INPUT CURRENT SHAPING OF A
~ SINGLE PHASE RECTIFIER WITH A
SINGLE STAGE CUK CONVERSION STAGE

A thesis submitted to the

" Department of Electrical and electronic Engineering of
Bangladesh University of Engineering and Technology

in partial fulfillment of the requirement
. for the Degree of

MASTER OF SCIENCE IN ELECTRICAL AND ELECTRICAL ENGINEERING '

By

TANIA ANSARI

\ -

1
| re— - T —
1 0

[T
_.;;

——

A 1111

P pp— e

DEPARTMENT OF ELECTRICAL AND ELECTRONIC ENGINEERING
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY
APRIL 2008



The thesis titled “Input Current Shaping of A Single Phase Rectifier With a Single
Stage Cuk Conversion Stage” submitted by Tania Ansari, Roll No: 040406101 P,
Session: April 2004 has been accepted as-satisfactory in partial fulfillment of the
requirement for the degree of MASTER OF SCIENCE IN ELECTRICAL AND ELECTRONIC

ENGINEERING on April12,2008.

BOARD OF EXAMINERS

1. /(/‘-"MWAMM oY Ve 4 Chairman

Mohammad Ali choudhury | (Supervisor)

Professor ,
Department of Electrical and Electronic Engineering

BUET, Dhaka-1000, Bangladesh.

2. Jg‘. *h i Member

-

Dr. Satya Pra§£d Majumder : (Ex-officio)

Professor and Head
Department of Electrical and Electronic Engineering

BUET, Dhaka-1000, Bangladesh.

3. SPYOT_ - . : Member
Dr. Md. Jahangir Alam

Associate Professor
Department of Electrical and Electronic Engineering

BUET, Dhaka-1000, Bangladesh.

4. @72' ' : | | Membe.r

Dr. Md. As_hraful Hoque

Professor (External) .
Department of Electrical and Electronic Engineering '

[UT.Boardbazar,Gazipur,Bangladesh.

i



Declaration

Tt is hereby declared that this thesis or any part of it has not been submitted

elsewhere for the award of any degree or diploma.

Signature of the student

%W 3f05fog

{Tania Ansari)

il

N



Dedication

“To My All Well-wisher”

iv



CONTENTS

DECLARATION. . . c vttt sernesnnsrasssoaassnsasasessnsesans 11
19)210) (67-V A [0) PR PP PPPpee 1AY
LIST OF FIGURES . .. s et ettettriaseeanaraassenseensssnaesnnases VIII

LIST OF TABLES....tvvvvirreeieeeceeecsseessseseensenmmenenmssen Xl

ACKNOWLEDGEMENT . .. iitttieniareneasanaccoserssaenanes X11

CHAPTER 1 INTRODUCTION

1.1 IntTOAUCHION. ceeeetiveereeneeneearancnnsenenasessrsnrcaenaasssaiiasnaenens 1
1.2 PreviouS WOTK. .. ovueienensrrretsenrersenearbasassnsaneiasteeereasanane 2
1.3 Objectives of the Work.......cooviieenmmmiiimeriiiniecieirinee e 3
14 TheSiS OULHNE . .cuenrieeree e e cmesecaeanarneesn e enearanes 4
CHAPTER 2 SINGLE-PHASE DIODE RECTIFIER
2.1 (Y05 Ts 014 Ts | PO PR PPPPPOPPPRPPPPP PP 5
22  Power Factor Problem in AC-DC Rectifier............oocceeenininins | 7
2.3 Power Factor Correction Methods ........ eretcreirereasaaraaaaaans 9
2.3.1 Passive Power Factor Comection Method............cooeeieniii, 10
2.3.2 Active Power Factor Correction Method............c...c.oeneeees 10
2.4  Single Phase Diode Rectifier including Output LC filter with
Resistive Load............. et a e e 12



25

2.6

27

2.8

29

2.10

Single Phase Diode Bridge Rectifier with Input LC filter (Output
LC filter with Resistive Load)........cooriiiiiiiimininnicinin 17
Single Phase Diode Bridge Rectifier with Boost Regulator(Output LC filter with
Resistive Load).......ovnvenieniimiiriiinionrereeaeniiranenneas 22
Single Phase Diode Bridge Rectifier with Boost Regulator with input LC filter
and Output LC filter with Resistive Load........c.ccceoereieiniiennnn 26
Single Phase Diode Bridge Rectifier with Cuk Regulator (Output LC filter with
Resistive Load, without Input Filter)..........cc.oooviiiiiiiinenn. 30
Single Phase Diode Bridger Rectifier with Cuk Regulator with input LC filter
including Output LC filter with Resistive Load............cccccoeeee. 33
Single Phase Diode Bridge Rectifier with modified Cuk Regulator with input
LC filter including Output LC filter with Resistive Load......... 37

CHAPTER3 RESULTS AND DISCUSSION |

3.1 I trOAUCHION. .o eeenseneeneeiene e cmnsseenrnsanassnseeaassnrnraasas 41
32  Results and discuSSION.....o.eurrniniinireiirien e 41
32.1 Performance in terms of Total Harmonic Distortion..........cccceess 42
322 Performance in terms of Power Factor.............ocoeiiiiniinninn 43
3.2.3 Performance in terms of Voltage Gain..........ccooeeviiiiinnnnninie 44
3.2.4 Performance in terms of Efficiency.......cccoevieiiiniicnnnnn. 45
3.3 CONCIUSION. e ettt eirrereeincreeraennsesasansaieetssasnneserassimsine 46

CHAPTER 4 CONCLUSION AND SUGGESTIONS

4.1
42

CONCIUSIONS. 4t v eeneeneeanneirasrssasanesnanssorsassnssssnmsentorsanasnssssns 47

Suggestion for future Work.........cocieiiiiii 48

vi



APPENDIX L oo ttteeereeiaaecesnnnasssnnaeeenans eeeeeanan 49

APPENDIX L +vteeerrvnaeeeennnesesunseesnmeesensasesasans 50

APPENDIX 111 e vt etneeeenatesneeennaeesarsenssensesans 51

REFERENCES - outttveeeeeemaaeeessnersnnaaasansssennsees 52
vil

W | -



Figure 2.1

Figure 2.2
Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6

Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10

Figure 2.11

Figure 2.12

LIST OF FIGURES

Typical input stage schematic of an off-line switching power
supply

Typical line current and voltage waveforms

Odd line current harmonics normalized to the fundamental for
the condition when the load is near the distribution transformer
resulting in higher harmonic currents due to lower input line
impedance

0dd line current harmonics normalized to the fundamental for
the condition when the load is away from the distribution
transformer resulting in lower harmonic currents due to higher
input line impedance

The simple Rectifier with output and input Filter

Single Phase Diode Rectifier with output LC filter and Resistive
Load

The output voltage and input current waveform of a full bridge
rectifier without any filter

The output voltage and input current waveform of a full bridge
rectifier with capacitor filter C=2000uF,Rload=100

The output voltage and input current waveform of a full bridge
rectifier with inductive filter, L=100mH, Rload=100

The output voltage and input current waveform of a full bridge
rectifier with LC filter, L=10mH, C=1000uF, Rload=100
Harmonic content of Input current of a single phase diode bridge
full wave Rectifier with output LC filter, L=10mH, C=1000uF,
Rload=100

Single Phase Diode Rectifier with input and output LC filter and

Resistive Load

viil

10
12

13

13

14

15

15

i7



Figure 2.13

Figure 2.14

Figure 2.15

Figure 2.16

Figure 2.17

Figure 2.18

Figure 2.19

Figure 2.20

Figure 2.21

Figure 2.22

Figure 2.23

Figure 2.24

Figure 2.25

Figure 2.26

Figure 2.27

Output voltage and input current of rectifier with passive filter,
L=47mH, C= 10uF '

Output voltage and input current of rectifier with passive filter,
L=10mH, C= 47uF

Output voltage and input current of rectifier with passive filter,
L=10mH, C= 10uF

Output voltage and input current of rectifier with passive filter,
L=1mH, C=10uF

Output voltage and input current of rectifier with passive filter,
L=10uH, C=10uF

Output voltage and input current of rectifier with passive filter,
L=0.1uH, C= 10uF

Single phase full Bridge rectifier with Boost Regulator including
output LC filter with resistive load without Input current shaping
filter

Output voltage and Input current of a Single phase full Bridge
rectifier with Boost Regulator without input filter (L1=33uH)
Output voltage and Input current of a Single phase full Bridge
rectifier with Boost Regulator without input filter (L.1=1mH)
Output voltage and Input current of a Single phase full Bridge
rectifier with Boost Regulator without input filter (L1=4.7mH)
Output voltage and Input current of a Single phase full Bridge
rectifier with Boost Regulator without input filter (L. 1=10mH)
Output voltage and Input current of a Single phase full Bridge
rectifier with Boost Regulator without input filter (L 1=33mH)
Single phase full Bridge rectifier with Boost Regulator with
input LC filter and output LC filter with resistive load

Input current and output voltage of single phaée full Bridge
rectifier with Boost Regulator (input LC, L=10mH, C=0.1uF)
Input current and output voltage of single phase full Bridge
rectifier with Boost Regulator (input LC, L=10mH, C= 33uf)

ix

18

18
19
19
19
20

22

23
23
23
24
24
26
27

27



Figure 2.28

Figure 2.29

Figure 2.30
Figure 2.31

Figure 2.32
Figure 2.33
Figure 2.34
Figure 2.35'
| Figure 2.36
Figure 2.37
Figure 2.38
Figure 3.1

Figure 3.2
Figure 3.3

Figure 3.4
Figure i

Input current and output voltage of single phase full Bridge
rectifier with Boost Regulator (input LC, L=33uH, C= 10uF)

Single phase full Bridge rectifier with Cuk Regulator (output LC

filter with resistive load, without Input Filter)

Output voltage and input current a of single phase full Bridge
rectifier with Cuk Regulator (output LC filter with resistive load
without input filter) ,

Output voltage and input current of single phase full Bridge
rectifier with Cuk Regulator (output LC filter with resistive load
without input filter)

Single phase full Bridge rectifier with Cuk Regulator with input
LC filter including output LC filter with resistive load Cuk
Output voltage and input current of Cuk regulator with input
passive LC filter

Output voltage and input current of Cuk regulator with input
passive LC filter

Output voltage and input current of Cuk regulator with input
passive LC filter

Single phase full Bridge rectifier with modified Cuk Regulator
with input LC filter (with output LC filter with resistive load)
Output voltage and input current of modified Cuk regulator with
passive LC and output LC filter

Output voltage and input current of modified Cuk regulator with
passive LC and output LC filter

Regulators’ performance in terms of THD

Regulators® performance in terms of Power factor

Regulators’ performance on the basis of Voltage Gain
Regulators’ performance in terms of Efficiency

Single Phase Diode Rectifier including Output LC filter with

Resistive Load

27

30

31

31

33

34

34

35

37

38

38

42
43

45
49



Table 2.1

Table 2.2
Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 2.8

Table 2.9

Table 2.10

Table 2.11

Table 2.12
Table 2.13

Table 2.14
Table 2.15
Table 2.16

LIST OF TABLES

Harmonic content of Input Current of Single Bridge Diode
Rectifier _

Efficiency of Single Phase Diode Bridge Rectifier

Harmonic Contents of Single Phase Diode Bridge Rectifier with
input LC filter |

Harmonic content of Input Current of Single Phase Diode Bridge
Rectifier with input LC filter

The Efficiency Calculation of Single Phase Diode Bridge
Rectifier with input filter
Harmonic content of Input Current of Single Phase Boost
regulator

The Efficiency Calculation of Single Phase Boost regulator
Relation between Boost inductor and THD (%), efficiency
Harmonic content of Input Current of the Boost regulator with
input and output LC filter

The Efficiency of Input Current of the Boost regulator with input
and output LC filter
Harmonic content of Input Current of Cuk regulator without
input filter

The Efficiency of Cuk regulator without input filter

Harmonic content of Input Current of Cuk regulator with input
filter

The Efficiency Calculation of Cuk regulator with input filter
Hammnonic content of Input Current of modified Cuk regulator

The Efficiency Calculation of modified Cuk regulator

xi

14

16
17

20

21

25

25

28

28

29

32

32
35

36
39
40

(m'i

N
\L“-‘



Acknowledgement

'I would like to express my sincere appreciations to make this work possible: professor,

colleague and family.

Firstly, 1 would like to express ﬁy gratitude and admiration for my thesis supervisor
Professor Mohammad Ali Choudhury whose valuable scientific guidance and
encouraging attitude have motivated me to complete the thesis in this dissertation. I
consider myself fortunate to have worked under his guidance. | thanked him for his

support, belief, patience, fairness and constructive feedback.

I also take this opportunity to thank my commanding officer, Biswas Afzal Hossain,

Police Super, Munshigan] for supporting me with permission leave to complete the job.

1 would like to thank Dr. Satya Prasad Majumder, Associate Professor Dr. Mohammad
Jahangir Alam and Professor Md. Ashraful Houqe for their valuable discussions and

comments on this work and for serving in my graduate committee.

1 would like to express my greatest admiration for my parents who constantly motivated
and encouraged me to keep working towards this goal. 1 also thank all my other family
members for all the supporting given difficult times. I thank my husband, Engr.

Mohiuddin Mohammad Hafiz for his “always available” support and help.

Thanks to all of you whose names are not mentioned here.

xii



Abstract

Modem power supplies connected to AC mains introduce harmonic currents in the utility.
Such harmonic currents cause problems including voltage distortion, heating, radiated
and conducted noises, and reduction of line capacity. International standards/
recommendations have been adopted that make the use of harmonic mitigation and power
factor correction circuits in power supplies mandatory. As a result, rectifiers with input
current shaping and power-factor improvement arrangement have received attention to
alleviate the problems mentioned. In this thesis, an active switching of a single phase
rectifier has been investigated to find out a solution to the harmonic current and poor
power factor. Boost switching regulator is widely used for this purpose. Other converter
topology, the Cuk switching regulator is also being investigated due to its advantageous
characteristics like, high frequency insulation, short circuit protection capability, step-up

and step-down regulation, reduction of input current ripple and inductor coupling.

In this thesis, the performance of active regulator (Boost and Cuk) based input ‘current
shaping of a single phase rectifier has been studied by simulation. The study has been
done with and without passive input LC filter. Study and comparison reveals the
advantages of Cuk switching regulator over the boost regulator commonly used for this
purpose. The Total Harmonic Distortion (%THD) shows a small value in case of Cuk
regulator. As a result input current is almost sinusoidal for Cuk regulator compare to
Boost regulator. The variation of power factor and voltage gain with respect to the
change of duty cycle show a steady nature for Cuk regulator. Efficiency wise, the Cuk
regulator shows almost a constant value within the range of certain duty cycle, whereas in

Boost regulator the efficiency variation is high.
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Chapter 1

INTRODUCTION

1.1 Introduction

Large numbers of electrical equipments are supplied by 50 or 60 Hz power and in
most of them; rectifiers are required to convert ac voltage to dc voltage. Generally, a
diode bridge rectifier is followed by a bulk capacitor. This causes input current to be
pulsating in shape. Pulsating current drawn by the rectifier creates problem for the
power distributing networks and other electrical systems in the vicinity. Some of these
problems are [1,2,3] -
a) Low power factor (0.6-0.8) and high Total Harmonic Distortion
(THD), . |
b) Low efficiency because of large input current,
¢) Requires higher voltage rating of the ac source and diétributing system
due to the phase displacement of current and voltage fundamentals,
d) Input ac voltage gets distorted because of the saturation associated high
peak current,
e) Higher passive component size of filters,
f) Additional heating due to harmonics, over voltage due to resonance,
interference with communication and control signal, malfunctioning of

utility relays etc.

This has drawn the attention of regulatory bodies around the world. They impose
enforcement of regulation such as IEC-1000-3 and 1EEE 519 [4]. To meet the
specification of these regulations, there is a need for the reduction in line current
harmonics, power factor correction and harmonics reduction circuits. As the unity
power factor is not necessary to meet the regulation, so it allows the solutions with a
vm;icty of ways. The general approach to improve the power factor can be classified

as passive and active approaches. The passive approach uses capacitive-inductive




filters to achieve power factor while the active approach uses a switched mode power
supply to shape the input current [8-10]. This approach varies due to power range
(Low, Medium, and High), efficiency, cost and size. Although various research
efforts have produced power circuit configurations for Power Factor Corrections
(PFC) and reduction of Total Harmonics Distortions (THD) to alleviate the problem,
they greatly increase the cost and complexity compared to conventional low quality
rectifiers. Thus research is still being carried out to reduce cost and complexity and to

improve the performance [5,6,7,8,9].

1.2 Previous work

In order to meet IEEE-519 and IEC-1000-3, a cost effective and economical solution

to mitigate harmonics generated by power electronic equipment is currently of high

interest,

In normal passive approach, a full bridge rectifier with an LC filter is used to reduce
the line current harmonics. Passive Power Factor Correction (PFC) can meet the
regulation with reliability and low EMI [10]. On the other hand, the filter capacitor
voltage varies with the line voltage, which has a detrimental effect on the performance
and efficiency of the de/dc converter. For large hold up time for the power supply, the
bulk capacitance has to be increased and becomes bulky. On the other hand, use of
small value of inductance degrades the power factor. As a result, the passive
approaches seem to be attractive for low power application and for narrow voltage

range [7,8].

To overcome the drawbacks of passive approach, the active approach is explored. In

active solutions, a converter with switching frequencies higher than the AC frequency -

is placed between the output of the diode rectifier and the bulk capacitor. The reactive
element of this converter is small, because their size depends on the converter
switching frequency rather the than AC line frequency. The frequency of this
converter is to make the load behave as an ideal resistive load and thus eliminate the
generation of the line current harmonics. However, adding a high frequency switching
converter in series with the input circuit causes reduction in overall efficiency of the

whole converter due to the losses contributed by the active PFC circuit. Moreover the

g
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active PFC circuit contributes to an increase in overall cost, increase in EMI and
reduction in reliability due to an increase in the number of components. So, the target
is to reduce the cost and enhance the performance of the active PFC. Many researches
have been done on the enhancing the performance of active approaches. Normally
two stages active PFC is widely used which consists of two converters to achieve both
power factor correction and output voltage regulation in addition to the rectification
circuit and the input EMI filter. These converters are possessed with separate switches
and control circuit. To reduce the cost and complexity of the two-stage structure, the
single stage PFC is used. But as the voltage across the storage capacitor is not
regulated (because the control is to be used to regulate the output voitage), output

voltage can vary greatly [10].

Power factor correction can be done by harmonic injection method, which is an
involved and expensive approach [11]. Nonlinear carrier control (NLC) method is

also used. But the technique is complicated due to the NLC controller [12].

Input current shaping by Buck [13,14], Boost [15,16,17], Cuk [18,19], Buck-Boost,
Fly back, ZETA, SEPIC [20,21,22] converters offer different aspects of active
filtering. Normally Boost topology is used as the converter due to its advantages of
input inductor and switching simplicity. But Boost PFC converter has a low
bandwidth which implies a loosely regulated output voltage across the storage

capacitor. Also only step-up voltage option is available here [6, 15].

1.3 Objectives of the work

The objectives of this thesis are to make the input current of a single-phase rectifier
circuit near sinusoidal and at the same time in phase with the supply voltage. This will
eliminate the harmonic contents in the input current and will improve the power factor
of the circuit as the standard regulation emphasizes. Conventionally Boost regulated
rectifier scheme is used for this purpose. Boost regulator has the disadvantage of

voltage regulation above the input. In this thesis, advantages of Cuk converter to

e



regulate the rectifier output and maintaining near sinusoidal input current and unity
power factor will be investigated.

To attain the objective, in this work, the Cuk converter is investigated at a high
frequency to shape the input current. To make current sinusoidal, an input LC filter is

used. The Cuk converter is modified to give almost exact sinusoidal input current

wave shape. The simulating results of the new proposed modified Cuk regulator are -

compared with that of Boost regulator. Advantages of the Cuk PFC regulator over
Boost PFC regulator have been investigated.

1.4 Thesis Outline

This thesis includes 4 chapters.

Chapter 1 gives a general introduction followed by a brief review of earlier works
done and objective of the work. Chapter 2 provides the literature review related to this
thesis. The description of a single-phase full bridge diode rectifier is described here
with its problem. It starts from simple full-bridge diode rectifier, which follows with
output LC filter and then both output and input LC filter. Full bridge diode rectifier
with active filter approach is studied later. First Boost regulated rectifier is studied.
Then analysis has been done with Cuk regulator. A modified Cuk regulator is studied
to find out a better solution of the problem than the Cuk regulator. Chapter 3 includes
the stu&y of these converters--their advantages, disadvantages and their performance
comparison. Chapter 4 is the conclusive discussions and remarks. Some suggestions

leading to future scope of work are also presented in Chapter 4.

o



Chapter 2
Single-Phase Diode Rectifier

2.1 Introduction

Power factor; Power factor is defined as the ratio of the average power to the

apparent power drawn by a load from an AC source. Assuming an ideal sinusoidal
input voltage source, the power factor can be expressed as the product of the

distortion power factor and displacement power factor, as given in (2.1). The

distortion power factor K is the ratio of the fundamental root-mean-square (RMS)
current ((Irms{1)) to the total RMS current(Irms). The displacement power factor K,

is the cosine of the displacement angle between the fundamental input current and

input voltage.

PF = K% Ky eeeeeeereesreememssinsnsissn e s 2.1

The distortion factor K is given by the following equation

Irms()
K = ot e 2.2

Irms

The displacement power factor K is given by the following equation
Ko =C080 oo 2.3

The displacement power factor K, can be made unity with a capacitor or inductor
but making the distortion power factor K unity is difficult. When a converter has

less than unity power factor, it means that the converter absorbs apparent power that
is higher than the active power it consumes. This implies that the power source should

be rated to a higher VA rating than what the load needs. In addition, the current



harmonics generated by the converter deteriorates the power quality of the source,

which eventually affects other equipment.

High power factor and low harmonics do not go hand-in-hand. Though there is no
direct correlation between the two, the following equations relates total harmonic

distortion {THD) to power factor.

THD(%)-—-IOOan——-—l

The distortion pdwer factor K isalso given by the following equation

1

K.~ THD(%)
e
100

................................................... 2.5

When the fundamental component of the input current is in phase with the input

voltage, K, =1 and power factor is given by,

PR = K K o= Ky oeeeeeeeeeecnmsmsimsmsmnnnss s 2.6

Substituting 2.5 in 2.6, we have

PF = L e 2.7

o 2
\Il +[THD( A;)]
100

A sinusoidal current could also have a poor power factor if its phase is not in line with

voltage. From equation (2.7) it is apparent that a 10% THD corresponds to a Power
Factor of approximately 0.995. Thus specifying limits for each of the harmonics
would help in the control of input current “pollution”, both from the standpoint of
minimizing the circulating currents and reducing the interference with other
equipment. While the process of shaping this input current is commonly called
“power factor correction,” the measure of its effectiveness towards complying with
international regulations is the amount of reduction in the harmonic content of the

input current,



2.2 Power Factor Problem in AC-DC Rectifier

The input stage of any AC-DC converter comprises of a full-bridge rectifier followed
by a large filter capacitor. The input current of such a rectifier circuit comprises of
large discontinuous peak current pulses that result in high input current harmonic
distortion. The high distortion of the input current occurs due to the fact that the diode
rectifiers conduct only for a short period. This period corresponds to the time when

the main instantaneous voltage is greater than the capacitor voltage.

Since the instantaneous main voltage is greater than the capacitor voltage only for
. very short periods of time, when the capacitor is fully charged, large current pulses
are drawn from the line during this short period of time. The typical input current
harmonic distortion for this kind of rectification is usually in the range of 55% to 65%
and the power factor is about 0.6. Fig. 2.1 shows the schematic of a typical single-
phase diode rectifier filter circuit while Fig. 2.2 shows the typical simulated line
voltage and current waveforms. The actual current wave shape and the resulting
harmonics depend on the line impedance. Fig. 2.3 and Fig. 2.4 show the simulated
odd line current harmonics normalized to the fundamental for different line

impedance values.

& e
LINE IMPEDANCE
Rs Ls *Dl Tm
ACLING J
SOUNCE m‘sm - LOAD
C
BULK
| X X
s —

Fig. 2.1.Typical input stage schematic of an off-line switching power supply.



Vi1 4

] ' [} 1 ' ' 1
| ; - 7 Lo
A Yo P! —1 Mains lnput Voliage -
L L v\ .
1 i | ] v ¥ ] ) |
v yod \ ! [
to Vol ¢ 1 bt
: : ' I t :
vt N P \
L BN Capacitor Vol
. t ~— Capacitor Voltage
] i 1 : i
S e dhwdiy
b NV N2 L N2t \a— Rectified Line Vohage
_ LY M Mo ¥ M| My
Lo Lo Lo Lo
i ' ! b
: : ' ‘ ~ Diode Current
! 3 ' :
1
i
: : : ' : ' \
¥ 4 ] \ i h
3 ! \ b ] '
] | 1 i ' L4
] ] : ' t :
b Lo t

Main Input Current

Fig: 2.2. Typical line current and voltage waveforms

120.00% -
100.00%% .
"§ 100.09%: 4
i 81.00P%
E 30 0% -
- hi A .
§ 8 0000 N
: 3
2 , .
L | TR
A .
8 . 1793%
3
0.00% . . ' . v .
1 1 $ 7 9 1

Harmesnic number

Fig.2.3. Odd line current harmonics normalized to the fundamental for the condition
when the load is near the distribution transformer resulting in higher

harmenic currents due to lower input line impedance.



120 00% -

- 100.00rs

é 102.00% o

g £6.00% -

. 5 61.52%

2 T sa0an 4 :

» 3

‘% E 5 Oty o

-

E 20.02% A 1834

2 . 32 15T 1.74%
2.02% y y . -

L 2 3 4 3 &

Hamonic aumbey

Fig.2.4 0dd line current harmonics normalized to the fundamental for the condition
when the load is away from the distribution transformer resulting in

lower harmonic currents due to higher input line impedance.

2.3 Power Factor Correction Methods (PFC):

Power factor depends on both harmonic content and displacement power factor. The
EN 61000-3-2 standard sets limits on the harmonic content of the load current and
does not specifically regulate the power factor or the total harmonic distortion of the-

line current. In consideration of the above, the following can be concluded.

¢ A high power factor can be achieved even with a substantial harmonic content. The
power factor is not significantly degraded by harmonics, unless its amplitude is quite

large.

#Low harmonic content does not guarantee high power factor.

Thus, PFC circuits for nonlinear loads have their primary goal to reduce the harmonic

content of the line current. PFC circuit solutions can be broadly categorized as passive

or active circuits.

.



2.3.1 Passive Power Factor Correction Method:

In passive PFC, passive elements are used in addition to the diode bridge rectifier, to
improve the shape of the line current. For example, the passive LRC input filter is
typically used in electronic ballast for harmonic reduction. In general, passive solution
offers reliable, rugged and quick reduction of harmonic current. They are insensitive
to line surges and spike. However they have many disadvantages; they are relatively
bulky. They are sensitive to line frequency and may produce excessive phase shift.

They lack voltage regulation and their dynamic response is poor.

Lina AC
S0Hz

Fig 2.5 The simple Rectifier with output and input Filter

2.3.2 Active Power Factor Correction Method:

In active PFC, switches are used in conjunction with inductors to force the line
current to follow the envelope of the line voltage and go in phase with it. The output
voltage is usually regulated for variations. The switching frequency differentiates the
active PFC solutions into two classes, the low -frequency and the high-frequency
active PFC. In low-frequency active PFC circuits; the switching is synchronized to the
line voltage. This scheme has the advantages that it generates less EML, requires a
smaller inductor when compared to the passive PFC and the simple low frequency
circuit is more reliable and efficient when compared to the active PFC scheme.
Compared to the high frequency PFC circuit, the reactive elements are larger and the

regulation of the output voltage is poor.

10



The high frequency active PFC circuit can be realized by placing a buck or a boost or
a buck-boost converter in between the bridge rectifier and the filter capacitor of a
conventional rectifier filter circuit and operating it by a suitable control method that
would shape the input current. For all converter topologies, the switching frequency is
much higher than the line frequency, the output voltage ripple is twice the line-
frequency and the output DC is usually regulated.

The PFC output voltage can be higher or lower, depending on the type of converter
being used. With a buck converter the output voltage can be lower, for a boost
converter the output voltage can be higher, while for a buck-boost converter the

output voltage can be higher or lower than the maximum amplitude of the input

voltage. The inductor current in these converters can be either continuous or

discontinuous. In the continuous conduction mode (CCM) the inductor current never

reaches zero during one supply cycle while in the discontinuous conduction mode

(DCMD), the inductor current is zero during intervals of the switching cycle.

Besides square-wave converter topologies, PFC can also be achieved using quasi-
resonant and interleaved converters, which can reduce the switching loss with zero-
current switching (ZCS) and zero-voltage switching (ZVS). Examples are the Cuk-
PFC and SEPIC corrector. Besides the non-isolated correctors, isolated power factor
comrector can be achieved by using transformer-coupled version of the basic
converter, for example, the Fly-back corrector is the isolated version of the buck-

boost corrector.

11
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2.4 Single Phase Diode Rectifier including Output LC
filter with Resistive Load:

Following is a diode rectifier with resistive load and output voltage filter:

‘i

A} |

100
A >

§R1

1Meg

?0

Fig 2.6: Single Phase Diode Rectifier with output LC filter and Resistive
Load

Tt is the basic form of full-wave diode rectifier. Here the input sinusoidal voltage (Vi)
has peak amplitude of 300Volts with the frequency of 50Hz.The output of the full
wave rectifier contains both ac and dc components as shown in Fig. 2.7. A majority of
the applications, which cannot tolerate a high value ripple, necessitates further
processing of the rectified output. The undesirable ac components, i.e. the ripple, can

be minimized using filters.

12
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Fig 2.7. The output voltage and input current waveform of a full bridge rectifier

without any filter.

In order to get low ripple output voltage, if capacitor filter is used, then the output
will be like that shown in Fig. 2.8. The ripple decreases with the increase of the

capacitor value. The ripple depends on output load.
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Fig 2.8. The output voltage and input current waveform of a full bridge rectifier
with capacitor filter C=2000uF,Rload=100
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On the other hand, for inductor filter, the ripple will decrease with the increase of the .
inductor value with decreasing dc value. This also has a proportional effect of the load
resistance with the ripple. But it is not as effective as capacitor filter as shown in Fig.

2.9
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Fig 2.9. The output voltage and input current waveform of a full bridge rectifier
with inductive filter, L=100mH, Rload=100.

In order to make the filter load independent, LC filter is introduced. Analysis on LC
output filter is discussed in following paragraph. In order to get low ripple DC output
voltage (as shown in Fig. 2.10), the filter capacitor is chosen to be 1000uF. The input

current contains harmonic components.

Table2.1: Harmonic content of Input Current of Single Bridge Diode Rectifier

Harmonics Values(mA) Harmeonics | Values(mA)

(50Hz) 5700 T(250Hz) 410

12(100Hz) 600 T5(300H7) 25

T:(150Hz) 1200 16(350Hz) 75

T:(200H) 30 T{400Hz) —
14
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Figure 2.11 Harmonic content of Input current of a single phase diode bridge full



=

XM’

h=2

Total Harmontics Distortion, THD% = — x 100%

Where, M, is the magnitude of either voltage or current harmonic component and M,

is the magnitude of either the fundamental voltage or current.

Putting the values in the equétion we have got the THD values for a simple rectifier is
24.68%.

So, according to equation 2.7, from THD (%), the power factor of this simple diode
rectifier can be calculated. Efficiency (Shown in Appendix) of the circuit is calculated
in Table 2.2

Table 2.2: Efficiency of Single Phase Diode Bridge Rectifier

Output Voltage(Vou) 259V
Output Load (Rou ) 100 Q
Input voltage (Vin) 300 Volts
Input current (Iin) 6A
Power factor (pf) 0.809
Efficiency(% 1) 92.13%
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2.5 Single Phase Diode Bridge Rectifier with Input
LC filter(Output LC filter with Resistive Load):

The following figure shows a rectifier circuit with output filter and the input filter

which will shape the input current to sinusoidal shape:

L2 L3 ‘Lt
et Y Y - YL

10mH amit | 10mH
™
[

- b

o |

5

an |
%s o2 Zk b3

> R4
j h
o

Fig 2.12: Single Phase Diode Rectifier with input and output LC filter and Resistive
Load.

In order to improve the input current wave shape, the passive LC filter is introduced at
the input side of the rectifier. By observing the input current wave shapes of this filter
we can say about the harmonic contents of them that there is no even harmonics as the
waveforms are symmetrical about the X-axis. The 7" harmonic and higher is a point
where the magnitude diminishes to a very low level. Thus 3™ and 5" orders are the
dominant harmonics.

Table 2.3 Harmonic Contents of Single Phase Diode Bridge Rectifier with input

LC filter
Harmonics Per unit value Frequency
Fundamental 1 S0Hz
3™ 0.21 1500z
5™ 0.072 | 250Hz

17



Passive filters may be used for reducing the harmonics content of the input current.

But they do not allow the regulation of the output voltage and also decreases the
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From above figures, it is seen that decreasing the value of C decreases input current in
magnitude but output voltage remains almost same. For fixed value of C, increasing L
increases magnitude of output voltage and input current, the amount is very negligible

especially in case of input current.

The best model for the passive filter has been obtained, for example when L=100mH
. and C=100uF. Actually the filter can be modeled by calculating the resonating values
as X;=Xc Calculation is done by considering the fundamental component as 50Hz.
The product of LC should be 1x 107, In a passive input filter the component values are

very large and also regulation of the output voltage is not possible.

Table2.4: Harmonic content of Input Current of Single Phase Diode Bridge
Rectifier with input LC filter

Input passive filter: L=10mH,C=47uvF Input passive filter: L=10mH,C=10uF
Harmonics Values(mA) Harmonics Values(mA)
1,(50Hz) 7254 T,(50Hz) 4200
1,(100Hz) 288 1(100Hz) 29
T5(150Hz) 344 Ix(150Hz) 312




1.(200Hz) 240 L,(200Hz) 27
I5(250Hz) 291 15(250Hz) 136
16(300Hz) 176 16(300Hz) 2
17(350Hz) 67 17(350Hz) 74
15(400Hz) 115 1s(400Hz) 17
To(450Hz) 140 T5(450Hz) 52
I10(500Hz) 76 L10(500Hz) 12
THD (%) 8.91% THD (%) 8.5%

Table 2.5: The Efficiency Calculation of Single Phase Diode Bridge Rectifier with

input filter

Parameters Input passive filter: Input passive filter:
L=10mH,C=47uF L=10mH,C=10uF

Output Voltage( Vo) 225V 205V

Output Load (Row) 100 Q 100 Q

Input voltage (Vin) 300 Votts 300 Volts

Input current (Tin) TA 42A

Power factor 0.6129 0.891

Efficiency(%e n ) 78.66 % 75%

In case of L=10mH and C=47uF, the efficiency is 78.66% and THD = 8.91%
_compared to efficiency 75% and THD = 8.47% for L=10mH, C=10uF combination.
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2.6 Single Phase Diode Bridgé Rectifier with Boost

Regulator (Output LC filter with Resistive Load):

In active PFC, active switches are used in conjunction with inductors. In low-
frequency active PFC circuit, the switching is synchronized to the line voltage and in
high-frequency active PFC; the switching frequency is much higher than the line
frequency. Here, the Buck, Boost, Cuk or any kind of converter may be placed
between the traditional bridge rectifier and the output filter capacitor. The output DC
voltage is regulated and output voltage ripple is twice the line frequency. The PFC
output voltage can be higher or lower, depending on the type of converter being used.
The high frequency switching current components of the AC input current can be

continuous only in the case of the Boost and CUK converter.

To shape input current to sinusoidal wave, the single phase diode bridge includes the
Boost regulator without input current shaping passive filter. Here the input current
starts to conduct in discontinuous conduction mode (DCM) and the wave shape
follows the input voltage but have high frequency switching components. In Fig 2.20,
the output voltage and input current wave shapes are given that is obtained from

simulation of the following circuit.

L1

Vg 2N

D3
~
%

J; mﬁL - a.rmH

@ e L cum
FREQ = 50 ] '
38#:0330 Fa 200 E* Rioed
100
2|S lm‘ﬂs 023 "—JH
= RS
1meg
PWM

Fig. 2.19: Single phase full Bridge rectifier with Boost Regulator including output ¢

LC filter with resistive load without Input current shaping filter.
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Fig. 2.20: Output voltage and Input current of a Single phase full Bridge rectifier
with Boost Regulator without input filter (L1=33
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with Boost Regulator without input filter (L1=1mH).
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Fig 2.22: Output voltage and Input current of a Single phase full Bridge rectifier
with Boost Regulator without input filter (L1=4.7mH).
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Fig. 2.23: Output voltage and Input current of a Single phase full Bridge rectifier
with Boost Regulator without input filter (L1=10mH).
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Fig. 2.24: Output voltage and Input current of a Single phase full Bridge rectifier
with Boost Regulator without input filter (L1=33mH).

To have nearly sinusoidal input current L1=4.7mH is chosen. The THD and efficiency
are shown in Table 2.6 and Table 2.7
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Table2.6: Harmonic content of Input Current of Single Phase Boost regulator

Harmonics Values(mA) Harmonics Values(mA)

1,(50Hz) 65000 Is(300Hz) 700

T(100Hz) 800 1,(350Hz) 1750

I3(150Hz) 13000 Is(400Hz) 400

L«(200Hz) 1200 15(450Hz) 330

15(250Hz) 3750 116(500Hz) x
THD (%) 21.2%

Table2.7: The Efficiency Calculation of Single Phase Boost regulator

821.50V

Qutput Voltage(Vou )

Output Load (Row) 100 Q
Input voltage (Vin) 300 Volts
Input current (Iin ) 75A
Power Factor(p.f) 0.891
Efficiency(% n ) 6733 %

In case of Single phase diode rectifier with input passive filter of L=10mH and
C=10uF, the efficiency is 75% and THD = 8.4702% compared to efficiency 67.33 %
and THD =21.2% with 4.7mH inductor of Boost regulator.
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2.7 Single Phase Diode Bridge Rectifier with Boost
Regulator with input LC filter and Output LC filter

with Resistive Load:

In order to improve the shape of the input current of the Boost regulatbr, input passive
filter is added. Here, for different combination of input LC filter and Boost inductor,
the THD is calculated and this result is compared with that of simple Boost rectifier

and simple diode bridge rectifier with passive filter.
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Fig. 2.25: Single phase full Bridge rectifier with Boost Regulator with input LC filter

and output LC filter with resistive load

With the help of input current shaping filter, the output voltage, input current wave
shape, THD and efficiency for different combination of L,C are shown in Fig 2.26,
Fig 2.27, Fig 2.28 '
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Fig. 2.26: Input current and output voltage of single phase full Bridge rectifier with
Boost Regulator (input LC, L=10mH, C=0.1uF)
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Fig. 2.27: Input current and output voltage of single phase full Bridge rectifier with
Boost Regulator (input LC, L=10mH, C= 33uf)

15K H i T 3 T H | M - J -} S erenamenbanra
..... fomeereaingllenr e e -+ 3 ¥ o H k H I I e e ROV
e St IR e[ ,w_ - e R
Eib . 3 S LI i SR .. N : X : h 1)
SIS i it i v v s, i s § g v ot i i Vi o
3 ﬁ y % * L S
b J { oo ] i H ¥:
“I- b - \lr \; I‘ ; ‘I‘ 14 ;f‘ \ : \‘: L“‘.} i!-
3 : - . H M - [
a-FKy L VP OO W Y s LW B A X L R I, W N LY TN 9 ¢ s
AR Y 4 Al Ew ) N 2 AL | W . LW | AJ g, Al
- A nglii] N N, il - - - T -
a U{Rloads2 GATE M}
1888 — e e — =
=
Y 3
U 3
; i
—1om e A e
oE zows atns &oms
» ~F{USupply)
Time

Fig. 2.28: Input current and output voltage of single phase full Bridge rectifier with
Boost Regulator (input LC, L=33uH, C= 10uF)
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We observe that increasing C slightly increases output voltage, but input current

remains same. But lower value of L distorts the input current but output voltage is

increasing. For different conditions of LC, the THD and efficiency is calculated. Here

for L=10mH and C=0.luF is comparable to other options. In this condition, for

different value of Boost inductor, different THD is obtained as shown in Table 2.8

Table2.8: Relation between Boost inductor and THD (%), efficiency

Boost Inductor THD (%) Efficiency
10uH 5.61 28.94%
1mH 5.0 20.755%

4. 7mH 4.82 210 %
10mH 3.78 21.10%
33mH 10.61 22.14%

Table2.9: Harmonic content of Input Current of the Boost regulator with input

and output LC filter

Input LC Input LC Input LC Input LC Input LC
(L=10mH, | (L~10mH, | (L=5mH, | (L=10mH, | (L=10mf,
C=10uF) C=1uF) C=1uF) C=0.1uF) | C=0.1uF)
Boost Boost Boost Boost Boost
Inductor= Inductor= Inductor= Inductor= Inductor=
ImH 1mH 1mH ImH 10uH
Harmonics | Values(mA) | Values(mA) | Values(mA) | Values(mA) | Values(mA)
1;(50Hz) 40000 40000 57000 40150 41000
I>(100Hz) 100 60 500 115 130
13(150Hz) 2000 1900 5500 1800 2080
L1(200Hz) 90 50 100 35 30
I5(250Hz) 800 700 2000 750 820
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16(300Hz) 50 20 70 20 40
I(350Hz) 400 1370 1000 370 420
1:(400Hz) 20 10 20 5 40
19(450Hz) 220 220 500 730 250
1,0(500Hz) 10 0 30 20 30
I11(550Hz) 120 0 0 170 175
1,2(600Hz) 10 0 0 20 20
THD (%) 5.52% 6.14% 10.50% 5.00% 5.61%

Table2.10: The Efficiency of Input Current of the Boost regulator with input

and output LC filter

Parameters Input LC | Input LC Input LC Input LC Input LC
(L~10mH, | L~10mH, | (L=5mH, | (L~10mH, | (L~10mH,
C=10uF) C=1uF) C=1uF) C=0.1uF) C=0.1uF)
Boost Boost Boost Boost Boost
Inductor= | Inductor= | Inductor= | Inductor= Inductor=
1mH 1mH ImH 1mH 10uH
QOutput 524V 524.50V 705V 500V 550V
Voltage(Vou )
Output Load 100 Q2 100 2 100 Q 100 Q 100 Q
(Rout)
‘Input voltage | 300 Volts | 300 Volts | 300 Volts | 300 Volts 300 Volts
(Vin)
Input current | 40.50A 41.0A 62.0A 40.15A 43.7A
(Iin)
Power factor 0.68455 0.68455 09114 0.68455 0.68455
Efficiency 66.025% | 65.345% 58.665% 60.64% 67.414%
(%on)
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With the input passive filter in the circuit, THD of the Boost regulator reduces from
21 2% to 5.00%. In case of simple diode bridge rectifier with input passive filter,
THD is 8.47%. The value of input L, C of passive filter has reduced from L=10mH,
C=10uF (for Single phase diode bridge rectifier) to L=10mH, C=0.1uF (for Boost
rectifier).

2.8 Single Phase Diode Bridge Rectifier with Cuk
Regulator (Output LC filter with Resistive Load,
without Input Filter):

Cuk converter has the benefit of having continuous ripple current both at input and
output, i.e., there is no time gap where the ripple current falls to zero. In the boost
regulators, input current is continuous but the output current through the rectifier
diode is discontinuous. This is a very essential parameter to have ripple currents at
input and output ramp up and down without going back to zero for having low input

and output noise. Thus this feature is examined for improving input current shape.
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Fig. 2.29: Single phase full Bridge rectifier with Cuk Regulator (output LC filter with

resistive load, without Input Filter).
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The output voltage and input current for this circuit for L1=L2=3.3mH, C1=33uF is
shown in Fig 230 and for L1=L2=ImH, C1=10uF is shown in Fig 2.31.
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Fig. 2.30 Output voltage and input current a of single phase full Bridge rectifier with
Cuk Regulator (output LC filter with resistive load without input filter)
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Fig. 2.31: Output voltage and input current of single phase full Bridge rectifier with
Cuk Regulator (output LC filter with resistive load without input filter)
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Table2.11: Harmonic content of Input Current of Cuk regulator without input

filter

L1=12=3.3mH,C1=33uF | L1=L2=10mH,C1=10uF { L1=L2=5mH,C1=10uF
Harmonics Values(mA) Values(mA) Values(mA)
1,(50Hz) 49430 41750 47000
I(100Hz) 687 1000 1000
I:(150Hz) 18930 9300 15000
1,(200Hz) 436 210 700
15(250Hz) 312 2500 1750
Is(300Hz) 497 200 50
1A350Hz) 2859 1100 1000
15(400Hz) 458 100 100
15(450Hz) 1507 600 700
T10(500Hz) g5 80 50
111(550Hz) 678 475 450
1,2(600Hz) 268 20 100
THD (%) 38.94% 23.44% 32.36%
Table 2.12 The Efficiency of Cuk regulator without input filter
Parameters L1=L2=3.3mH, L1=L2=10mH, L1=L2=5mH,
C1=33uF Cl1=10uF Cl=10uF
Output Voltage(Vout ) 764 Volts 675 Volts 725 Volts
Output Load (Row ) 100 Q 100 Q- 100 ©2
Input voltage (Vin) 300 Volts 300 Volts 300 Volts
Input current (Iin ) 67.5A 47A 60.5A
Power Factor 0.9298 0.87 0.8
Efficiency(% n ) 62.0% 74.28% 72.40%
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2.9 Single Phase Diode Bridge Rectifier with Cuk
Regulator with input LC filter including Output LC
filter with Resistive Load
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Fig. 2.32: Single phase full Bridge rectifier with Cuk Regulator with input LC filter
including output LC filter with resistive load Cuk

For sinusoidal input current, input passive filter is attached with the Cuk regulator.
For different values of input passive filter (L, C) THD (%) is measured. Also values
of inductor (L), capacitor (C) of Cuk rectifier are varied for obtaining the sinusoidal
wave shape. Output voltage and input current of this circuit having passive filter
(L=10mH, C=10uF) and Cuk inductor- capacitor (L=1mH, C=5uF) are shown in Fig
2.33. With passive filter (L=10mH, C=1uF) and Cuk inductor- capacitor (L=10mH,
C=10uF), the results are shown in Fig 2.34. Fig 2.35 shows the output voltage and
input current for the combination of passive filter (L=10mH, C=1uF) and Cuk
inductor- capacitor (L=1mH, C=1uF).
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Fig. 2.35: Output voltage and input current of Cuk regulator with input passive

LC filter.

Table2.13: Harmonic content of Input Current of Cuk regulator with input filter

Input passive Input passive Input passive
filter L1=L.2=10mH, | filterL.1=1.2=10mH, | filter:.1=L.2=10mH,
C=10uF C=IuF C=1uF
Cuk inductor: Cuk inductor: Cuk inductor:
L1=L2=1mH, L1=L2=10mH, L1=L2=1mH,
C1=5uF C1=10uF Cl=1uF

Harmonics Values(mA) Values(mA) Values(inA)
1,(50Hz) 32000 25800 33370
T(100Hz) 450 2060 277
I3(150Hz) 850 2000 233
L(200Hz) 250 80 10
T5(250Hz) 500 800 310
16(300Hz) 140 70 56
1(350Hz) 375 400 2
1s(400Hz) 150 20 24
To(450Hz) 55 250 71
T10(500Hz) 90 55 10
111(550Hz) 0 150 26
112(600Hz) 0 15 60
THD (%) 3.74% 8.62% 1.47%
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The THD (%) for Cuk rectifier with input passive filter gives a lower value (1.47%)

than that of Boost rectifier with input passive filter (5.00%).

Table 2.14: The Efficiency Calculation of Cuk regulator with input filter

Input passive Input passive Input passive
filter:L1=L2=10mH | filter:L1=L2=10mH | filter:L1=L2=10mH
C=10uF C=1uF C=1uF
Cuk inductor: Cuk inductor: Cuk inductor:
L1=L2=1mH, L1=L2=10mH, Li=L2=1mH,
C1=5uF C1=10uF Cl=1uF
Output Voltage 536.50V 450V 460V
(Vout)
Output _ Load 1000 100 Q 100 ©
(Rowt) :
Input voltage 300V 300V 300V
(Vi)
Input current 41A 26.6A 33A
(In)
Power factor 0.729 0.707 0.637
Efficiency(% 1) 64.20% 71.785% 67.10%
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2.10 Single Phase Diode Bridge Rectifier with
modified Cuk Regulator with input LC filter

including Output LC filter with Resistive Load:

With a slight modification, a new approach of Cuk regulator has been proposed here.
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Fig. 2.36: Single phase full Bridge rectifier with modified Cuk Regulator with input

LC filter (with output LC filter with resistive load)

The output voltage and input current with passive filter (L=10mH, C=1uF) with Cuk
Regulator with (L=1mH, C1=1uF, C2=1uF) is shown in Fig 2.37. With slight
modification of Cuk regulator (L=1mH, C1=4.7uF, C2=1uF), the output voltage and

input current is shown in Fig 2.38.
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Fig. 2.38: Output voltage and input current of modified Cuk regulator with passive
LC and output LC filter.
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Table2.15: Harmonic content of Input Current of modified Cuk regulator

Passive filter Passive filter
L1=L2=10mH,C=1uF L1=L2=10mH,C=1uF
Cuk Rectifier L1=L2=1mH Cuk Rectifier L1=L.2=1mH,
C1=1uF,C2=1uF C1=4.7uF,C2=1uF

Harmonics Values(mA) Values{mA)
11(50Hz) 37000 24500
I(100Hz) 330 140
1:(150Hz) 470 170
L(200Hz) 205 85
15(250Hz) 215 70
16(300Hz) 130 80
1+(350Hz) - 65 - 70
Ig(400Hz) 90 30
15(450Hz) 100 50
1,0(500Hz) 45 50
151(550Hz) 75 20
I;12(600Hz) 33 20
THD (%) 1.85% 1.15%
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Table2.16: The Efficiency Calculation of modified Cuk regulator

Passive filter L1=L2=10mH | Passive filter L1=L.2=10mH
C=1uF C=1uF
Cuk Rectifier L1=L2=1mH | Cuk Rectifier L1=L2=10mH,
Cl1=1uF,C2=1uF C1=4.7uF,C2=1uF
Qutput Voltage 380V - 310V
(Vou)
Output Load 100 Q 100 Q
(Rout)
Input voltage 300V 300V
(Vin)
Input current 37A 26A
(Iin)
Power factor 0.5358 0.5358
Efficiency(% 1) 48.56% 45.60%

With input passive filter (L=10mH, C=1uF) and modified Cuk regulated rectifier
(L=1mH, C1=4.7uF, C2=1uF) gives the THD 1.15% where as in Boost rectifier with
input passive filter (L=10mH, C=0.1uF), THD is 5%. In the same case of Cuk rectifier
with input passive filter (L=10mH, C=1uF), THD is 1.47%.
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CHAPTER 3

RESULTS & DISCUSSION

3.1 INTRODUCTION

The design simulation related work of the thesis has been presented in chapter 2. In this
chapter, data obtained from the simulations are presented in graphical forms to highlight
the performances of Boost, Cuk and modified Cuk SMPS regulator in terms of THD,

power factor, voltage gain and efficiency.

3.2 RESULTS AND DISCUSSIONS

Performance study of the Boost,: Cuk and modified Cuk SMPS regulators are
considered. The regulators are operated at different duty cycles (from 30% up to 90%)
and their performances with variation of duty cycles are observed. The results are

presented in the following sections.
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3.2.1 Performance in terms of Total Harmonic

Distortion (THD %)

The performances of Boost and Cuk and modified Cuk regulator based rectifier (with
input filter) in terms of Total Harmonic distortion are shown in graphical form in Fig.

3.1

THD vs Dutycycle
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o
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Duty cycle (%)

Fig 3.1: Regulators’ performance in terms of THD

Performance wise Boost regulator always has high THD, which means the input
current has large amount of harmonics components. Cuk and modified Cuk have
almost same trend of THD. But around duty cycle 45% to 90%, the modified Cuk has
lower value of THD than Cuk regulator, which may be considered as improvement.
As the high rate of switching makes the input current to follow input voltage, the
THD (%) decreases with the increasing rate of duty cycle. Due to continuous current
at input and output, Cuk and modified Cuk regulator both have low THD (%)

compared to Boost regulator.
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3.2.2 Performance in terms of Power Factor

The main purpose of switched regulator is to have a good Power factor. The
performance of these switching regulators studied in this thesis is shown in Fig 3.2 in

graphical form.

Power factor vs dutycycle
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Fig 3.2: Regulators’ performance in terms of Power factor

Boost, Cuk and modified Cuk show almost same trend for power factor up to duty
cycle 45%. After 45% duty cycle Cuk and modified Cuk regulator show less power
factor than Boost regulator. The power factor can be improved if a compact control
loop is introduced. In this control block, a portion of output voltage is feedback to

input block which will force the input current to follow the shape of output voltage.
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3.2.3 Performance in terms of Voltage Gain

Normally Boost and Cuk regulator are used to have more output voltage than input.

The performances on the basis of voltage gain is shown in Fig. 3.3

Voltage gain (Vout/Vin) vs Duty cycle
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Fig 3.3: Regulators’ performance on the basis of Voltage Gain

From Appendix 1ii, we get

vV, 1

Ve .o Rt V.D°
(1+1 R)(l D)+(1—D)+RIO

Q

The equation does not provide any linear relationship between input and output
voltage. The experimental results also show this trend. It is observed in the graphs that
modified Cuk has almost same value of voltage gain (around 1.3-1.6) irrespective of
duty cycle. Up to 60% duty cycle modified Cuk has high value of voltage gain than
Boost and Cuk regulator. After 60% duty cycle, Boost regulator has high value of

voltage gain.



3.2.4 Performance in terms of Efficiency

The performance in terms of Efficiency as duty cycle is changing in Boost, Cuk and
modified Cuk are shown in Fig. 3.4

Efficiency vs Dutycycle
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Fig 3.4: Regulators’ performance in terms of Efficiency

For a fixed load the efficiency of a regulator can be expressed as (Appendix ii)

1 |
1+ A(1-D)? +BI(1-D)+C

n

Where A, B and C are constant for a fixed load and D means duty cycle. It depicts
that the efficiency has no straight relationship with duty cycle; rather it will have an
optimum value for a particular range of duty cycle. Performance wise modified Cuk
shows a steady condition up to 60% duty cycle. But it has low efficiency at higher
rate of duty cycle. Above 60% Cuk has high value of efficiency but it has lower
efficiency below 60% duty cycle than that of modified Cuk. Boost regulator shows a
fluctuation of efficiency around 60% - 70% of duty cycle.
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3.3 CONCLUSION

Form above, it is evident that modified Cuk regulator has better performance in terms of
THD (%), Power factor, voltage gain and efficiency. Modified Cuk regulator has small
value of THD (%), which reveals that the input current follows the shape of input
voltage. Also Cuk and modified Cuk regulator have almost steady efficiency within a
fixed range of duty cycle. Though Boost regulator has high rate of efficiency, it has low

value of THD %) which is a prime concern.
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CHAPTER 4

CONCLUSION AND SUGGESTIONS

4.1 Conclusions

This thesis has been done with a view to have low harmonic content in input current
of a single phase diode bridge rectifier. The investightion starts from a single phase
full wave diode rectifier with passive input filter. With the help of input LC filter,
THD (%) of the input current of a full wave rectifier (with output filter) has decreased
to 8.5% from 24.68% of that without any passive filter. This kind of passive solution
is bulky and has no control over voltage regulation. A solution of the problem has

evolved with the help of active switching i.e. SMPS (Switch Mode Power Supply).

The Boost regulator with input passive filter gives low THD (5.0%) than the passive
solution. In order to utilize the advantages of Cuk conversion stage, Cuk regulator is
being proposed in this thesis and studied subsequently. The Cuk regulator with
passive input filter shows THD (1.47%) less than that of a Boost regulator. With a
slight modification of this Cuk regulator, it gives THD (1.15%). According to
efficiency, modified Cuk contains an overall same efficiency for a wide range of duty

cycle which is a unique feature.

It is observed in this work that the SMPS regulated single phase rectifier has variable
efficiency and power factor with duty cycle change. This observation is anticipated
because in practical SMPS the efficiency deviates from the ideal ones because of
lossy elements and non-ideal switches used in the circuits. The non ideal elements in
the circuit cause a deviation of voltage gain relationship of the SMPS circuits. It
results the voltage gain to increase with the increase of duty cycle of the control signal
up to certain level. Then the voltage gain relationship of SMPS shows a decreasing
tendency above 0.8 to 0.9 of duty cycle. So, the efficiency also shows abrupt decreése
after attaining a maximum value. As the voltage gain and efficiency deviate from a

high value in the DC-DC conversion stage, the overall voltage gain and efficiency of
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the SMPS regulated rectifier decrease. Because of the low value of voltage gain at
iow and high value of duty cycle, the power factor of such regulated rectifier
decreases. However, the input current wave shape remains near sinusoidal. This
implies that if voltage regulation from these regulated rectifiers is required, the
regulation can be maintained at high efficiency for limited range of duty cycle and
this limited range is high for modified Cuk regulated rectifier. However, regulation
for wide voltage variation is possible in all three types of regulated rectifier circuits.
Cuk and Modified Cuk regulated single phase rectifier has added advantage of voltage
regulation in step down and step up mode over the Boost regulated single phase

regulator which has regulation in step up mode only.

4.2 SUGGESTION FOR FUTURE WORK

In this thesis, study has been done by simulation only. Practical implementation is not
done. A practical implementation of Cuk and modified Cuk regulator base rectifier
can be a future work. The practical circuit would require implementing the following

items.

(1) The capacitor and inductor selection for output filter.

(2) The power transistor design for maximum current stress and gate delay.
" (3) The control logic of the total regulator system.

(4) Base drive with proper isolation

(5) The switching logic with zero delay.

Favorable outcomes from the above points can lead towards a successful single phase
Cuk regulated full wave rectifier with near sinusoidal input current having high

efficiency and good power factor.
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APPENDIX 1
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Fig i: Single Phase Diode Rectifier including Output LC filter with Resistive Load
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APPENDIX ii

For ideal case the relation between voltage gain and duty cycle is

But for ideal and practical case we have to consider the relation between current gain

with duty cycle (D), which is
S = (I DY it e s e (2)
Now we can define efficiency as the ratio of output power to input power. So

1R

7= IﬂzR + losses

The loss term includes total resisﬁve loss (Ry) In? , switching loss Ve DI, and diode

loss Vp(1-D)l;, etc.
Hel'e, 1"1 =D*iin ......................................................... (4)

So the equation (3) becomes:

1R

"= 102R+Iin2(Rt)+VmD1in +VD(1—D)1m
7= 1
1+, /1) RO+V, DI, /1:R+V,(1 —D)lin/1}'R

1

n = e — ®)
1+1/0-D)* (R, + R)+V_ D/RU~-D)I,+V, /1 R
So for a particular load this equation can be written as
1

T = e b (6)

"1+ 4/1-D) + B/(1-D)+C

Where A, B and C are constant for a fixed load.
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APPENDIX iii

We know,
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Putting the value of efficiency (in equation no (5) ) we get,
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