) - TAYE4. Operation at the absolute maximum T of 150°C can impact refiabiity.

4. The package thermal mipedance is calow'ated in sccordance with JESD 51-7

*’.‘ TEXAS
INSTRUMENTS
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recommended operating conditions

MIN  MAX | UNIT

Voo Supply woltape a 40 v
Refersnce output current o} 50 mé
Current through CT temning! -0.03 =2 mé

RT  Timing resistor k1

CT Timing capacitor u=

EG2524
Ta ‘Operating free-air temperature YT o

electrical characteristics over recommended operating free-air temperature range, Ve = 20 V,
f =20 kHz (unless otherwise noted)

reference section

5G2524 5G3324
PARAMETER TEST CONDITIONST WN TYPT MAX | MmN TYPT  MAX UNIT
Cnudput voltage 48 5 52 48 5 54 v
Input regu'ation Voo=8WViw40w 10 20 10 3 iy
Ripple rejection f=12DHz a6 Lii} dB
Cwrput regulation 0 =0méA to 20 mA 20 50 my
Curput wiltage changs with temperature Ta = MIN 1o MAax D.3% 1%
Short-cincuit output cumentd Vigf=10 100 mé
T For conditions shown as MIN or M&)X, use the aporopriate value specified under recommended cperating conditions
{AII typical values, except for temperature cosfiicents, are at Ty, = 25°C
4 Standard dewviation is a measure of the stabistical distrbution about the mean, as derived from the formula:
I."I 5 (on = E
o=\ e
oscillator section
PARAMETER TEST CONDITIONST MIN TYPD  mAx | uwiT
fose Oscillator frequency Cr=0001t uk Rr=2kix 450 kHz
Standard deviation of frequencyd :.";.:;.l;:;‘fa':gtacg;sh;;n??ature. resistance, %
. Freguency changs with woltags Vo=Vt 4DV, Ty =25C
Aose Freguency change with ternperature Ta = MIN t2 MAX
Cutput amplitude at OSC OUT Ta=25°C 3.5 v
t Qutput pulse duration (width) at 0SC OUT Cr=001pF, Ty =25C 0.5 s

T For conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions

:EAII typical values, except for temperature cosficents, are at Ty = 25°C

3 Standard deviation is & measurs of the statistical distribution about the mean. as derived from the formula:
—

[ - T2

*&' TeEXAS
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SLWE07TD — APRIL 13

error amplifier section

TEST 8G2324 5G3324
PARAMETER CONDITIONST MIN TYFI WMAX| MIN TvPl Max| "0
Vio nput offest woltage Vip=258V 0.5 5 2 10 my
g nput bias curment Vig=25V 2 10 2 10 WA
Open-loop voliage amplification T2 a0 a0 an dB
Vicr  Common-mode input voltage range Ta=25°C 18‘32 1'8372 W
CMMR  Common-mode rejection rabio 70 70 dB
Bq Unity-gain bandwidth 3 3 MHz
Cutput swing Ta = 26°C 0.5 3a 0.5 s W
1 For conditions shown as MIN or MAX, use the aporopriate value specified under recommended cperating conditions.
$ Al typical values, except for temperature cosficients, are at Ty = 25°C
output section
PARAMETER TEST CONDITIONST MmN TYPT  max| uniT
Vigrice  Collectoremitier breakdown voltage 40 v
Collecior off-state cument Yo =40W 001 50 A
Veat Collecior-emitier saturation voltlaps I =50 m& 1 2 v
Vo Emitier cutput voltaps Wo=20W ==-250 pa 17 i3 v
tr Turn-off voltage rise tme Rg=2ka 02 HE
t Turr-on woltage fall time Ro=2ka 0.1 [T
T For conditions shown as MIN or MAX, use the appropriate value specified under recommended cperating conditions.
$ Al typical values, except for temperature cosficients, are at Ty = 25°C.
comparator section
PARAMETER TEST CONDITIONST MIN TYPT  Max| UNIT
Maxmum duty cycle, each cutput 5%
Zero duty cycle 1
viT Input thresheld wvoltage st COMP Marmam duty cycle v
(=3 Input bias cument A
T For conditions shown as MIN or MAX, use the aporopriate value specified under recommended cperating conditions.
$ Al typical values, except for temperature cosficients, are at Ty =25°C.
current limiting section
PARAMETER TEST CONDITIONST MIN TYPT MAX | UNIT
W) Input woltage range (either input) —11o1 v
ViSENSE] Sense woltage at Ta = 26°C 176 200 225 my
— Te11pe’a'.ureg meﬂ'l:ent of sense voltage Vi) = Viin=) 2 80 m. Vicomp) =2V 0.2 m\=C
T Al typical values. except for temperature co=ficients, are at Ty = 25°C.
total device
PARAMETER TEST CONDITIONS MmN TYPT  max | uniT

3 Al typical values, except for temperature cosficients, are at Ty =25C.

FOST OFFICE BOX SS5303 @ DALLAE, TEXAS T
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PARAMETER MEASUREMENT INFORMATION

VREE Voo =8Vito 40V
l . 15
L t l Ve
A i?/ $G2524 or §G3524
| 10
o— sHUTDOWN <
I = P oscout B (Cpen) fﬁ < f w
10 ko < IN+ rer out HE Y
t e —T— REF
~ DApF
3 lcome 1
1ka * | curr Lims coLz H2
12 Outputs
. 3 cURR LM oL
14
) EMIT 2
2k 1
or EMIT 1
|| T
| Cr
Af 1Ry GND
RT sl

Voo

L
Circuit Under Test T2k

1

—

TEST CIRCUIT

Figure 1. General Test Circuit

Cutput

VOLTAGE WAVEFORMS

Figure 2. Switching Times
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Open-Loop Voltage Amplification of Emor Amplifier -dB

TYPICAL CHARACTERISTICS

OPEN-LOOF VOLTAGE AMPLIFICATION

OF ERRCOR AMPLIFIER

OSCILLATOR FREQUENCY

s VS
FREGQUENCY TIMING RESISTANCE
S0 RILI=“€I“L" 'J.""I |20|L!| M =
CcC= _ i
80 H = 250 400k Ct=10 1
| Ta = 25°C " TT= D00TpF,
] t 100k Tl & | cr=dadagF
60| R =1Ma 1 g EC7 =001 pF =
I JLALL ] : d-':l k i
sp| RL=300ka H g I
Ry = 100 kex £ L] <]
L ] g 10k =
Ry =30 kox 5
0 2 4k
o [y
0 [ | Ct=0.03pF|~ . \"“-.,_ ey
i g 1k Ly
10 2 ECr=01u
400 —
o [ Voc=20V [~
" R is resistance from COMP to ground Ta= |25+C| ]
= 100!
100 1k 0k 100 k iM 10 M q 2z 4 7 10 o 40 7O 400
Frequency — Hz Rt — Timing Resistance — ko
Figure 3 Figure 4
QUTPUT DEAD TIME
3
TIMING CAPACITANCE
10
4
Et /'j
|
= /'/
3
o =
2
5 04
01
0.001 0.004 0.01 0.04 0.4

C1 - Timing Capacitance — pF
Figure 5
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PRINCIPLES OF OPERATIONT

The 532524 is a fixed-frequency pulse-width-modulation (PWHM) voltage-regulator contral circuit. The regulator
operates at a fixed frequency that is programmed by one timing resistor, Ry, and one timing capacitor, Cr. Ry
establizhes a constant charging cumrent for Ct. This results in a linear voltage ramp at Ct. which is fed fo the
comparator, providing linear control of the output pulse duration (width) by the ermor amplifier. The 5G2524 contains
an onboard 5-Y regulator that serves as a reference, as well as supplying the 5G2524 intemmal regulator control
circuitry. The intemal reference valtage is divided extermnally by a resistor ladder network to provide a reference within
the common-mode range of the emor amplifier as shown in Figure &, or an external reference can be used. The output
s sensed by a second resistor divider network and the error signal is amplified. This voltage is then compared fo the
inear voltage ramp at Cr. The resulting modulated pulse out of the high-gain comparator then is steered to the
appropriate output pass transistor (21 or Q2) by the pulze-steering flip-flop, which iz synchronously tcggled by the
ascillator cutput. The oscillator cutput pulse also serves as a blanking pulse to ensure both outputs are never on
simultanzsously during the transition times. The duration of the blanking pulse is controlled by the value of Ct. The
cutputs may be applied in a push-pull configuration in which their frequency is one-half that of the base cscillator, or
paralleled for single-ended applications in which the frequency iz equal to that of the oscillator. The cutput of the error
amplfier shares a commaon input to the comparator with the current-limiting and shut-down circuitry and can be
owverridden by signals from either of these inputs. This commeon point is pinned out extemally via the COMP pin, which
can be employed to either contral the gain of the error amplifier or to compensate it In addition, the COMP pin can
be used to provide additional control to the regulator.

APPLICATION INFORMATIONT

oscillator

The ozcillator controls the frequency of the SG2524 and iz programmed by Ry and Ct as shown in Figure 4.
f = _1.30

F{.l. CT

where: Rt isin kL2
CriginpuF
fis in kHz

Practical values of C+ fall between 0,001 uF and 0.1 uF. Practical values of Ry fall between 1.8 k2 and 100 kL
Thiz results in a frequency range typically from 130 Hz fo 722 kHz.

blanking

The output pulse of the oscillator is used as a blanking pulse at the output. This pulse duration iz confrolied by
the value of C1 as shown in Figure 5. If small values of Ct are required, the oscillator oufput pulse duration can
be maintained by applying a shunt capacitance from O5C OUT fo ground.

synchronous operation

When an external clock iz desired, 2 clock pulss of approximatsly 2V can be applied dirsctly to the oscillator
output terminal. The impadance to ground at this point iz approximately 2 kKL In thiz configuration, RTCT must
be selected for a clock period slightly greater than that of the extemal clock.

T Throughout these discussions, references to the SG2524 apply also to the SG3524.
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APPLICATION INFORMATIONT

synchronous operation (continued)

If two or more 5G2524 regulators are cperated synchronously, all oscillator oufput terminals must be tied
together. The oscillator programmed for the minimum clock period is the master from which all the other
SG2524s operate. In thiz application, the C+R+ values of the slaved regulators must be set for a period
approximately 10% longer than that of the master regulator. In addition, O (master) = 2 Cr (slave) to ensure
that the master output pulse, which occurs first, has a longer pulse duration and, subsequently, resets the slave
regulators.

voltage reference

The 5-\ intermal reference can be employed by wuse of an external resistor divider network to establish a
reference common-mede voltage range (1.8 % to 3.4 V) within the error amgplifiers (see Figure 8), or an extemnal
reference can be applied dirsctly to the eror amplifier. For opsration from a fixed 5-V supply, the internal
reference can be bypassed by applying the input voltage to bath the Ve and Vgee terminals. In this
configuration, howsever, the input voltage is limited to a maximum of & V.

To Positive

REF OUT Output Voltage REF OUT
5 ki2 R2 Sl
23V
Sk R1§ 3 k02
y To Megative
Feri Output Valtage
R1+ R2 - (4 - B2
Vg - 2sv BLER2 Vg =23V |1-g)

Figure B. Error-Amplifier Bias Circuits

error amplifier

The error amplifier is a differential-input transconductance amplifier. The output is available for de gain control
or ac phase compensation. The compensation node (COMP) is a high-impedance node (R = 5 ML) The gain
of the amplifier is &, = (0.002 (-1)R_ and easily can be reduced from a nominal 10,000 by an external shunt
resistance from COMP to ground. Refer to Figure 2 for data.

compensation

COMP, as previously discussed, iz made available for compensation. Since maost output filters infroduce one
or more additional peles at freguencies below 200 Hz, which is the pole of the uncompensated amplifier,
introduction of a zero to cancel one of the output filter poles is desirable. This can be accomplished best with
a series RC circuit from COMP fo ground in the range of 50 kiland 0.001 uF. Other frequencies can be canceled
by use of the formula f = 1/RC.

T Throughout these discussions, references to the SG2524 apply also to the SG3524.
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APPLICATION INFORMATIONT

shutdown circuitry

COMP also can be employed fo introduce external contrel of the SG2524. Any circuit that can sink 200 pA can
pull the compensation terminal to ground and, thus, disable the SG2524.

In addition to constant-current limiting, CURR LIM+ and CURR LIM- alzo can be used in fransformer-coupled
circuite to senge primary current and shorten an output pulse should transformer saturation oceur. CURR LIM—
also can be grounded to convert CURR. LIM+ into an additional shutdown terminal.

current limiting

A current-limiting sense amplifier is provided in the 5G2524. The current-limiting senge amplifier exhibits a
thresheld of 200 m'/ £25 m'/ and must be applied in the ground line since the voltage range of the inputs is limited
to 1% to =1 . Caution should be taken to ensure the -1-V limit is not exceeded by either input, otherwise,
damage to the device may result.

Foldoack current imiting can be provided with the network shown in Figure 7. The current-limit schematic is
shown in Figure 5.

emir 1[4 % e va
JM < ( Vg R2 |
EMIT 2 R1 -1 _o™
f | lofmax) = &g |20 + m g
562524 ’ T
L | 200 mV
TR o 08 Rg
5
CURR LIM —pA ].
CURR LM+ il

Figure 7. Foldback Current Limiting for Shorted Output Conditions

COMP Cr
Comparator
Error Amplifier , Constant-Current Source
il
s T
R
ik

CURR LIM- CURR LM+

Figure 8. Current-Limit Schematic

T Throughout these discussions, references to the SG2524 apply also to the SG3524.
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APPLICATION INFORMATIONT

output circuitry

The S52524 contains two identical npn transistors, the collectors and emitters of which are uncommitted. Each
transistor has antisaturation circuitry that limits the current through that fransistor to a maximum of 100 mA for
fast response.

general

There are a wide variety of output configurations possible when censidering the application of the 5G2524 as
a voltage-regulator confrol circuit. They can be segregated inte three basic categories:

® Capacitor-diode-coupled voltage multipliers
® |nductor-capacitor-implemented single-ended circuits
® Transformer-coupled circuits

Examples of theze categories are gshown in Figures 8, 10, and 11, respectively. Detailed diagrams of specific
applications are shown in Figures 12-15.

j D1 ,
m Iy F— Vo
== Vi=Vg

; ¥ g

Vo
.—-J.-\ Vi<Vo

T/’ " o1 ‘ o
-

r-l-\ |+ 1=1-Vol

Figure 9. Capacitor-Diode-Coupled Voltage-Multiplier Output Stages

T Throughout these discussions, references to the SG2524 apply also to the SG3524.
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APPLICATION INFORMATIONT

Hl=l-Vpl

AT
o

Figure 10. Single-Ended Inductor Circuit

*}v T R
< e ot

Figure 11. Transformer-Coupled Qutputs

T Throughout these discussions, references to the SG2524 apply also to the SG3524.
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APPLICATION INFORMATIONT
l_l‘cc = 15 l_f
[
- 15
15ka 2
S 1NS16
— IN- vee enr 1 |1 —
% Sen 82524 12 20 mA
0.4pF S5k 2+ coLt 204F 1NS16
- i 18 ReF ouT coLz |13 I ¥
2k iy T
St 8lrr emi 2 14
il Her curm Lim+ |4
0.01uF —Y shutoown  curr L |2
W 1nNmiE - S0 uF
3 9 H
—=lasc ouT coMP F— +
GND
|
7
Figure 12, Capacitor-Diode Output Circuit
Voo =3W
1N916
]
: : ) ; :
== 0 smé Lﬁ > 3000 Z 2000 -L T S0uF L2
Vo
" i in- EMIT 1 " ]
5 ko ) 5G2524 12 i
" IN# coL1f— 1Moz T 0
3k 18] 13
REF QUT coLz|—
2kn
A § Ry emir 212
1 ey curR Lins |2
10 5
0.02 uF — SHUTDOWN CURR LiM- |4
R 5 1NB16 N2
—escouT COMP t PSSR T
GND = 0001 | | |/J W
3 ’ . A
4T uF =
> l _
A Input
¥ Return

Figure 13. Flyback Converter Circuit

TThroughout these discussions, references o the SG2524 apply also to the SG3524,
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APPLICATION INFORMATIONT

Voc=28V
5k 15
— 3V
5 ki 1 Vee 1 1A
IN- EMIT 1
5k 3 SG2524 12
ey IN+ CoL 1 .
0.1 pF smg r~ =00 uF
—- 181 reFour  coLaz [t A 1n3ze0
1'% ] I 3k
RT EMIT 2 14 *
_-.| T 4
—- cr CURR LIM+
0.02 pF 10 sHuT 3
| oovn CURR LIM- *
—Hoscour  come|?
GND I
=T~ 0.001 uF
8
50 kix
T L
,-T7 piQ
Input Return L T
Figure 14. Single-Ended LC Circuit
Veoo=28V
1 ke
5ka 15
Sko } Voo TIR101A
. IN— EMIT 1 imH —+
2 5G2524 +
. o N+ coL1 20T ;5T| | 1500 e == g:
AuF Sk
16 coL 2
) REF OUT 27 E‘P’TI I -
2 ke & _|
3 A RT EMIT 2
— Her  currume
0.04 F 10 | sHUT
, | povi CURR LIM—
—0sSCOUT  COMP
GHD
8 100 pF
-

Figure 15. Push-Pull Transformer-Coupled Circuit
TThroughout these discussions, references to the SG2524 apply also to the SG3524,
*3 1
EXAS
INSTRUMENTS

POET OFFICE BOX B5S30C @ DALLAS, TEXAS TE285 12




R s PACKAGE OPTION ADDENDUM

INSTRUMENTS
e 1Loam 17-Cict-2003

PACKAGING INFORMATION

Orderable Device Status "' Package Package Pins Package EcoPlan'® Lead/Ball Finish MSL Peak Temp ™
Type Drawing
SG25240 ACTIVE s0iC o] 18 40 Green(RoHS& CUMPDAL  Level-1-260C-UNLIM
no ShiBr}
SG25I40ES ACTIVE s0iC D 1% 40 Green{RoHS& CUMPDAL  Lewel-1-260C-UNLIM
no Shilr}
SG25240R ACTIVE s0IC o 1% 2500 Green (RoHS & CUMNIPDAU  Level-1-260C-UNLIM
no Shidr)
SGI5I4DREL ACTIVE s0IC D 16 2600 Green (RoHS & CUMNPDAL  Level-1-260C-UNLIM
no Shilr)
OBSOLETE ~ COIF J 18 TED Call Tl Call 71
ACTIVE FOIP N 1% 25 Fb-Fres CU NIPDAU  Lewel-MC-NC-NC
[RoHS]
SG2524NES ACTIVE POIP N % 25 Pb-Free CU NIPDAL  Lewel-MC-NC-NC
[RoHS]
5GI524D ACTIVE 50IC o] 18 40 Green{RoHS& CUMPDAU  Lewel-1-260C-UNLIM
no Shidr}
SGI5240ES ACTIVE 50IC o 1% 40 Green(RoHS & CUMPDAU  Level-1-260C-UNLIM
no ShiBr)
SG3I524DR CTIVE 50IC 8 18 2500 Green{RoH3 & CUMPDAU  Level-1-260C-UNLIM
no ShiBr}
SGI524DRES ACTIVE S0IC o 18 2500 Green(RoHS & CUMNIPDAU  Level1-260C-UNLIM
no ShiBr)
OBSOLETE  CODIP J 18 TED Call Tl Call T
ACTIVE FOIF N % 25 Fb-Fres CU NIPDAU  Lewel-MC-NC-NC
[RaHS)
SEIEI4NES ACTIVE FOIP N % 25 Fo-Fres CU NIFDAU  Lewel-NC-NC-NC
[RoHS)
SGIF4NER ACTIVE 30 NS 18 2000 Green (RoHS & CUMPDAL  Lewel-1-260C-UNLIM
o Shilr}
SGI524NSRES ACTIVE S0 ME 18 2000 Green(RoHS & CUMPDAU  Lewel-1-260C-UNLIM
no Shilr)

N The marksting status values are defined as follows:

ACTIVE: Froduct devize recommended for new designs.

LIFEBUY: 77 has announced that the device w be discontinued, and a Metime-buy period is in effect

NRND: Mot recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in
3 nEw design.

PREVIEW: Dievice has been announcad but is not in production. Samples may or may not be available.

OBSOLETE: T1 has discontinued the production of the device.

" Eop Plan - The planmed ecodriendy ciassificaton: PoFree (RoHS) or Green (RoHS & no ShiBr] - please check
nitpc e S.comiproduciconient for the latest availabitty information and additonal product content detals.

TED: The Pb-Free/Green conversicn plan has not been defined.

Pb-Free (RoHS): Ti's temns "Lead-Free” or "Pb-Free” mean semiconductor products that are compatile with the cument RoHS requirements
for 3% f substances, including the requirement that lead not exceed 0U1% by weight in homogeneous materia’s. Where designed 1o be soidered
athigh temperatures, Tl Pb-Free products are suiable for use in specied lead-free processes.

Green (RoHS & no SbiBr): Tl defines "Green” to mean Pb-Free (ReHS compatible), and free of Bromne (Bri and Antmony (Sb) based flame
retardants (Bror Sbodo not excesd D.1% by weight in homopensous material)

¥ MSL_ Peak Temp. — The Moistre Sensitwity Level rating sccording to the JEDEC industry standard classifications, and peak soider
temperature

Impartant Information and Disclaimer:The informaton provided on this page represents TI's knowisdge and belief as of e date that it is

Addendum-Pags 1



R s PACKAGE OPTION ADDENDUM
INSTRUMENTS

e 1Loam 17-Cict-2003

provided. Tl bases its knowledge and befef on information provided by third partes, and makes no representaton or wamamy as to the
accuracy of such information. Efforts are underway to better infegrate information from third parties. Tl has taken and confinues to take
reasonable skeps to provide representative and accurate information but may not have conducted destructve fesbing or chemizal analysis on

nocoming matera’s and chemica's. Tl and TI suppliers consider ceriain informaton o be proprietary, and thus CAS numbers and other fmited
nformation may not be available for release

In no ewent shat TI's liabfy arising ouwt of such information exceed the tota’ purchase price of the T0 part(s) at issus in this docurment sold by T1
1o Customer on 3n annual basis.
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J (R—GDIP—Txx) CERAMIC DUAL IN—-LINE PACKAGE
14 LEADS SHOWN

o EINS o)y 16 18 20

" o 0.300 0300 0.300 0,300
' B usy | osn | g | 0
[“ y Bt | ese | ms | mse
0.7B5 JBLp 0,960 1.060
NOanmnnm T B OMAX | g ge) | (21,34) | (24,38) | (28.92)
c B MK — | — | = | —

l ¢ wax | 9300 | 0300 | o3o | 030

PIVIVEVEVINEN (762) | (762) | (7.87) | (752)

! 7 0245 | ozas | o2 | 0245
—J %&:-Tﬁf} C M B2 | (622) | (559 | (622)

Q060 (1,52

-.‘ f— 0.005 (0,12) MIN oS (0,35 (&)
| T
H i 0.200 (5,08) MAX
- 4 Saoting Flone
T 0.130 {3,30) UM
_.I L_ 0.0 Eu.ﬁa? L/
0.014 (0,36 015"
[0.100 (2.54]| 0.014 (0,36
0.008 Eu.zulj

4040083,F 03/03

NOTES: All linear dimensians are in inches {mifmetars).

. This drowing = subject to change without notice.

This pockoge is hermetically sealed with o ceromic i using gloss frit.

- Index paint s provided on cap for terminal identificctizn only on press ceromic glass it seal anly.

Falts within ML STD 1835 GDIPI-Ti4, GDIP1-T16, GDWP1-T18 and GDIP1-T20,

Moome



MECHANICAL DATA

N (R—PDIP—T**) PLASTIC DUAL—IN—LINE PACKAGE

16 FING SHOW
_—
fs A * - £ns 14 16 18 0
* i 0775 | 07 0 | 1080
— e e P e e 5| 0TS 93 08
[ SN i T e W s B 10 T A MAX (19,69) | (19,58) 37) | (26.92)
1.260 (8,50 A WM rﬂ.l‘f:':'1 IEI.T-1!'; 0850 _U.Q-h')
0,240 (8,10} (18,52) | (18,32) | (21,58) | (23,88)
l MS-001 . .
LI e g g gy YARIATION AA B8 AC AD
1
0.070 {1.78
0,045 [1,14) -&
0.045 :",14" 0.325 (8,26
» - , 20 | ) \
nok0 (o 78) A 0.020 (0.51) MIN — T

0,015 (0,38)
Gouge Plane
I T

- ..lﬂ 0000 {0,25) HOW
I

4.1 0.430 (10.92) MAX L,

0,200 (5,08) MAX
l Secting Plone |

t 0,025 (3,16) MIN

=

0,100 (2,54

e 0021 (0,53 ) .

0.5 (D,38)
3 (0,38} i \

/ |
K " 14418 Pin Oaly
e e vendor ptien A\

+

A040049/F  12/3007

NOTES: A Al linear dimensions ore in inches (millimeters),
B. This drowing iz subject 2o chonge without notice.

ﬁl Fats within JEDEC M3-001. except 18 and 20 pin minimum body length (Dim AL
The 20 pin end |sad shoulder widih iz o vendor option, either half or full width.

& Tias

wiww, L. eom



MECHANICAL DATA

D (R—PDSO-G16) PLASTIC SMALL—QUTLINE PACKAGE

B 1~

|
n 1 . faren 3 o711 " 0020 L_F’I
ndex Aren L—o—-,, a0 0,27 ‘J 0z (0,37

0.304 (1 L.-"n] J

HHHHHHHH

. ST wis7 (400)
\\ 0150 (3.80)

AR I R I N & I

0.244 (5,20)
0.228 (5.50)

$[0.010 (0.25) (W]

[ \
L 1 {
i \

L 0065 (1,75) Max 0.a04 {0,10)

0010 "U.?!'J]\'—

0.01% {0,25) (0,25)
DD{L EI1.'I

|
r [ ]0.004 [0,10]]
Gauge Pnre—*— —J‘——\— =
_f_ Seating Plone
0010 iu,?ﬁJ}J -8

0.050 [1,27)

0.018 (0,20)

404004 7-4/F 07 /2004

MOTES:

A Al linear dimensions ere it inches [millimeters).
B, This drowng is subject to chonge without notice.

C. Body dimensions do not include mald flash or pratrusion net to esceed 0.008 (0,15).
o

. Falls within JEDEC MS-012 wariation AC.
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NS (R-PDSO-G™)
14-PINS SHOWN

MECHANICAL DATA
PLASTIC SMALL-OUTLINE PACKAGE

w7 -| r 3§;m

HAAAA H ]
:ushaw/ ;\
T_;r. |
© - ] c«:geHarch_l /
TEETEE l e

o 105
" A > 0.5
0,15 _
| [ 9% / [ \
| It I 1
mj i A R O al
2,00 WAX =i -
PINS #s
oM 14 16 20 24
A MAX 10,50 10,50 12,90 15,30
A MIH 5,90 5,50 1230 14,70

4040062/C 03403

NOTES:

Ml linear dimensions are in milimeters.
This drawing s subject to change wilhaul notice,
Body dimensions do nol include mald flash or protrusion, rol Lo exceed 015,

cme

*'Ibms
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (T1) reserve the right to make corrections, medifications,
enhancemsants, improvements, and other changes to its products and services at any fime and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verfy that such information is cument and complate. A1l products are sold subject fo Tl's terms
and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with T's standard warranty. Testing and cther quality control technigues ars used to the sxtent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

Tl assumes na liabilty for applications assistance or customer product design. Customers are responsible for
their products and applications using Tl components. To minimize the risks associated with customer products
and applications, customers should provide adeguate design and operating safeguards.

Tl dees not warrant ar represent that any license, sither express or implied, is granted under any Tl patent right.
copyright, mask wark right, or ather Tl intellectual property right relating to any combination, machine, or procass
im which Tl products or services are usad. Information published by Tl regarding third-party products or services
doess not consfitute a license from T fo use such products or services or a warranty or endarsement thereof,
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party. or a license from Tl under the patents or other intellectual propery of T

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is withouwt
afteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsiole or lisble for
such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by T for that
product or servics voids all express and any implizd warrantiss for the asseciated Tl preduct or senvice and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Following are URLs where you can obtain information on other Texas Instruments products and application
solutions:

Products Applications

Amplifisrs amplifisrii.com Audio www ti.comiaudio

Data Converters dataconverter.ti.com Automotive wwe ti.com/automative

D5SP dsp.fi.com Broadband www ti.comibroadband

Interface interfaceti.com Digital Comtrol www ti.comidigitalcontrol

Logic logic.ti.com Military www ti comimilitary

Power Mgmt powerfi.com Optical Metwarking winn ti.comiopticalnetwork

Microcontrollers microcontrollerti.com Security winn ticomi'security
Telephony winn ti.comitelephony

‘ideo & Imaging

Wireless

www i comivideo

www i comiwirsless

Texas Instruments
Post Office Bow 55303 Dallas, Texas 75285

Mailing Address:

Copyright @ 2005, Texas Instruments Incorporated
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Figure 7: Buck converter power stage’s PCB circuit
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