MODELING, ANALYSIS AND SIMULATION OF
POLY-PHASE BOOST CONVERTER

Thesis submitted in partial fulfillment of the requirements for the award of
degree of

Master of Engineering
In
Power Systems and Electric Drives

Submitted By:
PRAVEEN KUMAR SINGH
(Reg. No. 800941020)

Under the supervision of:

Mr. S.S.S.R. Sarathbabu Duvvuri
Lecturer, EIED

ELECTRICAL AND INSTRUMENTATION ENGINEERING DEPARTMENT

THAPAR UNIVERSITY, PATIALA
(Established u/s 3 of the UGC Act, 1956)

PATIALA - 147004

July 2011



CERTIFICATE

certify that the work which is being presented in the thesis entitled,
Iysis and Simulation of Poly-phase Boost Converter” in partial fulfillment
for the award of degree of Master of Engineering in Power Systems and
»s submitted in Electrical and Instrumentation Engineering Department of
ity, Patiala, is an authentic record of my own work carried out under the
Lﬁ Mr. S.S.S.R. Sarathbabu Duvvuri, Lecturer, ‘__EIED and refers other
s work which are duly listed in the reference section. The matter presented in the
been submitted for award of any other degree of this or any other University,

sorted in text and references.

\E W“g\'7

201 Praveen Kumar Singh
Reg no. 800941020

that the above statement made by the candidate is correct and true to the best

Mr. S.S.S.R. Sarathbabu Duvvuri
Lecturer, E.LE.D
Thapar University, Patiala

med by
LuL

kL Q:% e
it Ghosh) (Dr. S. K.
- Head Dean (Acadentic Affairs)

Instrumentation Engineering Department Thapar University, Patiala
ersity, Patiala



ACKNOWLEDGEMENT

First of all, I wish to express my profound gratefulness and appreciation to Mr. S.S.S.R.
Sarathbabu Duvvuri, Lecturer of Electrical & Instrumentation Engineering Department,
Thapar University, Patiala, for his patient guidance and support throughout the work. He has
been my mentor for help and without whose encouragement the learning would not have been

realized.

Before I get into thick of things, I would like to add a few words to express my thanks to Dr.
Smarajit Ghosh, Professor and Head of Electrical & Instrumentation Engineering
Department, & all the faculty and staff members of EIED Department of Thapar University,

Patiala, for their valuable and unstinted advice from time to time.

Thanks are due to my parents for their motivation and inspiration and providing me all time to

time support which has made me to come on this platform.

In the last but not the least, multi million thanks to the Almighty God, who gave me the
opportunity and strength to carry out this thesis work.

To conclude, my best regards and thanks are due to them to whom I have forgotten to mention
who helped me directly or indirectly in the completion of my report successfully and also for

the preparation of this work.

Praveen Kumar Singh



ABSTRACT

The objective of this project is to design Poly-phase boost converter which
overcomes the problem of high input ripple current and output ripple voltage Digital control is
more convenient for such a topology on account of the requirement of synchronization , phase
shift operation , current balancing etc.

This project deals on analysis and implementation of four phase boost
converter, each is a 35W unit and switched at 100 KHz. The waveforms are observed using
MATLAB Simulink.

The following advantages are obvious in the proposed converter:

* Output capacitor is rated for lower ripple current and higher ripple frequency (nfs).

* Source current has higher ripple and at higher frequency (nfs).

* Another no obvious advantage is that the Poly-phase Converter may be operated with less
number of stages when the load current is low. This will lead to operation under CCM at light
load as well as better efficiency.

Simulation results are presented for open-loop and closed-loop for four phase
boost converter. This control scheme is applicable for PFC rectifiers as well. Thus a

comparative analysis based on the obtained results is performed.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Boost dc-to-dc converters have very good source interface properties. The input inductor
makes the source current smooth and hence these converters provide very good EMI
performance. On account of this good property, the boost converter is also the preferred
converter for off-line UPF rectifiers.

One of the issues of concern in these converters is the large size of the storage
capacitor on the dc link. The boost converter suffers from the disadvantage of discontinuous
current injected to the load. The size of the capacitor is therefore large. Further, the ripple
current in the capacitor is as much as the load current; hence the ESR specification of the
tank capacitor is quite demanding. This is especially so in the emerging application areas of
automotive power conversion, where the input voltage is low (typically 12V) and large
voltage boost (4 to 5) are desired.

In the UPF rectifier applications, the input voltage varies from zero to maximum
value twice in every cycle of the ac input voltage. The duty cycle therefore varies in the full
range of zero to one. The inductor current varies from zero to rated current twice in every ac
cycle of the input current. On account of these wide operating point variations, the design of
the power circuit as well as the closed loop controller is a demanding task. The poly-phase
operation of boost converter to overcome the disadvantages of large size storage capacitor in
boost converter and off-line UPF rectifiers and a small signal analysis of N converters in
parallel to an equivalent second order system in such converters. In designing DC converters,
parameters such as ratio of energy stored in inductor and capacitor to energy delivered to load
in one period, maximum current in the switch and the value of the rms current in the output
capacitor have great importance.

One-way of reducing the storage requirement is increasing the switching frequency
however this is not practicable in all instances. During the on state of the switch, the capacitor
has to supply the load current in the boost converter and this discontinuity of current in the
capacitor increases the rms value of current and also increases the amount of capacitor which
is needed for correct operation of the circuit and therefore it results in more dissipation due to
ESR of capacitor. In standard designs it is not uncommon to see tank capacitors one or two
orders of magnitude higher than the ideally required capacitance A way to overcome this

problem is using poly-phase operation with appropriate phase shift in the control circuit of



main switches. This is done in such a way that at anytime one of the inductors is supplying
the load current. The frequency of ripple current in the output capacitor is n times compared
to the single stage and therefore the value of the capacitor required can be reduced. Extracting
continuous current from the input for applications such as unity power factor is usually the
reason for choosing boost converter configuration. An advantage of using poly-phase

converter is in light load operation.

1.2 Literature Survey

R.Mirzaei and V.Ramanarayanan discussed about the poly-phase boost converter,
which overcomes the problem of high ripple current in the tank capacitor. Digital control is
more convenient for such a topology on account of the requirement of synchronization, phase

shifted operation, current balancing etc. [1].

Laszlo Balogh and Richard Redl discussed about the operation and design trade-offs
of the interleaved boost converter in continuous inductor-current mode in a high power factor
pre regulator circuit. By using interleaved converters an overall reduction of boost inductor

and EM1 filter volume can be achieved, together with reduced switching losses [2]-[3].

Roberto Giral, Luis Martinez-Salamero and Sigmond Singer discussed about a
converter family generated by connecting N-identical boost converters in parallel is
presented. The proposed control uses interleaving techniques based on a binary state-

transition diagram [4].

[.Cadirci, A.Yafavi and M. Ermis discussed about the Unity power factor boost

converter with phase shifted parallel IGBT operation for medium power applications [5].

Dragan MaksimoviC, Regan Zane and Robert Erickson discussed about the impact of
digital control in high-frequency switched-mode power supplies (SMPS),including point-of-
load and isolated DC-DC converters, microprocessor power supplies, power-factor-correction
rectifiers, electronic ballasts, etc., where switching frequencies are typically in the hundreds

of kilohertz to megahertz range [6].

Jingquan Chen, Aleksandar Prodic and Robert W. Erickson discussed about the
predictive digital current programmed control for valley, peak or average current. The control

laws are derived for the three basic converters: buck, boost, and buck—boost [7].



Souvik Chattopadhyay and Somshubhra Das discussed about a simple digital current
mode control technique for dc-dc converters. It has been shown that we can implement any
one of the average, peak and valley current mode controls by adjustment of the sampling

instant of the inductor current with respect to the turn on instant of the switch [8].

Slobodan Cuk et al. [9] have presented a new concept in the design of switched-mode
power conversion circuitry. Because of its extreme simplicity, flexibility, and efficiency it
has the potential to replace some conventional electrical power processing methods currently

1n use.

Peng Li et al. [10] have proposes a new current sharing method which is based on
current mode controlled dc—dc converters and achieved the current sharing by forcing all
inner current loops to have the same current reference. They also recognize both the benefits
and limitations of master-slave methods and the methods using the inherent current source

properties of CMC converters.

Yuri Panov and Milan M. Jovanovic have consider Stability and dynamic
performance of the CS control. The parallel operation of voltage regulator modules (VRMs)
for high-end microprocessors requires a current-sharing (CS) circuit to provide a uniform

load distribution among the modules [11].

Isao Matsuura et al. [12] have made a comparison of the efficiencies of active and
passive soft switching methods for PWM converters. A boost converter was built and tested
under the static and dynamic PFC operation condition as well as DC-DC operation condition
and found that the passive method has better efficiency in the high power operation region,

while the active method outperforms the passive method in the low power region.

Praveen Jain et al. [13]-[14] have proposed a novel, zero-voltage switched (ZVS)
PWM boost converter that combines soft-switching with constant frequency operation. The
converter can be operated with PWM control at a fixed frequency because ZVS operation is
achieved with a simple auxiliary resonant circuit that is activated for only a small fraction of

the switching period and handles much less power than the main power circuit.

Cliludio M. C. Duarte and Ivo Barbi have introduced a new family of ZVS-PWM
active-clamping DC-to-DC boost converters. The technique presents ZVS commutation

without additional voltage stress and a significant increase in the circulating reactive energy



throughout the converters so the efficiency and the power density become advantages when

compared to the hard-switching boost converter [15], [23].

Milan M. Jovanovic has described a circuit technique that reduces the boost-converter
losses caused by the reverse recovery characteristics of the rectifier. The losses are reduced
by inserting an inductor in the series path of the boost switch and the rectifier to control the
di/dt rate of the rectifier during its turn-off. The energy from the inductor after the boost
switch turn-off is returned to the input or delivered to the output via an active snubber [16],

[19].

K. Mark Smith et al. [17] have conducted a comparison study to characterize the loss
mechanisms, component stresses, and overall efficiencies of a group of voltage-mode soft-
switching pulse width modulation (PWM) methods. They found that only those methods that
softly switch the auxiliary switches, minimize redirection current and recover the auxiliary

circuit energy over most of the load range.

Ching-Jung Tseng and Chern-Lin Chen have proposed an active snubber cell is to
contrive zero voltage-transition (ZVT) pulse width-modulated (ZVT-PWM) converters.
Except for the auxiliary switch, all active and passive Semi-conductor devices in a ZVT-

PWM converter operates at zero-voltage-switching (ZVS) turn on and turn off [18].

Tae-Woo Kim et al. [20] have proposed an Improved ZVT-PWM boost converter.
The main switch of the conventional ZVT-PWM converter is always switched at zero
voltage. But the auxiliary switch is turn-off with switching loss due to hard switching
condition. The proposed converter is reducing the turn-off switching loss of the auxiliary

switch by using additional circuit.

Nikhil Jain, Praveen Jain and Geza Joos have presented a Zero-Voltage-Transition
(ZVT) boost converter using a soft switching auxiliary circuit. The improvement over
existing topologies lies in the structure and position of the auxiliary circuit capacitors and the
subsequent reduction in the main switch resonant current. They analyzed the operation of this

converter and presented the characteristic curves [21].

Bo Feng at el. [22] have proposed a PFC converter employing compound active
clamping technique. It can effectively reduce the loss caused by diode reverse recovery. The

parasitic oscillation caused by the parasitic capacitance of the boost diode is eliminated. The



maximum voltage stress of switches and the soft-switching region with relation to the

resonant inductor and resonant capacitance are investigated.

M. Veerachary has presented a systematic development of a unified signal flow graph
model for an interleaved boost converter with coupled inductor system operating in
continuous current mode. This signal flow graph approach provides a means to directly
translate the switching converter to its graphic model, from which steady-state and dynamic

behaviour of the converter can be studied [24], [26].

Pekik A. Dahono et al. [25] have presented an output ripple analysis of multiphase dc-
dc converters that having an output LC filter and derived analytical expressions for the output
voltage ripple of two- and three-phase dc-dc converters. Influence of the coupling coefficient
of the output filter inductor on the output ripple is investigated. They also presented a

comparative evaluation of single-phase, two-phase, and three-phase dc-dc converters.

Po-Wa Lee et al. [27] have investigated and proposed a converter consisting of two
interleaved and inter-coupled boost converter cells. The boost converter cells have very good
current sharing characteristics even in the presence of relatively large duty cycle mismatch.
They designed it to have small input current ripple and zero boost-rectifier reverse-recovery
loss. They also presented the operating principle, steady-state analysis, and comparison with

the conventional boost converter.

Anthony Kelly et al. [29] have introduced a digital current-mode controller for dc-dc
converters. The current-mode loop is sensor-less, relying on constants and internal loop
states, removing the need to sense controlled voltages or currents for the inner loop. They

also implemented a fast current-mode control mechanism by utilizing dead-beat control.

Dwaraka S. Padimiti and Mehdi Ferdowsi have reviewed and summarized different
digital control techniques, including predictive control and dead-beat control technique.
Advantages and disadvantages of each method are analyzed by them and their benefits to
EVs/HEVs are investigated. They also discussed a predictive digital control method that

works well in both continuous and discontinuous mode [30].

Chien-Ming Wang has proposes a new single-phase high power-factor rectifier, which
features regulation by conventional pulse width modulation (PWM), soft commutation, and

instantaneous average line current control. A new zero-current switching PWM (ZCS-PWM)



auxiliary circuit is configured in the presented ZCS-PWM rectifier to perform ZCS in the

active switches and zero-voltage switching (ZVS) in the passive switches [31]-[32].

1.3 Objective of work

The main objective of the present work is to design the Poly-phase Boost Converter, which
overcomes the problem of high ripple current in the tank capacitor. Digital control is more
convenient for such a topology on account of the requirement of synchronization, phase

shifted operation, current balancing etc.

1.4 Organization of Thesis

The thesis is organized into six chapters. The organization of chapters is as follows:
Chapter-1 summarized the overview of the problem, brief literature review, objective of
work and organization of the thesis.

Chapter-2 highlights the topic boost converter and its mathematical modeling, it also gives
the overview of various related aspects of boost converter and its perspectives.

Chapter-3 explores the digital control of poly-phase boost converter, its methodology and
overview aspects.

Chapter-4 presents the software implementation of poly-phase boost converter using
MATLAB/Simulink power systems block-set.

Chapter-5 shows the simulation results and analysis of the results i.e. for single and poly-
phase boost converter.

Chapter-6 presents the conclusions drawn and also presents the future scope of work

followed by reference section.



CHAPTER 2
MATHEMATICAL MODEL OF BOOST CONVERTER

2.1 Introduction

A boost converter (step-up converter) is a power converter with an output DC voltage
greater than its input DC voltage. It is a class of switching-mode power supply (SMPS)
containing at least two semiconductor switches (a diode and a transistor) and at least one
energy storage element. Filters made of capacitors (sometimes in combination with inductors)

are normally added to the output of the converter to reduce output voltage ripple.

2.2 Boost Converter

A boost converter regulates the average output voltage at a level higher than the input
or source voltage. For this reason the boost converter is often referred to as a step-up
converter or regulator. The DC input voltage is in series with a large inductor acting as a
current source. A switch in parallel with the current source and the output is turned off
periodically, providing energy from the inductor and the source to increase the average output
voltage. The boost converter is commonly used in regulated DC power supplies and

regenerative braking of DC motors.

2.3 Ideal Boost Circuit

Fig 2.1 Basic boost Converter
The circuit that models the basic operation of the boost converter is shown in Fig2.1
The input voltage in series with the inductor acts as a current source. The energy stored in the
inductor builds up when the switch is closed. When the switch is opened, current continues to
flow through the inductor to the load. Since the source and the discharging inductor are both
providing energy with the switch open, the effect is to boost the voltage across the load. The

load consists of a resistor in parallel with a filter capacitor. The capacitor voltage is larger



than the input voltage. The capacitor is large to keep a constant output voltage and acts to

reduce the ripple in the output voltage.

2.4 TYPES OF CONDUCTION MODE

There are basically two types of conduction modes which are described as:

2.4.1 Continuous-Conduction Mode

The continuous-conduction mode of operation occurs when the current through the
inductor in the circuit of Fig 2.1 is continuous with the inductor current always greater than
zero. The operation of the circuit in steady state consists of two states, as illustrated in Fig

2.2.

L D L D
Yy Y
+ H + + H +
+ +
V: Crm RV, V, Cey RV,
(@) (k)

Fig 2.2 Basic boost converter switch states: (a) switch closed; (b) switch open.

The first state with the switch closed has current charging the inductor from the
voltage source. The switch opens at the end of the on-time and the inductor discharges
current to the load with the input voltage source still connected. This results in an output
voltage across the capacitor larger than the input voltage. The output voltage remains

constant if the RC time constant is significantly larger than the on-time of the switch. When a

boost converter operates in continuous mode, the current through the inductor (/1) never falls

to zero.
|4 1
To & 2.1a
=D (2.1a)
Or, p=1-% (2.1b)
v,

From the above expression it can be seen that the output voltage is always higher than the
input voltage (as the duty cycle goes from 0 to 1), and that it increases with D, theoretically to
infinity as D approaches 1. This is why this converter is sometimes referred to as a step-up

converter.
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Fig 2.3 Inductor voltage and current waveforms for
Continuous mode of boost converter

A representative set of inductor voltage and current waveforms for the continuous
conduction mode is shown in Fig 2.3 The voltage ratio for a boost converter is derived based
on the time-integral of the inductor voltage equal to zero over one switching period. The
voltage ratio is equivalent to the ratio of the switching period to the off-time of the switch as

illustrated by Eq. (2.1¢)

Ii s S (21 )
= — = = = lc
1

N

The current ratio is derived from the voltage ratio assuming that the input power is equal to

the output power, as with ideal transformer analysis.

2.4.2 Discontinuous-Conduction Mode

The discontinuous mode of operation occurs when the value of the load current is less
than or equal to zero at the end of a given switching period. Assuming a linear rise and fall of
current through the inductor, the boundary point between continuous- and discontinuous-
current conduction occurs when the average inductor current over one switching period is
half the peak value, as illustrated in Fig 2.4. The average inductor current at the boundary
point is calculated using Eq. (2.2)

1. VT
1, =—i =5=D(-D) (2.2)

2 L(peak)
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Fig 2.4 Inductor current at boundary point for discontinuous mode of Boost converter

The output current at the boundary condition is derived by using the current ratio of Eq. (2.1)
in Eq. (2.2) with the inductor current equal to the input current. This results in Eq. (2.3)
VT,
I,,= %D(I—D)z (2.3)
For the boost converter in discontinuous mode, the output voltage Vo is generally kept
constant while the duty ratio D varies in response to changes in the input voltage Vi.
The duty ratio is defined as a function of the output current for various values of the
voltage ratio according to Eq. (2.4)
1
2
D= 47 z—l L, (2.4)
27V \ Y, I

ob(max)

2.5 Output Voltage Ripple
The peak-to-peak voltage ripple for the boost converter in Fig 1.1 for the continuous
conduction mode can be calculated for a specified value of output capacitance by calculating
the additional charge AQ provided by the ripple current in the inductor. This analysis is
similar to that discussed for the buck converter. The peak-to-peak voltage ripple is calculated
by taking the area under the inductor current iy (the additional charge AQ) and dividing by
the capacitance resulting in Equation (1.5)
_8Q _1,DTy ¥, DT,

AV,
c C RC

2.5)

The percentage output voltage ripple is calculated as in Equation (2.6)
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AV, _ DI :D£
V, RC T

2.6)

Where, 1 is the RC time constant of the output filter. The voltage ripple is minimized by

increasing the time constant of the output filter.

2.6 Need for Poly-phase Operation

In designing DC converters, parameters such as ratio of energy stored in inductor
and capacitor to energy delivered to load in one period, maximum current in the switch and
the value of the RMS current in the output capacitor have great importance and it is
necessary to be considered.

Va=1, D=0.5, T=1, E;=1, Po=1, Al{/ I, =20%, AVo/Vo=1%

\rl’

VL . _:

AAAL e VY B

Fig2.5 Buck & Boost Converter respectively
Table 2.1 gives the reactive elements and their energy storage capacity for the basic
converters. From the table it is obvious that the boost converter requires total energy storage

far in excess of buck converter.

Table 2.1 Comparing Buck & Boost Converters (per unit values)

L C Vo E, E.
(pw) | (pw) [ (pu) | pT P,T,

BOOST | 2.5 125 |2 1.25 25

BUCK |1.25 |10 0.5 1.25 1.25

One-way of reducing the storage requirement is increasing the switching frequency
however this is not practicable in all instances. During the on state of the switch, the capacitor
has to supply the entire load current in the boost converter; this discontinuity of current in the
capacitor increases the RMS value of current and also increases the amount of capacitor
which is needed to keep the ripple voltage low. The power dissipation in the ESR of the

capacitor is also high. In standard designs it is not uncommon to see tank capacitors one or

11



two orders of magnitude higher than the ideally required capacitance A way to overcome this
problem is using poly-phase operation with appropriate phase shift in the control circuit of

main switches.

2.7 Proposed Converter

Fig 2.6 shows such a poly-phase boost converter (N=4). Fig. 2.7 shows the
conduction intervals of the four switches in the converter. It is seen that at any time at least
one of the converters is supplying the load in addition to the capacitor. The frequency of
ripple current in the output capacitor is N times compared to the single stage and therefore the
value of the capacitor required can be reduced. The same circuit topology is also applicable to

UPF rectifiers.

L1
Y Y g,

LYY Y
L2

?51_“: Sz g

Fig 2.6 Poly-phase Boost Converter(N=4)
Dmax TS
4>

Wdc

Fig 2.7 The case with Dp,x> 1- 1/4

In such a scheme, the following advantages are obvious.

* Output capacitor is rated for lower ripple current and higher ripple frequency (nfs).

* Source current has higher ripple and at higher frequency (nfs).

* Another no obvious advantage is that the poly-phase converter may be operated with less
number of stages when the load current is low. This will lead to operation under CCM at light

load as well as better efficiency.

12



The control of poly-phase converters has to possess several features such as
* High speed of switching (typically 100KHz).

* Synchronization (typically up to 16 converters).

* Current control (for better protection).

* Selective topology masking (for variable load operation).

2.8 Steady state waveforms

The boost converter steady state waveforms are shown in Fig below:

2.8.1 Voltage gain
By applying volt-sec balance on inductor.

V. = Ve (2.7)
° 1-d '

When the parasitic resistance of the inductor (R;) and the source resistance (Rg) are taken into
account, the voltage gain gets degraded.

Ve 1 o _RitR, (2.8)

B A S A A Y

[

Fig 2.8 Steady State Waveforms of the Boost Converter



2.8.2Current Ripple

In each sub-period [dTs and (1-d)Ts] the rate of change of current is constant.

V. dT,
SI, = gL s (2.9)
d(1-dY RT,
ol 5 (1-d) RT, (2.10)
1, L

2.8.3 Voltage Ripple

The charging and discharging current of the capacitor decides voltage ripple. We consider

that the entire ac part of the inductor current flows into the capacitor.

50 1.dT.
SV, ====-0""5 2.11
0= C (2.11)
Vo _ sy -5 (2.12)
v, RC

2.8.4 Input Current

The average of the inductor current is the same as the average source current.

[ =to (2.13)

2.9 Dynamic and Output Equations of the Converter

The converter consists of linear circuit elements L, C, R as well as non-linear circuit
elements, which are switches. The converter as such is not a linear system. However the
circuit obtained in the converter for each of the switch options in the converter is a linear
circuit. Therefore, it is possible to write the dynamic and output equations of the circuit for
each of the switch positions.

Each energy storage element (inductors and capacitors) is a dynamic element of the
converter. A dynamic variable is associated with each energy storage element of the
converter. The inductor current is a dynamic variable and so also the capacitor voltage. There
will be as many dynamic variables for the converter as there are energy storage elements in
the converter. By dynamic equations of the converter is meant the equations, which relate the

rate of change of dynamic variables, inputs and the parameters of the converter.
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The equation relating the output(s) of the converter to the dynamic variables of the
converter is the output equation of the converter. The first step in the dynamic modeling of
the converter is to write down the dynamic and output equations of the converter for the

circuits obtained in the converter for each of the switch positions in the converter.

During ON time,

x=Ax+by, (2.14)

vV, =q,x (2.15)
During OFF time,

x= Ax+by, (2.16)

v, = qyx (2.17)

Equations (2.15) & (2.17) are referred to as the output equations. Equations (2.14) & (2.16)
are referred to as the dynamic equations or the state equations of the converter for each of the

sub-periods of the switching period.

2.10 Averaged model of the converter

The converter alternates between the two-switched states at high frequency. We wish
to represent the converter through a single equivalent dynamic representation, valid for both
the ON and OFF durations. If we consider that the variation of the dynamic variables over a

switching period, then

X = Xavg TS = Xare dTS + X(1-a)s (1—d) T (2.18)

where, Xavg is the average rate of change of dynamic variables over a full switching period.
The above equivalent description is valid if XdTs and X(1-d)Ts are constant during the ON
and OFF duration respectively. This will be valid assumption if the ON and OFF durations
are much less compared to the natural time constants of the respective circuits. Then for the

averaged dynamic variables,

Yag = AX+bv, +ev, +nv, (2.19)
v, = gx (2.20)
A=Ad+ 4,(1-d);b=bd +b,(1-d);e=ed +e,(1-d): 2.21)
n=nd+n(1-d):qg=qd+q,(1-d); (2.22)

15



Since the averaging process has been done over a switching period, the equivalent model is
valid for time durations much larger compared to the switching period (or valid for frequency
variations much smaller than the switching frequency). As a thumb rule the equivalent model
may be taken to be a good approximation of the real converter for a dynamic range of about a

tenth of the switching frequency.

Steady state solution

The steady state solution is obtained by equating the rate of change of dynamic variables to

zero.
0=Ax+bv, +ev, +nv, (2.23)
X=4" (bvg +ev, + nvD) (2.24)
V, =qAd" (bvg +ev, +nvD) (2.25)

The steady state solution of the boost converter is given below. For the sake of simplicity, the

converter is taken to be ideal. It may be verified that the averaged model is

x= Ax+bv, (2.26)

v =4 2.27)
X
i o -1=P 1

L] dt L —_—

- A= b=| L |g=[0 1 2.28

X dve -p 1 . q [ ] ( )
dt C RC

-1
X=- ‘; (2.29)
7]
V;% (2.30)
.1 _1-b
L LC | RC L
1:(1—1))2 1-D (231)
2 9
C
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2
{1,}: R(1-D) (2.32)
Ve Ve
1-D
14
V — g 2.33
°=1°p (2.33)

2.11 Small signal model of the converter

The steady state representation of the averaged system given by the above equations
though linear is not time invariant. This is because the gain matrices A, b etc. are functions of
time through ‘d’ embedded within. Therefore it is necessary to linearise the system equations.
Such a linearised model will enable us to define the different transfer functions for the
converter and apply linear system theory to design closed loop controllers for the converters.
We may neglect the terms containing VT and VD for this purpose. Such a step will be valid
since these quantities are small (compared to Vg and Vo) and hence small variations in these
small terms will only have a second order effect on the overall system. The dynamic

equations are thus

x=[4d+4,(1-d)]x+[bd +b,(1-d)]v, (2.34)

v, =[qd+q,(1-d)]x (2.35)

We may now consider that the inputs d and vg are varying around their quiescent operating

points D and Vg respectively.

A

NV
DLy, =V v 0L (2.36)

g

A

d=D+d,

o>

These time varying inputs in d and vg produce perturbations in the dynamic variables X (X +

Ax) and vo (Vo + *vo).

Xvx=[Ad+ 4 (l—d)](XﬂchJr[bld +b, (l—d)](Vg +vgj (2.37)
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V o+, :[qld+q2(1—d)](X+;cj (2.38)

)A(+;c={Al (D+cAij+A2 (1—D—2’ﬂ()(+§c)+[bl (D+cA1j+b2 (1—D—2’H(Vg+v;j (2.39)
V;+vAo:{ql(D+21j+q2(l—D—c;’H(X+;cj (2.40)

The above equations may be expanded and separated into dc (steady state) terms, linear small
signal terms and non-linear terms. When the perturbations in d and Vg are small, the effect of

the non-linear terms will be small on the overall response and hence may be neglected.

0=AX+DV, DC model (2.41)

x=Ax+bve+[(A-4)X+(b—b,)V,]d  Lincar model (2.42)

The steady state solution (X) is obtained from Eqn. (2.41) and used in Eqn. (2.42) to get the

following small signal dynamic model of the converter.

X=Ax+bvet fd (2.43)
V,=qx+(q,—q,)Xd (2.44)
A=AD+4,(1-D);b=bD+b,(1-D);q = q,D+q,(1-D); (2.45)
[=[(4-4)X+(b-b,)V, ;X =4bV, (2.46)

2.12 Transfer Functions of the converter
From the above linear small signal model of the converter we may define the

following transfer functions of the converter.

2.12.1 Input Transfer Functions

=(s1-4)"b (2.47)

v (s) _ a(sT—A)"b (2.48)
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2.12.2 Control Transfer Functions

= (s]—A)f1 f

qu(s]—A)_lf

d(s)

(2.49)

(2.50)

Non idealities in the converter such as the winding resistance, ESR of the capacitors, switch

drops etc. may be readily incorporated in this averaging method. The idealized transfer

functions of the boost converter are given here.

2.13 Transfer function of Boost Converter

n(s) 1

(o) 1—D{1+S L. IC }
R(1-D) ~ (1-D)

A I-s L

ve(s)__ Y R(1-DY

‘A"(S) (I_D)Z{HS +5° Lc :l
R(1-D)  (1-D)
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CHAPTER 3
DIGITAL CONTROL OF POLYPHASE BOOST CONVERTER

3.1 Poly-phase operation

In poly-phase boost converter each stage has an independent current mode control
loop, which uses the same reference current. The reference current in turn is generated by the
outer voltage control loop. For correct operation of poly-phase boost converter each PWM
gate signal is required to have 90 degrees phase shift respect to the previous one. In order to
generate these signals a synchronization circuit is needed. Though practicable, the analog
realization leads to certain limitations.

The number of converters in parallel, their synchronization angles, etc has to be
decided priory for any application. Freedom in selecting the switching frequency is also not
total. This paper presents an alternate total digital realization of the poly-phase controller.
Therefore, the need for a different implementation may completely be understood.

Fig. 3.1 shows the architecture of digital control, which has been used here for the
poly-phase boost converter. A PI controller based on the error signal from the outer voltage
loop builds the reference current. The inductor current in each of the converters or a
representative sample of the inductor currents is compared with current reference.
Accordingly the individual duty ratios or a single common duty ratio is imposed in the
switches.

It is obvious that in digital implementation modularity of the system is preserved.
Adding extra stages or changing the switching frequency needs only a modification in the

software.
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Fig 3.1 Digital Circuit Realization of the Polyphase Boost

Generation of the four phase shifted PWM signals can be done in two ways:

Method A: Programming general purpose timers with period of switching frequency and
initializing four different counter registers with 0, 90, 180, 270 degrees phase shift respect to

the timer period register.

Method B: The switching pattern of different switches for different values of duty cycles
which is stored as lookup table in memory has been shown in table II. On time duration of the

switch is determined by D' and similarly (1-D') determines the off time duration.
Where, D' is given by D'=ND—floor(ND)

Then PWM signals can be generated on general-purpose input output pins.

3.2 Digital current control law

The required duty ratio for the next switching cycle is predicted based on the sample
current and the input and output voltages but not the previous duty ratio. Fig.3.2 shows the
inductor current waveform. The sampled inductor current i(n) at time nTs can be expressed as

a function of the previous sampled value i(n-1) and the applied duty ratio d(n).
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Table 3.1 Different possibilities of on & off situations of switches for N=4

Intervals Switch |\ g p<l [ lopcl|lop3 | 2opg
4 | 4 2|2 4 | 4
1 T, ON 1000 1001 1011 1111
0<r<—=
2 4 OFF 0000 1000 1001 1011
T, T, ON 0100 1100 1101 1111
S
3 4 2 OFF 0000 0100 | 1100 1101
5 T, 3T, ON 0010 0110 1110 1111
SIS
6 2 4 OFF 0000 0010 0110 1110
3T, ON 0001 0011 0111 1111
TS <4<,
8 4 OFF 0000 0001 0011 0111
v. [T, (v, -V,)d'[n]T.
i(n)=i(n—1)+ a5, (V= Vo) [n]Ts G.1)
v, T, V,d'[n]T,
i(n)=i(n—-1)+-—2=5_-2 S 3.2
(m) =i(n=1)+ = -2 62)
By using d' =1-d if we solve the above equation for predicted duty cycle
L v
din|l=——I\i.—i.|n-1[)+1--2 33
[n]= (e =is [n=1])+1-5; (3.3)

oS o
where ic=is[n].
It means in each cycle the inductor current follows the reference ic and try to make the
difference zero such that in steady state

Vi
d[n]—l—V— (3.4)

0

This method is simple and has good results. In the second method all the currents are
sampled such that each stage has an independent current control loop so different duty cycle
values, which are almost same, can be found and will be applied to corresponding compare
registers. If some slight differences are observed which may cause difference in current
sharing of parallel stages it can be rectified through adjusting the parameters in equation (3.4)
because we have independent closed loop controls. Similarly by finding the average of

different duty cycles, the error may be applied to force the current sharing.
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Fig 3.2 Inductor Current Waveform under Valley Current Control

Now it is obvious that single sampling has the advantage of simplicity and
consequently it is more suitable for higher switching frequency because only one current is
sampled and is processed in fewer amount of time. This method is good if the component
values (for example the inductor values in different stages) are almost equal such that no

significance difference in current sharing is observed.

On the other hand multiple sampling has the property to adjust each duty cycle value
independently and despite of change in component values in other stages. Even for better
performance applying the average of these duty values is another option in closed loop
control of these converters. However it should be noted that this method takes more time

compared to the single sampling method.

It is essential to note that some techniques, which have been explained here, like
adjusting the parameters in each control loop and applying the average duty value, can only
be achieved in digital control implementation. Another technique, which does not exist in
analog implementation, is turning off of some of the converters at light load operation, which
cause DCM operation of the converter. According to the level of load current, one, two or
three of the converters may be switched of and in this case generation of the phase shifted
PWM may change. For example for four converters in parallel one can turn off two or three
of the stages without even changing the generation of phase shifted PWM signals. Of course
for turning off of one stage or any other numbers in general in N converters in parallel the

required amount of phase shift varies and it can be predetermined and stored in memory.
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3.3 Comparing Specifications
3.3.1 Inductor Size

By comparing two converters at the same condition i.e. same output power, same
output voltage and same amount of ripple current in the inductors it is easy to show that for
single stage.

1

I — _load 35
L= (35)
And for N converters in parallel
1
I, =—load 3.6

3.3.2 RHP Zero
From the dynamical equation one can derive output to control transfer function. The results

show that the RHP zero does not change because in the single stage the RHP zero equals to

v
g (3.7)
L*1,

And for N converters in parallel it equals to

v
& (3.8)

T

From the dynamical equation the equality of the above result can be numerically justified.

3.3.3 RMS Current of Capacitor
One of the interesting point is the rms current of the output capacitor. With a good
approximation the rms current of the output Capacitor can be expressed by

I, =1,(ND-K+1)(K—-ND) (3.9)

Where, K=floor(ND+1) &
I

1 — load

" N(1-D)
and “ floor ” shows the integer part function or equivalently it can be written as

1, =1,D'(1-D)

rms

Where D’ = ND — floor(ND)
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3.3.4 Input Ripple Current
The input current is at higher frequency than the switching frequency and hence the
EMI filter will be lighter and the peak to peak-input ripple current is substantially reduced

and the magnitude of this current ripple for poly-phase boost converter can be derived as

(K—ND)(ND—-K +1)

Al = Al 1 3.10
m ND (1 _ D) m ( )
Where K=1,2,....N
K1 p<&
N N
Or equivalently
D'(1-D")
Al ,N=——"—"-=A[ 1 (3.11)
ND(1-D)
And
Vg
AI,.”,I:TDTS (3.12)
3.3.5 Output Ripple Voltage
Based on the previous analysis and the relation for output ripple voltage that is
AV, _ DIy (3.13)
VO Rloadc
The output ripple voltage for N converters is given by
A D'(1-D'") (A
i N = 2( ) i 1 (3.14)
v, N’D(1-D)\ 7,

Or in other words for the same amount of ripple in the output the size of capacitor reduces by
a factor, which is equal to
D'(1-D")

ND(-D) (3.15)
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3.4 Design of PI Controller

3.4.1 Converter parameters

Po =35W
Vin =12V
Vo =32V
Fs =100 KHz

D = 1-Vin/Vo=0.625
Alin = 0.2(20%)

AVo = 0.01(1%)

R =Vo*Vo/Po =29.257 Q

L = (Vin*D*Ts)/Alin = 128.5714uH
C = (D*Ts*Vo)/(R*AVo0) =21.3623pF

3.4.2 MATLAB program for bode plot of the Boost Converter
Vi=12;

Vo=32;

Po=35;

Fs=100e¢3;

deli=0.2;

delv=0.01;

D=1-Vi/Vo;

Ts=1/Fs;

R=Vo0"2/Po;
L=D*(1-D)"2*R*Ts/deli;
C=D*Ts/(R*delv);

num=[1/(1-D)];

den=[L*C/(1-D)*2 L/(R*(1-D)"2) 1];
H=tf(num,den);

bode(num,den);

grid on;
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3.4.2.1 Bode plot

Bode Diagram
40 7

30 — —

Magnitude (dB)
o
T
|

45] |

Phase (deg)
o
o
T
|

-135 - —

-180 = 1 e
10° 10* 10°
Frequency (rad/sec)

Fig 3.3 Bode plot of the boost converter

3.4.3 Calculation Kp, Ki from bode plot

cos @
P y
= 2.3792¢-3

K (3.16)

B wsin@

K, = VR (3.17)

=397.3783

O=y,-7,
= 60°-87.6°

where, 7 ; = desired phase margin,

7. = phase margin of uncompensated system.
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CHAPTER 4
SOFTWARE IMPLEMENTATION

4.1 MATLAB Simulation of Single Phase Boost Converter (open loop)

%

==

ﬂ_ Repeating Relational l

vin sequence wperator [o o

7 1 — []
Masfet G R |-

Constant

Fig 4.1 Simulink Model for Single Phase Boost Converter (open loop)
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4.2 MATLAB Simulation of Four Phase Boost Converter (open loop)
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Fig. 4.2 Simulink Model for Four Phase Boost Converter (open loop)

29



4.2.1 Generation of Four Phase Shifted Pulses
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Fig 4.3 Generation of Four Phase Shifted Pulses using Simulink
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4.3 MATLAB Simulation of Single Phase Boost Converter (Closed loop)
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Fig 4.4 Simulink Model for Single Phase Boost Converter (Closed loop)
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4.4 MATLAB Simulation of Four Phase Boost Converter (Closed loop)

FOUR PHASE BOOST
CONVERTER
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Fig 4.5 Simulink Model for Single Phase Boost Converter (Closed loop)
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4.5 Sub System for Four Phase Boost Converter
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Fig 4.6 Sub System for Four Phase Boost Converter
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4.6 Subsystems for Current Loops
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Fig 4.7 Simulink Model for Current Loop 1
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Fig 4.8 Simulink Model for Current Loop 2
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Fig 4.9 Simulink Model for Current Loop 3

34



Fig 4.10 Simulink Model for Current Loop 4
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4.7 Comparison of Single Phase and Four Phase Converters (in open loop)
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Fig 4.11 Simulink Model for Comparison of Single Phase and Four Phase

Converters (in open loop)

35



4.8 Comparison of Single Phase and Four Phase Converters (in closed loop)
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Fig 4.12 Simulink Model for Comparison of Single Phase and Four Phase

Converters (in closed loop)
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4.9 Step Response for Four Phase Boost Converter
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Fig 4.13 Simulink Model for Step Response for Four Phase Boost Converter
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CHAPTER 5
RESULTS

5.1 Open Loop Simulation of Single Phase Boost Converter
5.1.1 Output Voltage

Output Voltage Vs Time

e

L/

30
o
g /

20 /
10

Fig 5.1 output voltage of single phase boost converter

5.1.2 Output Voltage Ripple

Fig 5.2 output voltage ripple of single phase boost converter
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5.1.3 Input Current
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Fig 5.3 Input current of single phase boost converter

5.1.4 Input Current Ripple
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Fig 5.4 Input current ripple of single phase boost converter
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Capacitor Current Vs time

5.1.5 Capacitor Current
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Fig 5.5 capacitor current of single phase boost converter

5.1.6 Steady state Capacitor Current
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Fig 5.6 steady state capacitor current of single phase boost converter

40



5.2 Open Loop Simulation of Four Phase Boost Converter

5.2.1 Phase Shifted Pulses

Phase Shifted Pulses
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Fig 5.7 phase shifted pulses for the four phase boost converter

5.2.2 Output Voltage
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Fig 5.8 output voltage of four phase boost converter
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5.2.3 Output Voltage Ripple

Voltage Ripple
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Fig 5.9 output voltage ripple of four phase boost converter
5.2.4 Input Current
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Fig 5.10 Input current of four phase boost converter
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5.2.7 Steady state Capacitor Current

Capacitor Current (steady state)

0.8

0.6

0.4

I ¢ (amp)

0.2

0 K
0.2

04

0.6
9.975 9.98 9.985 9.99 9.995 10
time (sec) X 10-3

Fig 5.13 steady state capacitor current of four phase boost converter

5.3 Closed Loop Simulation of Single Phase Boost Converter

5.3.1 Output Voltage
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Fig 5.14 output voltage of single phase boost converter
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5.3.2 Output Voltage Ripple

Output Voltage Ripple
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Fig 5.15 output voltage ripple of single phase boost converter

5.3.3 Input Current
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Fig 5.16 Input current of single phase boost converter
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5.3.6 Steady State Capacitor Current

Capacitor Current(steady state)
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Fig 5.19 steady state capacitor of single phase boost converter

5.4 Closed Loop Simulation of Four Phase Boost Converter

5.4.1 Output Voltage
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Fig 5.20 output voltage of four phase boost converter
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5.4.2 Output Voltage Ripple

Output Voltage Vs time
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Fig 5.21 output voltage ripple of four phase boost converter
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Fig 5.22 Input current of four phase boost converter
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5.4.4 Input Current Ripple
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Fig 5.23 Input current ripple of four phase boost converter

5.4.5 Capacitor Current
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Fig 5.24 capacitor current of four phase boost converter
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5.4.6 Steady State Capacitor Current

Capacitor Current (steady state)
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Fig 5.25 steady state capacitor current of four phase boost converter

5.5 Comparison of Single Phase and Four Phase Converters (in open loop)

5.5.1 Output Voltage Ripple
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Fig 5.26 output voltage ripple of single phase (N=1) and four phase (N=4)

Converters
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5.5.2 Input Current Ripple

N=1(Single Phase Boost Converter)
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Fig 5.27 Input current ripple of single phase (N=1) and four phase (N=4)

Converters

5.5.3 Steady State Capacitor Current

N=1(Single Phase Boost Converter)
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Fig 5.28 steady state capacitor of single phase (N=1) and four phase (N=4)
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5.6 Comparison of Single Phase and Four Phase Converters (in closed loop)

5.6.1 Output Voltage Ripple

N=1(Single Phase Boost Conwerter)
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Fig 5.29 output voltage ripple of single phase (N=1) and four phase (N=4)
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5.6.2 Input Current Ripple
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5.6.3 Steady State Capacitor Current

N=1(Single Phase Boost Conwerter)
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Fig 5.31 steady state capacitor of single phase (N=1) and four phase (N=4)

Converters

5.7 Step Response of the Four Phase Boost Converter

Step Response of the Four Phase Boost Converter
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Fig 5.32 step response of the four phase boost converter
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CHAPTER 6
CONCLUSION

6.1 Conclusion

This work discusses analysis and simulation for poly-phase boost converter. A
modified method for determining the duty cycle corresponds to current control has been
developed. The size of N boost converters in parallel is almost same as a single boost
converter of the same total power because the size of main parts-inductors-almost remains
same. Smaller RMS current in the energy-storage capacitor, lower input ripple current and
lower output ripple voltage or smaller size of the tank capacitor are those important points,
which have been considered. Moreover digital realization in control results in better
performance and advantages, which cannot be achieved by Analog method. Programmability,
modularity and flexibility in design and different operating conditions are major points,

which have been addressed.

6.2 Future Work
The scope of future work is to implement the open loop and closed loop control of

Poly-phase Boost Converter using the DSP TMS320LF2407.
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