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Thesis Abstract:

Modeling is the mathematical representation of a circuit. For mathematical representation
knowledge of state space modeling or state space representation is required. For state space
representation, it is necessary to define the state variable of a circuit. State variable is the
kind of variable that can be represented in the form of integration. Mathematical
representation of the actual circuit which represents the output with respect to the input in
non-linear is known as large signal representation. It is not possible to control the circuit
when it is in large signal model/representation. For controlling it is necessary to bring the
circuit in the specific operating range at a certain steady state point. Around this point
range the circuit is called linearized. Applying any of the specific control technique on the
linearized circuit we will design the controller .Controller will sense the output and
determine the deviation where from it will be determined how much D (Duty Cycle) will

be needed to add or subtract with the steady state D in order to operate the converter

properly.
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Chapter 1:

1.1: Electronic Converter:

Electronic converters are devices that can convert voltages from one level to another level.
The goal of electronic converters is to process and control the flow of electric energy by
controlling the voltages and currents in a form that is optimally suited for user loads. In the
circuit set up converters use switches, diode, energy storage elements like inductors and

capacitors.

The production of electrical power from different power stations gives us an alternating
current from the alternator. On the application side, the end user uses the power generated
to run various types of electrical devices. These devices in turn use different types of
voltage (direct or alternating) with different magnitude levels. Some of the devices need

high magnitude voltage level and some of the devices need low magnitude level voltage.

For these reason, there exists a necessity to convert these voltages as per our
requirement. This is the area where converters come into application. A question
may be raised that, why not reduce the magnitude levels using a potential
divider, if at all the voltage or power level is the only concern for the appliances.
But, there lies an need to reduce the lossy component in the circuit (to improve
efficiency), make it compact, incorporate changes in parameters if required (like
frequency adjustments), as well as the most important reason to make it

economical.
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Considering all the above factors, the necessity of a converter is well defined.
Converters are classified into 4 types depending on the type and magnitude level

of voltages are concerned:

1. AC-AC converters
2. AC-DC converters
3. DC-DC converters
4. DC-AC converters

This thesis deals with the DC-DC BUCK converters, so first of all we need to

know about the DC-DC converters.

1.2:

DC — DC Converter:

A DC-to-DC converter is an electronic circuit power class converter which
converts a source of direct current (DC) from one voltage level to another. If the
voltage magnitude level at the output is greater than the input, then the converter
is called a boost converter, and if the voltage magnitude level at the output is
lesser than the input, then the converter is called a buck converter. If both the
converter operations (buck and boost) are resulted from a single converter with
the control of the mode of operation, whether buck or boost is monitored using
the parameter “duty cycle”, such converters are Buck-Boost converters. Cuk
converter is a dc- dc converter that allows bidirectional voltage conversion with

the output voltage of inverted polarity.

For our narrowed down topic we chose DC-DC Buck Converters. Buck converter is
explained in this thesis in detail in this document. Buck converters are, as
explained above, converts a source of direct current from higher voltage

magnitude level to a lower voltage magnitude level.
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One question may be raised, why not use a linear regulator for reducing the

voltage?

The answer is linear regulators prove to be efficient over the switching

regulators(such as the above converters)when the output is lightly loaded or

when the output voltage desired is very close to the source voltage. Also

linear regulators are cancelled of magnetic circuit involving transformers or

inductors thus resulting in a relatively smaller circuit. Other than these conditions

if a linear regulator is used, the BJT which is usually used for regulation, acts as

a resistor, with the power loss across it numerically equal to the product of

voltage drop across the transistor input and output terminals, and the current

flowing through it. In order to make loss due to resistive drop almost negligible,

we use switching regulators.

All of our discussion can be summarized with the following comparison Table(Table

number -1) described next:

1.3: Comparison between linear and switching regulator:

only the regulator and low

value bypass capacitor.

Linear Switching

Function Only steps down; input Steps up, steps down or
voltage must be greater than inverts.
output.

Waste heat High, if average load and/or Low, as components usually
input/output voltage run cool for power levels
difference are high. below 100W

Complexity Low, Which usually requires | Medium to High, which

usually requires inductor
diodes and filter caps in
addition to IC; for high
power circuits, external FET

are needed.
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Size Small to medium in portable Larger than linear at low
designs, but may larger if power, but smaller at power
heat sinking is needed. level for which linear

requires heat sinks.

Total cost Low Medium to high

Ripple / Noise Low; No ripple, Low noise, Medium to High; Due to
better noise rejection ripple at switching rate.

Efficiency Low to medium, but actual High, except at very low load

life depend on load current

and battery voltage.

current (LA), where switch
mode quiescent, current is

usually higher.

Table Number-1

So, that is why we chose to work with Switch mode buck converter for our thesis.
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Chapter 2:

Some Applications of Buck Converter:

As the voltage level goes down and the current level goes up we can use of buck converters

where high current and low voltage is needed. Some usage are:

1. It converters the computers main supply down to lower voltage needed by USB, CPU,

DRAM etc.

2. USB ON THE GO allows the keyboard mouse and other peripherals to connect to the
phone. Peripheral devices draws power from the buck converter .Synchronous buck
converter is bi-directional. Buck converters are used to charge the lithium battery in the
phone .When other devices are connected the converter run in the backward direction and

work as boost converter to generate voltage from the battery.

3. Quad-copters often are powered from a multi-cell lithium battery pack, typical pack
configurations are 2-6 cells in series. These battery packs produce a voltage in the range of
6V-25V. A buck converter drops the battery voltage down to 5V or 3.3V for the flight
controller (the brain of the quad-copter) to use. Moreover quad-copters use brushless
motors to fly because of their high efficiency and lightweight. Three half-bridges are used
to drive the inductive coils of a brushless motor. They use synchronous buck converters

without filter capacitors.

2.2:

Buck Converters:

Buck converters are used only if the voltage levels to be reduced is less than the
order of 10. If the scaling is more than 10, then we need to use an isolated type,
fly-back converters. Considering the non isolated buck converters, we will do the

detailed study of a buck converter first.
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The figure 2.1 shows the typical buck converter diagram. As shown, the converter

consists of the following components:

1. Direct Voltage Source : Vg =V,

Power Converter (represented as Switch) : Sw
Filter Inductor :L¢

Filter Capacitor : Cs

Load Resistor: Ry

A

Freewheeling Diode : D¢

Figure 2.1: Typical Buck Converter
2.3:
Voltage Source

Voltage Source is of course a basic requirement for the converter circuit. In a
typical buck converter as shown in figure no-2.1, we can see that the source
voltage is direct voltage. The characteristics of an ideal direct voltage source is to

provide a constant voltage independent of the current drawn from it by the load.

Practically, the voltage sources fall short of ideal and the terminal voltage
drops with the increase in the output current drawn by the load. For

simplicity, we have considered the source as ideal in our analysis.
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2.4:

Power Converter

A Power Converter is referred to a power electronic circuit that converts voltage
and current from one form to another. An operative unit for electronic power
conversion, comprising one or more electronic valve devices, transformers and
filters if necessary and auxiliaries if any is called an electronic Power
Converter. So, the term converter refers to a power electronic circuit that takes
in electric power in one form and gives out electric power in another form. A
converter is a combination of one or more solid state electronic switching
devices with filtering elements like inductors and capacitors (cancellation of
resistors to reduce power loss and hence increase efficiency) connected in

different topologies, which depends on the application.

The switching element is an important part of a converter and is clearly shown in
figure no-2.1. The control for the switch is provided externally with the help of
triggering circuits or control circuits or firing circuits. This converter block is
termed as a power circuit or power electronic circuit. This power electronic

circuit along with the control circuit or firing circuit, forms the Power Processor.

The control circuit operates with the feedback signal from the output, and
sometimes with an addition of feed-forward signal from the input and a
reference signal.

2.5:

Capacitor

The Filter Capacitor is required to smoothen out the voltage waveform. It filters

the rippled waveform and provides a constant output voltage across the load.
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N
o

Inductor

The filter inductor is required to smoothen out the current ripple as well as to
reduce the high di/dt caused at the instant of switching. This will not only
improves the regulation of the output, but also protects the switch to be stressed
due to switching flow in current during switching. It is to be noted that the
switching frequencies will be in the order of kilohertz and this high causes the

switch to drive away a large amount of power.

The load

Load is any appliance which we connect across the output terminals of the
converter. This can be a simple Resistive load as shown in above figure no-2.1
(Typical Buck Converter), or can be still more complex with active and passive
elements. Since the requirement given by the resistive output load, we have

considered here the resistive load.

2.8:
The Freewheeling Diode

We will analyze the above circuit shown in the above figure no-2.1 (Typical
Buck Converter) without the freewheeling diode and the capacitor (for
simplicity). First we will close the switch Sy, at time ty, a current is established

in the circuit through the load and then if the switch is opened at the instant t,
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the inductor Ly is charged and as soon as the switch is opened, the inductor
looks for a path to discharge its stored energy. Otherwise, this leads to a
sparking across the switch terminals leading to the malfunction or destruction of

the switch itself due to the high amount of heat dissipated across the switch.

In order to provide a path for the inductor to drive away the current, we require
a freewheeling diode, which provides a path for the inductor current to flow

through the load as soon as the switch is opened.

2.9:
Operation of BUCK Converter:

The name “Buck Converter” presumably evolves from the fact that the input voltage is
bucked/chopped or attenuated, in amplitude and a lower amplitude voltage appears at
the output. A buck converter, or step-down voltage regulator, provides non-isolated,

switch-mode dc-dc conversion with the advantages of simplicity and low cost.

The operation of the buck converter is simple, with an inductor and two switches
(usually a MOSFET and a diode) that control the inductor. It alternates between
connecting the inductor to source voltage to store energy in the inductor and

discharging the inductor into the load.
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Figure No-2.2:Typical Buck Converter with a MOSFET Switch

Figure (typical buck converter) shows the circuit diagram of a Buck-converter. The
MOSFET M1 operates as the switch, which is turned on and off by a pulse width
modulated (PWM) control voltage VPWM. The ratio of the on time (ton) when the switch

is closed to the entire switching period (Tsw) is defined as the duty cycle

Figure No-2.3: On State Figure No.-2.4:0ff State

The equivalent circuit in the above Figure no-2.3 is valid when the switch is closed. The
diode is reverse biased, and the input voltage supplies energy to the inductor, capacitor and
the load. When the switch is open as shown in Figure no-2.4 the diode conducts and the
capacitor supplies energy to the load, and the inductor current flows through the capacitor
and the diode. The output voltage is controlled by varying the duty cycle. In steady state,
the ratio of output voltage to the input voltage is “D”, given by Vout/Vin.
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2.10:

Analysis of a Typical Buck Converter

Assuming that the current flow in the inductor is continuous, we are now
analysing the buck converter in Continuous Conduction Mode. From the basic
principle we know that,

T (2.1)

Assuming the inductor current rises linearly in the inductor, we can say that

Vin -Vo=L¢ (12-11)/t et eeteet e et et e et et et et et eeteatetaettetettaeeeteeneateeaeateatetaenaenans (22)

Where vy is the output constant voltage across the load resistor.

Al

t1= Lf(Vin——VO) ............................................................................. (2.3)

Where, AI=],-1;
This is for the period of which the switch is on. This time period t1 is called on time
period. This is denoted by
ton=D T
Here, D=K=duty cycle.

For time period (1-D)Ts =to .when switch is off the input voltage is zero.

SO, O—V() = Lf (12—11)/1: D eereeeeettieieiiiiiiieeees (24)
V()= Lf (Al/tz) ........................................ (25)

£2 = Lp( AT /V0) ettt (2.6)
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Figure No-2.5:Buck Converter Analysis

From the equation 2.3 and 2.6 we get,
Al =(Via—-Vo)ti/ L

Where, D= ton/ Tiis the duty cycle of the switch.
Neglecting the losses in the switch we can write that input power is equal to output power.

VinIin = VOIO .............................. (29)

where,
Ig =i, is the source current
Io=I,u 1s the average output current

From the above equation 2.9, we can write,

To find the switching period, from the equation 2.3 and 2.6,

Te= 1/ =t +t;

=L Al/(Vin-Vo) H(Le AI/V)ueiiiiiiiiiiiiieieieeeeee, (2.11)
TELEVIRA/Vo(VinmVo) oottt (2.12)

To find the peak to peak ripple current, using 2.12 we get
AIEVo(Vin= Vo)L Vine e e (2.13)

Or, NGV WG 0V, PSR (2.14)
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We assume that load current is free of ripple and whatever ripple is present in the inductor
current will be smoothened by the capacitor. Hence we can write,

iL:ic+io .......................................................................................................... (2 1 5)

So that, Aig=0

Now consider the waveform of inductor current iy and i. given in figure 2.3 .we can see
that both the waveform add up to make a steady state output current 10 to be constant .for
the upper half of the current ripple triangle we can write the equation of the area of triangle
as 2 (t1/2 +t2/2)Al/2 which is equal to Al/4 ,for a period of T/2. For this period capacitor

charges. The charging current of the capacitor I¢ is,

Ie=ATA e, (2.17)
Now capacitor ripple voltage is,
................................................ (2.18)
............................................. (2.19)
Ave= AQ/Cy
=(1/Cy) (%) (TJ/2)(AL)2)
STGAIBCE et (2.20)

Where we have considered the charging cycle of the capacitor with AQ as the charge
accumulated during the period Ty/2 as explained above.

Now by putting the value of Al from equation 2.13 and 2.14 correspondingly we get,
AVEV o(Vin-V o) BLICH Fereeeeeeeeeeeeeeeeee e eee e ees s eseeseseeeneenne (2.21)

And
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To find the critical value of the inductor and capacitor, the condition for continuous

inductor current and capacitor voltage is,

And,
Vom AV e (2.24)
Substituting the value of Al from the equation 2.23 in equation2.24,

ViuD(1-D)/f,L=21,

=21,
=IDVir/RL oo, (2.25)
So, Le=Le Z(1-DYRL/2 g (2.26)
VinD(1-D)/8LiCs £ =2V =2DVin oo, (2.27)
So, Cc=Cs> (1-DY16LE oo, (2.28)

This complete the analysis part of the converter circuit.
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2.11:

CCM waveforms:

L
T 7 -1
|
llI _l.l
ki T il
|H]
" 7 Sl
e i ] -1

1

Figure No.-2.6: Continuous Conduction Mode Waveforms



25|State space modeling of a buck converter and designing
a controller

Chapter 03:
3.1:
Design parameters of Buck Converter:

Given parameters of the Buck Converter:
Input voltage (Vin)=12V

Output Voltage (Vou)=5v

Switching frequency (Fs)=10KHz
Output current ripple =1.5 Amp

Output voltage ripple=45mV

Cross over frequency=2 KHz

Load current (I;) =5amp

Inductance L=194pH

3.2:
Calculations of Unknown parameters:

To find the value of output resistor (RL)

RL=Vout/I;= 5/5=1 Ohms (3.1)
To find the value of duty cycle (D=K)

K=D=Vout/Vin=5/12=0.4167 (3.2)

To find the Time period of switching (Ts)

Ts=1/Fs=1/10x103=0.000 (3.3)
To find the ON period of the switch (ton)

ton=DTs=0.4167x0.0001=41.6p1 (3.4)

Critical Inductance, L, > (1-D)R; /2F, =(1-.4167)1/2(10x10%)
=29.16pH

Capacitance, C=416pF critical capacitance, CC> 1-D/8L, E,’

=(1-0.4167)/(8%x29.16x(10x1000)*)=2.5x10""'F
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3.3:
PSPICE Simulations:

Figure No-3.1 :Pspice simulation of Buck converter.

Above figure no-3.1 shows the simulation circuit of buck converter. We used IRF 520
mosfet as a switch and a normal DIN5826 diode. We used 100 micro Henry inductor and
470 micro farad capacitor with an internal resistance of 0.1 ohm and load resistance of 1

ohm.

Figure No-3.2: Waveform of the voltage output
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Here, above figure no-3.2 shows the output voltage waveform which at the beginning was

a bit fluctuating but after some time it became steady at 5v which is a desired value.

Figure No-3.3: Inductor current wave form

Here, above figure no-3.3 shows the inductor current waveform which is fluctuating

between 3A to 5A which is also a desired value.

Figure No-3.4 : Diode voltage waveform.
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Above figure no -3.4shows the diode voltage waveform which is fluctuating between Ov to

11v which is also a desired value.

Figure No-3.5: Inductor voltage waveform
Here, above figure no-3.5 is showing the inductor voltage waveform which is fluctuating

between Ov to 12v which is very much desired value for an input voltage of 12V.

Figure No-3.6 : Output current waveform
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Here, in figure no-3.6 is the wave form of output current which is same as output voltage

waveform fluctuating at the beginning but reached to a stable value of 5V.
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Chapter 4:

4.1:

The Control Stage

Any converter which includes power electronic components has a critical part which is
known as switch. We do usually use the following methods so that we can control the

switching method,

1. Pulse Width Modulation Control

2. Frequency Modulation Control

3. Current Limit Control

Pulse width modulation is mostly used type for switching among all these three methods in

our paper we will focus on pulse width modulation technique.

4.2:
Small Signal Modeling

To differentiate the straight forward circuit analysis with the equivalent model for
semiconductors, PWM converters are used. These type of converters are nonlinear time
varying systems. Small signal modeling is a random type of analyzing criteria which we
use for determine the characteristics of a nonlinear equipment using the linear equations.
The device had a DC bias point and in most cases the linearization is created about that
point. The linearization can be accurately measured for a small deviation around this bias
point. In practical case the model which covers the information about the behaviors of
spatially distributed physical component system is called lumped modeling. The topology
which means the geography of space has discrete entities for the approximation of behavior
of distributed system following some assumption. VatcheVoperian first proposed the
modeling procedure of small signal model which was primarily used for analysis. The
analysis result was not satisfactory as mentioned by the author .as a result the TF model

using time domain was not finished.
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Figure No-4.1:Voltage Reference Comparator

4.3:
PWM Controller and PWM

The controller circuit or the switching control circuit is the most important part of the
buck converter .controller circuit is mainly designed to get almost a constant output
keeping the voltage regulation nil. A negative feedback control loop which is connected
using a comparator circuit and a pulse width modulator (PWM) to the switch. The switch
state (it is on or it is off) is controlled using the switch control signal. The unregulated
output voltage is regulated by the control circuit while there is a change in the load and
the input voltage. To control the updated power electronic is circuits the PWM method
comes first in the choice .control the duty cycle of the switch so that a controllable
average voltage is delivered to the load is the base saying of the method to do this task
we have to fix the switching frequency at high point where the load will not be able to see
the individual switching tasks. The Repetition frequency for the PWM signal will

react with the load at the average state of switches.

In PWM control method, the operational frequency will not be a variable while the duty
cycle of the switch will be varied to obtain the regulated output voltage. The duty cycle is
defined by the division of the on time period with the total time period in the PWM
control system we can do the optimization of the LC filter and control the ripple current

through the output within our limits and it is caused by the constant frequency set.
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4.4:
Comparator and Voltage to PWM Converter

When there is some set values of output the switching power supply controls the
voltage of output depending on the negative feedback system. There will be an
error signal which we can find by differentiating the ideal output voltage with the
practical output value. We will use a differential amplifier to our circuit to
measure that error signal. If we compare a signal level control voltage with a
repetitive waveform we will get the switching of the PWM .for that we will need
a constant frequency. This is shown in above figure of voltage reference

comparator.

The repetitive waveform will have a frequency that contains a constant peak will
be represented as a sawtooth .it will rise the switching frequency. The frequency
will be contend allover and the range should be in hundred KHz .the error signal
(amplified), related to the switching frequency is less variable with respect to the
time. When the sawtooth waveform is less than the amplified error signal, the
switch control signal turns high .as a result the switch turns ON in other case the
switch remains OFF. If the output voltage changes the control signal (vcontror) Will
also change it results the variation in the threshold of the comparator to pull

down the error signal to zero the control loop is to be completed.

The peak of sawtooth waveform and the V oo can figure out the duty ratio

which can be described as,

D=ton/Ts

:Vcontrol/VSt ........................................... (4. 1)
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The waveforms signals are shown in the following figure no-4.2.

Figure No-4.2:PWM Comparator Signals

4.5:
Feedback Control System

The output voltages of DC power supplies are regulated so that they stay in limited
tolerance band as the output load and the input voltages changes. Using negative feedback
system we will regulate he DC power supplies. The related diagram of feedback controller

is given below.

It is often hard to model the nonlinear systems and sometimes it can be kind of impossible
because nonlinear systems does not equate the summation of its parts. Also the systems
shows highly uncertain response to the particular aspects at the time of modeling. Usually

while modeling, assuming them as linear occurs where possible. To make the
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calculations easier, In the linear type of modeling it is practicable to do some

mathematical approximation .the nonlinear modeling do not give that facility.

Figure No-4.3:Feedback Control System

Figure No-4.4:Linearized Feedback Control System

Figures 4.3 and 4.4 shows the feedback control system and linearized feedback control
system.

In above figure no-4.3 of the power stage of switch mode control of feedback control
system 1is linearized. As we are using state space averaging method, to get the
wanted steady state operating point we have to compensate the feedback loop
with the suitable value .for doing that we will be using Nyquist stability
criterion and the bode plot. Thus we can understand the theoretical settings of a
converters frequency response, the feedback loop of the switch mode regulator

as well as stability criteria.
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R D Middlebrook, a member of power electronic group of California institute
of technology proposed this technique of feedback control. Above figure about
linearized feedback control can be stated by the transfer functions. A small
signal transfer function  ((s)/d(s)’ will be defined after this analysis. The ,’ and d’ are

small partition in the output voltage and the duty ratio.

4.6:
State Space Approach

4.6.1:The State Variables

In the continuous conduction mode the current in the energy transfer inductor never goes

to zero between switching cycles in this phase there are 2 stages

1.ON state- switch is On .
2.0OFF state- switch is OFF.

There is state variables to elaborate the states of linear circuits. The vector X
has the inductor current I; and the capacitor voltage V. There will also be
description about the parasitic elements such as resistance with the inductors

and the filter capacitors.

Here Vi, is the input voltage. The lower suffix letter is used expresses a
variable, which contains the steady state dc value of it and a small ac
perturbation as well. Therefore during each circuit state, we can write the

following state equations,

During d.T,
X=AIXFBIVg i (4.2) [Ve=Vin]
V0T X ittt ettt ettt ettt e e e e ete e e ereeeeareeens 4.3) [d=duty ratio]

During (1-d). T,
X:A2X+B2Vg .............................................................................. (44)
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Where A; and A, are state matrices and B;and B, are vectors,v,and C; and C, are
transposed vectors.

Averaging the State Variable Description using the Duty Ratio d

To produce an average description of the circuit over a switching period,the equations
corresponding to the two foregoing states are time weighted and averaged,resulting in the

following equations,

X=[A1d+A(1-d)]X+[B1d+Bo(1-d)[Vgeeeeueoieiiiiiiiieiiisicieeceeeececeee (4.6)
and
Vo= €1t Co(1o@)]Xuueeriieiieteeeie ettt ettt e eree e 4.7)

Introducing Small ac Perturbations and Separation into ac and dc Components

[

Small ac perturbations,represented by ““ ”, are introduced in the dc steady — state

quantities(which is represented by the upper case letters). Therefore,

ettt ee et e eeteeei—eeeitee e —ee ettt eat—ee ettt eatteeataeeatteeabeeearaeeeanteeennreennns (4.8)
V0V 0 et e e e e e e e e ——————aaeaaaaaa— 4.9)
and
AED 0. e e e e e et e e e e e e e e e e e aaaaan (4.10)

In general, v,=V,+ , However, in view of our goal to obtain the transfer function between
voltage ,and the duty ratio d,the perturbation ,is assumed to be zero in the input voltage

to simplify our analysis.Therefore,

Using Equations 4.8 through 4.11in Equation 4.6 and recognizing that in steady

state,X=0,we can write,

=AX+BV+A +[(A1-A))X+(B-By)V, d+(some.terms) .d..........cccceeeiins (4.12)
The terms containing products of and d are to be neglected.
Here,
A=A IDHAG(1-D) i (4.13)
and
B=BiDHBo(1-D).ccuiiiiiiiiiieieiccee e (4.14)

The steady-state equation can be obtained from the equation 4.12 by setting all the

perterbation terms and their derivatives to zero.Therefore,the steady — state equation is
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A FBV=0. i (4.15)
and therefore in Equation 4.12,

=A F(A1-A)XH(Bi-Bo) Vg dueiice (4.16)
Similarly,using Equation 4.8 to 4.10 in equation 4.7 results in
Vot 0=C +C H(C1-C2)  ereiiiiiieieeeeeeeeeeee e (4.17)
Where
C=C DA Co(1oD) ettt eneas (4.18)
In equation 4,17,the steady-state output voltage is given by,
5 0 OSSOSO UPRRPRP (4.19)

and therefore,
0=C H(C1Ca) e (4.20)
Using equations 4.15 and 4.19, the steady — state dc voltage transfer function can be found

out and is given by,

Transformation of the ac equations in to s-Domain to solve for the Transfer Function

Equations 4.16 and 4.20 consist of the ac perturbations. Using Laplace transformation in
equation 4.16, we get
s (S)=A ()T [(A1-A)XH(B1-B2) Vg d(S).ecuvivciiiiiiiiiiiiiiiiicciccccee (4.22)
or, we can write from[4.5],
(8)=[SI-AT '+ [(A1-A)XHB1-B2) Vi d(S).crvrreereocrecrerreeereeeeeeeeeesiesveens (4.23)
Where [ is a unity matri . sing a Laplace transformation in equation 4.20 and e pr essing
(s) in terms of d(s) as given by the equation 4.23 results in the desired transfer function
Ty(s) of the power stage:
Tp(s)ZVO(s)/d(s)=C[sI-A]'1 [(A1-A2)X+(B1-B2) Vg ]+ (Ci-Co) X (4.24)
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Figure No-4.5:Buck Converter Circuit

(a)Switch On (b)Switch Off

Figure No-4.6:Buck Converter (a)Switch On and (b)Switch Off

The power stage and the converters output filter will be linearized. Here the
switch is stated by a diode. The inductor resistance R; and capacitor resistance
R, are the equivalent series resistances. The load resistance is Ry

The following equations are derived from the above figure 4.6.the capacitor
voltage V. and the inductor current I; are the state variables because they
describe the state of the circuit at the starting of simulation when time t=0 the
inductor current and the initial capacitor voltage are signified using KCL and
KVL in above figure circuit, we get,

rpiptLe din/dt=ve-ve=Ve-Ri(AL-Cr Ave/dt)..oeeeiiiiiiiiiiii e (4.25)
By voltage balance across the load,we get,

Vet1.C dve/dt=vo=RL(L-Cr AVe/At). e (4.26)
On rearrenging eguation 4.26, we get,

Ave/dt=[ Ry/CHrAR) L[]/ CHEAR)IVerrerorerrerrrereoeeesresresseeseesseseeessesseeseens (4.27)
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Now substituting the value of dv./dt from equation 4.26 in equation 4.25,and

rearranging the terms we get,
dlL/d =—[ {(RLI'C+RLI'L+I'CI'L)iL}/ Lt(rc+RL)] - [RL/Lf(RL+I'C)]VC+( I/Lf)Vg ........ (428)

Now,

So, we can write the state equations from the equation 4.28 and 4.27 in the form

of a matrix as shown below,

Comparing the above equation 4.30 with equation 4.2 gives us,

The state equation for the circuit of figure 4.6(b), with the switch Off can be written by
observation, nothing that the circuit of the figure is exactly the same as the circuit of figure

4.6(a) with v, set to zero.

Now,using the value of dv./dt from equation 4.27, we get,
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Vo=[ Rire/(retRL)JILHRL/(THRL) Ve oo, (4.36)
This can be written in terms of the state variables with the notation given by

equation 4.29, as

.................................. (4.37)
Therefore,from equations 4.3 and 4.5, we can write,
................................................ (4.38)
Now, inserting the value of A, from equation 4.33 in equation 4.13 and simplifying, we
get,
AT A et (4.39)

In all the practical circuits we deal, we have,
RL>>>(I'C+I'L) .................................................................................. (442)

Therefore, A and C are simplified as,

and

and B remains unaffected as,
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Where B,=0 from the equation 4.34.

On simplification of equation 4.46 we get,

Now,from equation 4.21, we get,

4.7: Model Simplification

Our simplification,
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Finally,

Vo/Ve=-[D{(LICRL)(RLA(TATL)) FIZD e, (4.50)

Now, substituting the values of A;,A»,B1,B,,A,C,C; and C, from the above equations, into
equation 4.24 we get,

Tp(S)=Vo(S)/d(S)

= Vg(1+SCffC+(Lf/RL))/Lfo[Sz+S((1/RLCf)+(rC+(rL/Lf))+((1/Lfo)+((rC+rL)/RLLfo))]

Now, approximating the above equation, for simplified result, we get,
THS)=Vo(S)/d(S)
= Vin (1+sCircH(L#R1))/LCo s™s((1/RLCoH(rery/Le) ) H((1/LCoH((retrL)/RLLC)]

The equation 4.52, represents the open loop transfer function of the circuit represented by
the figure 4.5.theterms in the big bracket in the denominator of the above equation are of
the form,s*+2ECD,s+GD7,.
GO L/VILUCE e (4.53)
E = [(1/RLCEH)HTCHIL/LE) /2CON eviiiiiiiiiiiieeienieeeeeeeee e (4.54)
So, we can conclude that,
CO5= T(LECr) ZFLACE ittt (4.55)
Now the equivalent series resistance (ESR) of the filter capacitor is rc. So, let us choose wy,
such that,
GO,=1/Cyc
SH(CEIC)TFESR v eeveeveentetet e e (4.56)
Now the transfer function of equation 4.52 becomes,

Ty(S)=Va(S)/d(S)

=Vin (G2n/Gp) [(s+Cp)/(s2+2EGONSHCI2N) ..evvenvvieiiieiieeiieiieeeeene (4.57)
By the analysis the transfer function is,

To(S)=ViKy (SHZ)/[1H(/p1) F(5°/P2)] oo (4.58)
Where,

Kp=[rcRLCf(rc+ RL)]/ [Lfo(RLI'(j'" RLrL+rCrL)(rC+RL)+ (rc+RL)R2L] .................... (459)
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ZI=(RUTARZL)/IECRLCHICTRI)T oo eeeeeee e ee e e sseese e sseesenes (4.60)

Po=((L{CRrc+Rur +rer))(retRO))H(retRORP))VLAC (IR oo, (4.62)

4.8:
The Pulse Width Modulator
In the direct duty PWM, the control voltage V(t), which is the output of the error

amplifier, is compared with a continuous reference waveform V(t), which is the
output of the error amplifier, is compared with a continuous waveform V(t),
which establishes the switching frequency Fsw, as shown in the figure 4.7. The

control voltage V(t) consists of a dc component and a small ac related

component,
VBTVt c(b) o (4.63)
) v At)
o
d (e Fundamental
} e

e

=TT TR

|
1
I
|
|

(b)

Figure no -4.7: pulse width modulator
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Where, V() is in a range between zero and vras shown in the figure 4.7. Here (t)
assumed to be a sinusoidal ac perturbation in the control voltage at a frequency
Wy, where Wy is much smaller than the switching frequency Fqw(= 2pFsw).

The ac related part in the control voltage can be expressed as,

(D)=27 SIN (CO1-0) vt (4.64)
by means of an amplitude a’ and an arbitrary phase angle ¢ .

In figure 4.7, the instantaneous switch duty ratio d(t) is as follows:

(o 1(')0 ........................................................................... (4.65)

In the figure 4.7, we have assumed that the sawtoothwaveform vg,y(t) has minimum value
zero,and hence the duty cycle will be zero whenever v(t) is less than or equal to zero.the
duty cycle will be D=1 whenever v.(t) is greater than or equal to Vr .if ,over a given
switching period ,vs,y (t) varies linearly with t, than for 0<v.(t)<V; the duty cycle will be a
linear function of v..Hence we can write,

AO=V(E)Vr FOT OSVA()SVr worreeeeeeoeeeeeeeeeeseseeeseeeesessesseseeseseesseeeee (4.66)

So, if we represent the waveform of V, (t) in terms of fourier the d(t) looks like,

D(t) = V/V; + a’/V, sin ((Dt-¢)+ other high frequency components. .................... (4.67)

The high frequency components in the output voltage Vo due to the high
frequency components is d(t) are eliminated because of the low-pass filter at the
output of the converter. Therefore, the high-frequency components in equation
4.67 can be ignored. Now, adding expanding the value of d(t) in terms of its
DC value and its ac related part we get,

D(t)=DHA(t) eeeeereeeeeieeeeeeeee e (4.68)

Now comparing equation 4.68 and 4.67 results,

and

D(t)=a’/V; sin(GDt-0) oot (4.70)
From the equation 4.64 and 4.70 we get,

D(t) c(t) = 1/ Vi et (4.71)
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Converting the equation 4.71 into S domain we get,

To(S)=d(S)/ve(S)

Equation 4.72 gives the transfer function of the pulse width modulator.

4.9:Bode Plot of the Filter Circuit:

Frequency(Rad/s)

Figure No-4.8:Bode Plot of Buck Converter Transfer Function
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4.1

Calculation of Transfer Function:

Switching frequency, Fsw = 10 kHz

Crossover frequency, F., = (1/5) of F=2 KHz

At 14 KHz, filter gain is 22.84dB and phase is -14.37°.

Pulse of PWM, Vp=13

PWM gain= 1/Vp =-9.54 dB

Combined gain = (-9.54+22.84) dB=13.3 dB

So, compensator gain should be -13.3 dB to make the overall gain 0 [13].
-13.3=20log (Vc/Vo)

(Vc/Vo)=0.216

So, the magnitude of the mid frequency gain is,

(Ry/Ry)=0.216

Ri=1k

R,=0.216 k

Ocomp = Ophase — Ofilter

= 45°.(-14.37°)
=59.37°

K= tan (2"B) = 0.57

c1= W’;RZ =210 nF

€2 =————=6461F

"~ K2mfcoR2
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4.11:

Transfer Function of the Compensator:

Type II Compensator Transfer Function

1+5R2C1 3 5$+22.03%103

_SR1(6'1+CZ)(1+SR2(CC11+CC22))_ 18.855+6.454X10~452

4.12

Bode Plot of the Compensator:

Figure No-4.9:Compensator Bode Plot
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4.13:
Simulation of the Feedback with Filter Network:

Vo

10

! Wttrtwnrees

Time (s)

Figure No-4.10: Output voltage with variable load correction
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Chapter -5:

5.1:

Future Scopes:

Even though the proposed objectives for our thesis have been met, there are still many
improvements that could be done for this project. The project is far from completed since
much 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 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 control method for
the buck converter, the complexity of the design will arise, thus it will need 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.
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5.2:

Conclusion

To conclude our main idea was to build a design for voltage mode control of a
buck converter to control the output automatically by adjusting the duty cycle to
regulate the output voltage in a significant level we used the closed loop circuit

which made the task simpler.

Voltage mode control does sense the variation in output and input signals. Besides
the process can be elaborated by others methods. As an example peak current control
method, synchronous buck configuration etc. These methods of controlling may be
complicated because a vast amount of research are needed. The voltage mode modeling
and controller design is less expensive and less complex. This circuit observes the change

in voltages and using feedback system it regulates the output.

Lastly we had to deal with many obstacles with finding the research materials for finding
information and the answers of our problems. Moreover it was very hard for us to work
beside out regular courses and in limited time frame it taught us the lesson how to work

in a group and the management of time during the working period.
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