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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 ofthem; 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 ofthese

problems are [1,2,3] -
a) Low power factor (0.6-0.8) and high Total Harmonic Distortion

(THD),

b) Low efficiency because oflarge input current,

c) Requires higher voltage rating of the ac source and distributing 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-lOOO-3 and IEEE 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

variety of ways. The general approach to improve the power factor can be classified

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

1
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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 (THO) 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-I 000-3, 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 dc/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

2 I
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active PFC circuit contributes to an increase in overall cost, increase in EM! 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 oftwo converters to achieve both

power factor correction and output voltage regulation in addition to the rectification

circuit and the input EM! 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 voltage), output

voltage can vary greatly [10].

Power factor correction can be done by harmonic injection method, which is an

involved and expensive approach [II]. 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

3 r
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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 study 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.

4 (' r
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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 Kd is the ratio ofthe fundamental root-mean-square (RMS)

current «(Irms(I)) to the total RMS current(Irms). The displacement power factor Ke
is the cosine of the displacement angle between the fundamental input current and

input voltage.

PF = K dX Ke 2.1

The distortion factor K d is given by the following equation

[rlns(l)Kd = -~ .•...........•.....................................................•.. 2.2
Irms

The displacement power factor K fi is given by the following equation

K e = CosO 2.3

The displacement power factor K fi can be made unity with a capacitor or inductor

but making the distortion power factor K d 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

5



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(%) = lOOx ~ ~~ -1 2.4

The distortion power factor K d is also given by the following equation

1

I+ (THD(%))2
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,

PK = KdK. = Kd 2.6

...................................................... 2.7PF=

Substituting 2.5 in 2.6, we have

1

I+(TH~%)Y

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. c

6



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.

IJNIl: IMPEDANCE

ACLIN1i
SlUtC

Rs Ls

MAINS INPI.TT
(Vin)

01

D2

D3

Fig. 2.l.Typical input stage schematic ofan off-line switching power supply.
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when the load is near the distribution transformer resulting in higher

harmonic currents due to lower input line impedance.
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Fig.2.4 Odd 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.

9 to



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.

lineAe
50Hz

L

••i
Va
+
Lood

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 EM!, 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

(DCM), 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

corrector 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



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:

.L1

10mH

~ 01
D4

V1
'V , C..-

10lIIuF

,~ 02
~ D3

R1,.....,

- -

VOFF=O
VNII'L =300
FREO=50

""0

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

Load

It is the basic form of full-wave diode rectifier. Here the input sinusoidal voltage (V)

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.

3150

251\01

.

281l1os 801llos261l1os21l/l1s1800s161l1os

.__ ............•. ._..-.~.. . - - _ _-- _ .._,~.-...,. ....•.., _...... ...- _ __ ...,..- , _ - - ,..
-'00

101los 12llJls
• HOi)

Q U(Rlo~:2.R~oad:t)
11tA ---

•••

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.

1llllU !, , , , , , , , , , . , .
, , , , , , , . . , , , , . . , , , .

~
, , , , , ; ;. , , , . , ., : : . , : ,

v

"' ..
Q U(Rload:2~R1.oad:1)

_.llA

-Ulil
5.8l:1s 6UAs

D I{U1)
Ti,Jre

1"...

Fig 2.9. The output voltage and input current wavefurm ofa full bridge rectifier

with inductive filter, L=IOOmH, R1oad=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) Harmonics Values(mA)

I}(50Hz) 5700 4(250Hz) 410

12(looHz) 600 Is(3ooHz) 25

13(l50Hz) 1200 ~350Hz) 75

4(2ooHz) 50 1~400Hz) -

14
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Fig 2.10 The output voltage and input current waveform of a full bridge rectifier

with LC filter, L=IOmH, C=lOOOuF, R1oad=lOO
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Figure 2.11 Harmonic content of Input current of a single phase diode bridge full

wave Rectifier with output LC filter, L=IOmH, C=IOOOuF, R1oad=IOO
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h=<

L(Mh) 2

'""2Total Harmonics Oistortion,THD% = ~----x 100%
M]

Where, Mh 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 equation we have got the THO values for a simple rectifier is

24.68%.

So, according to equation 2.7, from THO (%), 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(V ••••) 259V

Output Load <Rout ) loon
Input voltage (Vin) 300 Volts

Input current (lin) 6A

Power fuctor(pt) 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:

••••••
'00

"-~r tOn"
- 'Ilm"

""'"
0' , [)4

v.
'V

CWAO
C1

"".'" 02
DO

R'
•••••

-L

\/OFF'" 0
VMF'l::D)
FREa=9J

~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 71h harmonic and higher is a point

where the magnitude diminishes to a very low level. Thus 3rd and 5th 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 50Hz

3Ib 021 150Hz

5th 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

output voltage levels in comparison with the unfiltered rectifiers .
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Fig. 2.13. Output voltage and input current of rectifier with passive filter, L=4 7mH,

C= 10uF
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Fig.2.14 Output voltage and input current of rectifier with passive filter, L= 1OmH,

C=47uF
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Fig 2.15. Output voltage and input current of rectifier with passive filter, L= 1OmH,

C= lOuF.
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Fig. 2.16. Output voltage and input current of rectifier with passive filter, L= 1mH,

C=lOuF .
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Fig. 2.17. Output voltage and input current of rectifier with passive filter, L=lOuH,

C=10uF
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Fig. 2.18 Output voltage and input current of rectifier with passive ..filter, L=O.IuH,

C= lOuF

From above figures, it is seen that decreasing the value ofC decreases input current in

magnitude but output voltage remains almost same. For fixed value ofC, 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= 1OOuF.Actually the filter can be modeled by calculating the resonating values

as XL=Xe. Calculation is done by considering the fundamental Component as 50Hz.

The product ofLC should be I x 10.5 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=41uF Input passive filter: L-IOmH,C-10uF

Harmonics Values(mA) Harmonics Values(mA)

I}(50Hz) 7254 I}(50Hz) 4200

h(lOOHz) 288 h(I00Hz) 29

I](150Hz) 344 I](150Hz) 312

20



I4(200Hz) 240 4(200Hz) 27

Is(250Hz) 291 Is(250Hz) 136

I6(300Hz) 176 4(300Hz) 22

I7(350Hz) 67 I7(350Hz) 74

Is(400Hz) 115 Is(400Hz) 17

I~450Hz) 140 I~450Hz) 52

IIO(500Hz) 76 IIO(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 fiher: Input passive fiher:

L= 1OmH,C=47uF L= lOmH,C=1 0uF

Output Voltage(V 001) 225V 205V

Output Load (Rout) lOOn loon

Input voltage (V in) 300 Vohs 300Vohs

Input current (lin) 7A 4.2A

Power metor 0.6129 0.891

Efficiency(% '1 ) 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=lOuF combination.
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2.6 Single Phase Diode Bridge Rectifier with Boost

Regulator (Output LC filter with Resistive Load):

In active PFC, active switches are used in conjunction with inductors. Ii! 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 capacitoL 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.

" D'

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 (Ll =33uH).
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Fig. 2.21: Output voltage and Input current of a Single phase full Bridge rectifier

with Boost Regulator without input filter (LI=lmH).
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Fig 2.22: Output voltage and Input current ofa Single phase full Bridge rectifier

with Boost Regulator without input filter (LI =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 (Ll =1OmH).
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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 (Ll =33mH).

To have nearly sinusoidal input current Ll =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 oflnput Current of Single Phase Boost regulator

Harmonics Values(mA) Harmonics Values(mA)

1.(50Hz) 65000 16(3ooHz) 700

h(looHz) 800 h(350Hz) 1750

13(150Hz) 13000 Ig(400Hz) 400

4(200Hz) 1200 19(450Hz) 330

Is(250Hz) 3750 llO(5ooHz) x

THD(%) 21.2%

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

Output Vohage(Vout) 821.50V

Output Load CRout) loon

Input vohage (Vin) 300 Vohs

Input current (lin) 75A

Power Factor(p.t) 0.891

Efficiency(% '1 ) 67.33 %

In case of Single phase diode rectifier with input passive filter of L=IOmH and,
C=IOuF, 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 regulator, 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=lOmH, C=O.luF)
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Fig. 2.27: Input current and output voltage of single phase full Bridge rectifier with

Boost Regulator (input LC, L=lOmH, C= 33ut)
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Fig. 2.28: Input current and output voltage of single phase full Bridge rectifier with

Boost Regulator (input LC, L=33uH, C= IOuF) o
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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=lOrnH and C=O.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 TlJD (%), efficiency

Boost Inductor THD(%) Efficiency

lOuH 5.61 28.94%

ImH 5.0 20.755%

4.7mH 4.82 21.0 %

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

InputLC InputLC Input LC Input LC InputLC

(L=10mH, (L=10mH, (L=5mH, (L=IOmH, (L=IOmH,

C=IOuF) C=luF) C=luF) C=O.luF) C=O.luF)

Boost Boost Boost Boost Boost

InductoF InductoF InductoF InductoF InductoF

lmH lmH ImH lmH lOuH

Harmonics VaIues(mA) Values(mA) Values(mA) Values(mA) VaIues(mA)

I)(50Hz) 40000 40000 57000 40150 41000

h(lOOHz) 100 60 500 115 130

h(150Hz) 2000 1900 5500 1800 2080

4(200Hz) 90 50 100 35 30

Is(250Hz) 800 700 2000 750 820

28

• ,



16(3ooHz) 50 20 70 20 40

h(350Hz) 400 1370 1000 370 420

Is(400Hz) 20 10 20 5 40

19(450Hz) 220 220 500 230 250

ho(5ooHz) 10 0 30 20 30

III(550Hz) 120 0 0 170 175

In(600Hz) 10 0 0 20 20

THD(%) 5.52% 6.14% 10.50% 5.00"/0 5.61%

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

and output LC filter

Parameters lnputLC lnputLC Input LC InputLC lnputLC

(L=10mH, (L=10mH, (L=5mH, (L=10mH, (L=10mH,

C=lOuF) C=luF) C=luF) C=O.luF) C=O.luF)

Boost Boost Boost Boost Boost

InductoF InductoF InductoF InductoF InductoF

ImH ImH ImH ImH lOuR

Output 524V 524.50V 705V 500V 550V

Voltage(Vout)

Output Load lOOn lOon loon loon loon

(Rout)

Input voltage 300 Volts 300 Volts 300 Volts 300 Volts 300 Volts

(Yin)

Input current 40.50A 41.0A 62.0A 40.15A 43.7A

(lin )

Power filctor 0.68455 0.68455 0.9114 0.68455 0.68455

Efficiency 66.025% 65.345% 58.665% 60.64% 67.414%

(% TJ)
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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=lOmH,

C=lOuF (for Single phase diode bridge rectifier) to L=lOmH, C=O.luF (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).

30



The output voltage and input current for this circuit for U=L2=3.3mH, Cl=33uF is

shown in Fig 2.30 and for Ll=L2=lmH, Cl=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 oflnput Current of Cuk regulator without input

filter

Ll =L2=3.3mH,CI =33uF Ll=L2=IOmH,CI=10uF LI=L2=5mH,CI=IOuF

Harmonics Values(mA) Values(mA) Values(mA)

h(50Hz) 49430 41750 47000

h(looHz) 687 1000 1000

h(150Hz) 18930 9300 15000

I4(2ooHz) 436 210 700

Is(250Hz) 312 2500 1750

I6(3ooHz) 497 200 50

I7C:350Hz) 2859 lloo 1000

Is(400Hz) 458 100 100

19(450Hz) 1507 600 700

IIO(5ooHz) 85 80 50

111(550Hz) 678 475 450

II2(6OOHz) 268 20 100

THD(%) 38.94% 23.44% 32.36%

Table 2.12 The Efficiency of Cuk regulator without input filter

Parameters Ll-L2-3.3mH, Ll-L2=10mH, Ll=L2=5mH,

Cl=33uF CI=lOuF Cl=IOuF

Output Voltage(Voud 764 Volts 675 Volts 725 Volts

Output Load (Root) loon loon lOon

Input voltage (Vin) 300 Vohs 300 Volts 300 Volts

Input current (lin) 67.5A 47A 60.5A

Power Factor 0.9298 0.87 0.8

Efficiency(% 1] ) 62.0"10 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) THO (%) 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=lOmH, C=lOuF) and Cuk inductor- capacitor (L=lmH, C=5uF) are shown in Fig

2.33. With passive filter (L=lOmH, C=luF) and Cuk inductor- capacitor (L=lOmH,

C=lOuF), 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= 1OmH, C= 1uF) and Cuk

inductor- capacitor (L=lmH, C=luF).
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Fig. 2.33: Output voltage and input current ofCuk regulator with input passive LC

filter.
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Fig. 2.34: Output voltage and input current of Cuk regulator with input passive LC

filter.
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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
fiher:Ll=L2= 10mH, fiherLl =L2= 10mH, fiher.Ll =L2= 10mH,

C=IOuF C=luF C=luF

Cuk inductor. Cuk inductor: Cuk inductor:
Ll=L2=lmH, Ll=L2=IOmH, Ll=L2=lmH,

Cl=5uF Cl=IOuF Cl=luF

Harmonics Values(mA) Values(mA) Values(mA)

I.(50Hz) 32000 25800 33370

12(100Hz) 450 200 277

13(l50Hz) 850 2000 233

4(2ooHz) 250 80 10

Is(250Hz) 500 800 310

4(3ooHz) 140 70 56

I?(350Hz) 375 400 22

Is(4OOHz) 150 20 24

I~450Hz) 55 250 71

IIO(5ooHz) 90 55 10

Iu(550Hz) 0 150 26

I12(600Hz) 0 15 60

TIID(%) 3.74% 8.62".4 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:L I=L2= IOmH filter:L I=L2= 1OmH filter:LI=L2=10mH

C=lOuF C=luF C=luF

Cuk inductor: Cuk inductor: Cuk inductor:
Ll=L2=lmH, Ll=L2=10mH, Ll=L2=lmH'

Cl=5uF Cl=lOuF Cl=luF

Output Voltage 536.50V 450V 460V

(Y00')

Output Load lOOn loon lOon
(R.,m)

Input voltage 300V 300 V 300 V
(Yin)

Input current 41A 26.6A 33A
(lin)

Power fuctor 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 ofCuk 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 (V=lOmH, C=luF) with Cuk

Regulator with (L=1mH, Cl=luF, C2=luF) is shown in Fig 2.37. With slight

modification of Cuk regulator (L=lmH, Cl=4.7uF, C2=luF), the output voltage and

input current is shown in Fig 2.38.
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Fig. 2.37: Output voltage and input current of modified Cuk regulator with passive

LC and output LC filter.
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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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Table2.1S: Harmonic content oflnput Current of modified Cuk regulator

Passive fiher Passive filter
L1=L2=10mH,C=luF Ll=L2=10mH,C=luF

Cuk Rectifier L1=L2=1mH Cuk Rectifier L1=L2=lmH,
Cl=luF,C2=luF Cl=4.7uF,C2=luF

Harmonics Values(mA) Values(mA)

I.(50Hz) 37000 24500

h(lOOHz) 330 140

h(150Hz) 470 170

Lt(200Hz) 205 85

h(250Hz) 215 70

4(3ooHz) 130 80

h(350Hz) .65 70

Is(4ooHz) 90 30

19(450Hz) 100 50

11O(5ooHz) 45 50

III(550Hz) 75 40

Id600Hz) 55 20

TIID (%) 1.85% 1.15%
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. Table2.16: The Efficiency Calculation of modified Cuk regulator

Passive fiher LI-L2-lOmH Passive fiher Ll-L2-10mH
C=luF C=luF

Cuk Rectifier Ll=L2=lmH Cuk Rectifier Ll=L2=10mH,
Cl=luF,C2=luF CI=4.7uF,C2=luF

Output Vohage 380V 310V
(V•••.)
Output Load lOon lOon
(Rout)

Input voltage 300 V 300 V
(Vin)
Input current 37A 26A
(lin)
Power fuctor 0.5358 0.5358

Efficiency(% 11 ) 48.56% 45.60"10

With input passive filter (L=1OmH, C=1uF) and modified Cuk regulated rectifier

(L=lmH, C!=4.7uF, C2=luF) gives the THD 1.15% where as in Boost rectifier with

input passive filter (L=lOmH, C=O.!uF), THD is 5%. In the same case ofCuk rectifier

with input passive filter (L=! OmH,C=! uF), 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 (TOO %)

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.

THOvs Outycycle

__ BOOST--CUK -.-Mod Cuk0.4

0.35

0.3

'0' 0.25
~'-'

~
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0.1
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0
30 40 50 60 70

Du1y cycle (%)

80 90

Fig 3.1: Regulators' performance in terms ofTIID

Performance wise Boost regulator always has high TIID, which means the input

current has large amount of harmonics components. Cuk and modified Cuk have

almost same trend ofTHD. But around duty cycle 45% to 90"10, the modified Cuk has

lower value of TIID than Cuk regulator, which may be considered as improvement.

As the high rate of switching makes the input current to follow input voltage, the

TIID (%) 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 dulycycle
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Fig 3.2: Regulators' performance in terms of Power fuctor

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
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Fig 3.3: Regulators' perfurmance on the basis of Voltage Gain

From Appendix iii, we get

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.
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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)

1q= .
1+A/(l-D)2 +B/(l-D)+C

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 ('Yo), Power factor, voltage gain and efficiency. Modified Cuk regulator has small

value of THD ('Yo), 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 ofTHD 'Yo) 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 investigation 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 decrease

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

low 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.

(I) 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 tota! 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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APPENDIXi

We know, efficiency is (%)
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APPENDIXii

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

Va = _1_ (I)
V I-D,
But for ideal and practical case we have to consider the relation between current gain

with duty cycle (0), which is

~ = (1- D) (2)
I,

Now we can define efficiency as the ratio of output power to input power. So

I2R
1] = 2 a •••••••••••••••••••••••••••••••••••••••••••••••••••••• (3)

10 R + losses

The loss term includes total resistive loss (R,) lin2 , switching loss V sw Olin and diode

loss VD(l-O)lin etc.

Here, lin=O*iin (4)

So the equation (3) becomes:

I2R
1]= 2 2 a

10 R+I'n (Rt)+V~DI'n +V,,(l-D)I'n

1
1] = -------------------

1+(l'n 1Ij(Rt)+ V,wDI'n 110
2 R +Vf)(l- D)Iinl 10

2 R

1
1] = 1+l/(l-D)2(R

t
+R,)+V~DIR(I-D)Io +Vf)1 loR (5)

So for a particular load this equation can be written as

I
1] = 2 ••••••••••••••••••••••••••••.•••••••••••. (6)

I + A 1(1- D) + B 1(1- D) + C

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

We know,

outputpower77=~~--
inputpower

= Vola
VINIIN

= Va *(l-D)
VIN

So,

Va 77-=-~~-
VIN (1- D)

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

~ 1 *-=
VIN 1+~(~_R_t_)_+__V~_D_+_Vo_

(1_D)2 R(l-D)lo loR

1
(I-D)

1
Vo Rt V~D

(I+-)(1- D)+--+--
loR (I-D) RIo
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