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ABSTRACT
A NEW SINGLE TRANSISTOR UNITY POWER FACTOR RECTIFIER

Tunç, Murat
M.Sc., Department of Electrical and Electronics Engineering
Supervisor

: Prof. Dr. Bülent ERTAN

Co-Supervisor: Prof. Dr. Yıldırım ÜÇTUĞ
January 2007, 257 pages

This thesis analyzes unity power factor rectifiers since this type of rectifiers
use energy as efficient as possible.
Throughout the thesis, some unity power factor rectifier topologies are
investigated and some of them selected to investigate in detail. Afterwards, a new
single transistor unity power factor rectifier topology is proposed, simulated,
implemented and compared with one of the selected unity power factor rectifier
topology on the basis of efficiency, total harmonic distortion, input current ripple and
output voltage ripple.

Keywords: rectifier, unity power factor, single transistor unity power factor rectifier
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Bu tez birimsel güç faktörlü doğrultmaçları, bu tip doğrultmaçlar elektriksel
enerjiyi oldukça efektif kullandıkları için incelemektedir.
Tez boyunca bazı birimsel güç faktörlü doğrultmaçlar incelenmiştir ve
bunlardan bazıları daha detaylı incelenmek için seçilmiştir. Daha sonra yeni bir
birimsel güç faktörlü doğrultmaç devresi önerilmiştir, simüle edilmiştir,
gerçekleştirilmiştir ve daha önce seçilen bir birimsel güç faktörlü doğrultmaç devresi
ile verimlilik, toplam harmonik bozulma, giriş akımı dalgalanması ve çıkış voltajı
dalgalanması baz alınarak kıyaslanmıştır.
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CHAPTER I

INTRODUCTION

1.1 Introduction

Electrical power consumers such as motor drives, controlled or uncontrolled
rectifiers are major pollutant of the ac power distribution network. As the number of
devices used in the ac distribution network increase, pollution of the ac power
distribution increases due to their non-linear electrical characteristics. Detrimental
effects of the distortion in ac power distribution network is known. In addition to the
pollution on the distribution network, usage of electrical energy as efficiently as
possible is another research area in power electronics. To decrease pollution in ac
power distribution network and use electrical energy as efficient as possible, power
factor correction techniques are often used.
The objective of the use of power factor correction circuits is to make input
voltage and input current of a rectifier or a power consuming electrical device in
phase so that the power factor of the device as seen by the ac power distribution
network is unity or close to unity. These type of rectifiers are called unity power
factor rectifiers.
The basic classification of the unity power factor rectifiers in this work is
single phase or three phase unity power factor rectifiers on the basis of whether the
rectifier is supplied from three phase or single phase mains supply. According to the
relative magnitude of rectifier’s input voltage and output voltage , there is the
classification of buck, boost and buck-boost type of rectifier. Unity power factor
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rectifiers can also be classified as those using single switching transistor or more than
one switching transistor.
The basic control modes of unity power factor rectifiers are current mode
control and voltage mode control. With respect to the operation mode of the power
stage, unity power rectifier (UPF rectifier) may be divided in to three categories:
Discontinuous Conduction Mode (DCM), Critical Conduction Mode (CrCM), and
Continuous Conduction Mode (CCM). CCM mode unity power factor rectifiers are
preferred due to their low conducted noise, low conduction losses in the
semiconductor switches and inductors, and low inductor core losses at high power
applications. Peak current control, average current control, hysteresis control are
generally used to control CCM operated rectifiers while the UPF rectifier used
borderline control operates at the boundary between CCM and DCM.
The aim of the thesis is to investigate unity power factor rectifiers and
looking for a new unity power factor rectifier topology with possible performance
improvement. The application area is a device supplying 3 kW power to the load,
from a dc bus of 400 and 550 volt. The unity power factor rectifier’s output voltage
is desired to be constant. For this purpose, first the literature is studied and some of
the existing topologies are studied.

1.2 Outline

In chapter 2, unity power factor rectifiers are categorized as single phase and
three phase unity power factor rectifiers. 6 UPF rectifier topologies are selected and
investigated in detail.
Chapter 3 is assigned to calculations of the ratings of main semiconductors in
the topologies on the basis of given specifications. Then, they are compared with
each other and the findings are summarized in a table. One of them is selected for
further study.
In chapter 4, a new unity power factor rectifier topology is developed and its
working principle is explained. Analytical expressions for the new topology is given
also in this chapter, and its performance is compared with the topology selected in
2

chapter 3.
Control techniques for power factor correction converters are given in chapter
5. The control techniques are explained briefly in this chapter.
Chapter 6 is assigned to simulations of the selected unity power factor
rectifier in chapter 3 and the new single switching transistor unity power factor
rectifier topology. These rectifiers’ simulation results are given in this chapter.
In chapter 7, the proposed new single switching transistor unity power factor
rectifier and the rectifier selected in chapter 3 are implemented on a single printed
circuit board (PCB), and the proposed rectifier’s performance is measured in a
laboratory by using 1 kW and 2 kW purely resistive loads. The proposed rectifier is
simulated in nearly same condition with the implemented rectifier. After that, the
simulation results and the measured results are compared in this chapter.
Chapter 8 is conclusion chapter and it summarizes all of the thesis briefly.
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CHAPTER II

UNITY POWER FACTOR RECTIFIERS

2.1 Introduction

There are lots of study , papers and documents upon unity power factor
rectifiers. To investigate UPF (Unity Power Factor) rectifiers, some documents are
read and the topologies in this documents are classified in this chapter. Some of
them are selected to investigate in detail.
Unity power factor rectifiers can be classified as single phase unity power
factor rectifiers and three phase unity power factor rectifiers considering mains
supply type; buck, boost, and buck-boost type unity power factor rectifiers according
to the rectifier’s relative input and output voltage magnitudes; and also UPF rectifiers
used single switching power transistor or multi switching power transistor. There are
so many papers about UPF rectifiers. 32 papers were investigated to find cheap and
best solution. Reference 2, 18, 26 express single phase single power switch boost
type rectifier and reference 23 express single phase single power switch buck type
rectifier. In reference 1, 3, 12, 14, 19, 20, 22, 29, 30 single phase boost type, in
reference 7, 27 single phase buck type and in reference 25, 31, 32 single phase buckboost type rectifiers are investigated. These rectifiers have switching power
transistors more than one. Reference 6 explain three phase single switch power
transistor boost type rectifier, but reference 4 buck type rectifier. Topologies in
reference 7, 8, 9, 10, 11, 13, 15, 17, 21 are three phase boost type ones. Rectifiers in
reference 16, 24, 28 are three phase buck type UPF rectifiers, and these use more
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than one switching power transistor as well as ones in reference 5, 8, 9, 10, 11, 13,
15, 17, 21. Among these 32 papers, reference 1-6 are selected. The selected papers
and the rectifier topologies in these papers are summarized in the following sections
in this chapter. The most suitable and cheapest rectifier is tried to be picked out, and
calculations of the rectifiers’ main electrical component ratings are given in chapter
3.

2.2 Single Phase Unity Power Factor Rectifiers

In this section, the selected papers in reference [1], [2], [3] are summarized
and the rectifier topologies, whose mains supply is single phase supplies in these
papers are investigated. The rectifier topologies are a single phase half-bridge boost
topology, well known front-end rectifier followed by a boost converter and a low
conduction loss AC/DC UPF rectifier topologies.

2.2.1 Single Phase Half-Bridge Boost Topology

This topology is boost type rectifier had a half controlled full bridge
configuration except the lack of two diodes reduced the conduction losses and its
working and control principles are given in this section [1].
In this topology, at any time there is only one semiconductor on-state voltage
drop. Hence conduction loss in this rectifier topology is very low, so it is expected
that the rectifier operates at high operating efficiencies.
For proper boost operation, the rectifier’s output voltage will be at least twice
the value of the peak input voltage. For example, when its mains supply’s voltage is
230 V rms, the rectifier’s output voltage will have to be greater than 760 V. This
means that high-voltage rated semiconductors and passive components are needed in
this topology due to the high voltage at the output side of the rectifier. However,
when its mains supply’s voltage is e.g. 130 Vrms, the rectifier’s output voltage will
5

have to be greater than only 370V. This topology is good option for mains supply
had nominal 110 V rms.
Figure 2.1 shows the rectifier topology. It is essential that voltage across the
capacitor C1 and C2 greater than the rectifier’s instantaneous input voltage for the
control action to be effective throughout the line cycle. In order to make its input
current and input voltage in phase, fixed-band hysteresis current control technique
can be used.

Figure 2.1 Half-bridge boost PFC circuit.

In the fixed-band hysteresis current control technique, by appropriately
switching the transistors S1 and S2, the input current iL is tried to be kept in a Δi
current band about the current reference iL,ref . figure 2.3 (a) and (b) show the two
modes of the circuit operation, named mode 1 and mode 2. In mode 1, at the time the
inductor current hits the lower bound (LB) at time to, the switching transistor S1 is
turned on, and whenever iL greater than zero S1 conducts, else D1 conducts. The
voltage across the output capacitor C1 is greater than the supply voltage peak either
S1 or D1 conducts, so the operation is boost operation, and the inductor current slope
will be positive. In mode 2, the inductor current hits the upper bound (UB) at time t1,
the switching transistor S2 is turned on, and depending on the iL polarity, S2 or the
diode D2 conducts. Also, the voltage across the output capacitor, C2 is greater than
the mains supply’s voltage peak in mode 2. However, the inductor current slope will
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be negative in this mode. At time t2, the inductor current hits the lower bound. In this
way, one switching cycle is completed. The switching frequency is much more
higher than the mains supply frequency, so the inductor current tracks the reference
current iL,ref easily.

(a)

(b)

Figure 2.2 Current waveforms in HCC technique, (a) Over one line cycle, (b) Over
one switching cycle.

(a)

(b)

Figure 2.3 The two modes of operation of the half-bridge circuit, (a) Mode 1:
positive inductor-current-slope mode, (b) Mode 2: negative inductor-current-slope
mode.
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Figure 2.4 Block schematic representation of a typical closed-loop system for PFC.

The rectifier’s output voltage is the sum of the voltages on the capacitor C1
and C2, so the rectifier’s output voltage must be greater than twice its input peak
voltage. In order to regulate the rectifier’s output voltage (Vo) to a desired level,
closed loop control system is applied to the rectifier and it is shown in figure 2.4.

Figure 2.5 Closed-loop control system with imbalance control.

Main drawback of the rectifier topology is imbalance of the capacitor voltages.
However, changing the closed loop control system as in figure 2.5 can eliminate this
imbalance. Error voltage, ΔV is introduced due to voltage difference over the
8

capacitors C1 and C2. The voltage difference over the capacitors should be
eliminated. Feeding ΔV through gain block (Ku) and adding its output iL,ref(t), new
reference current i'L,ref is obtained. In this way, voltage difference over the output
capacitors are forced to be zero.
i L' ,ref = i L ,ref + K u ΔV

(2.1)

The new block schematic is shown in figure 2.5 and input current tracks i’L,ref(t)
instead of iL,ref(t) when the new closed-loop control system is used.

2.2.2 Front-End Rectifier Followed By A Boost Converter

Front-end rectifier followed by a boost converter is a well-known unity power
factor rectifier. The rectifier topology and its working principle are explained briefly
in this section. Average current control technique expressed in detail in chapter 5 is
used as its control technique here [2].

Figure 2.6 Front-end rectifier followed by a boost converter.
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In figure 2.6, the rectifier topology with active power factor correction is
shown. Sinusoidal input voltage is converted to DC voltage with ripple via the diode
bridge rectifier. Boost inductor, Ls begins to store energy when the IGBT is on. In
this time, the output capacitor C supplies necessary voltage and current to the load.
Stored energy in the boost inductor and the energy from the mains supply is given to
the load and the output capacitor when IGBT is off. A power factor corrector
integrated circuit (PFC IC) such as UC3854 measures the output voltage, rectified
input current, it processes these signals, gives PWM signal with correct duty cycle to
a power semiconductor switch such as an IGBT’s gate to achieve sinusoidal input
current in phase with the input voltage. In this way, unity power factor at the input
side, regulated and correct output voltage at the output side is achieved. In order to
turn on and off the IGBT properly, an IGBT driver externally can be used for giving
appropriate voltage to the IGBT’s gate while some PFC ICs such as UC3854 has an
IGBT driver internally.
The power factor corrector integrated circuit (PFC IC) in figure 2.6 is an IC
such as UC3854 whose datasheet is given in Appendix B. It operates the rectifier in
continuous conduction mode and uses the average current control technique. In
continuous conduction mode, the rectifier’s input current follows the input voltage
waveform, so the input voltage and input current are nearly in phase. This means that
nearly unity power factor is achieved at the input side of the rectifier.
The IGBT in figure 2.6 is switched in fixed frequency but the duty cyle of the
signal is varying due to the nature of average current control technique.
Amount of high frequency ripple current in the input side of the rectifier is
determined by the value of the boost inductor, Ls for the continuous conduction
mode of the operation. The ripple current, ΔI must not exceed the twice the input
peak current value to become inductor current continuous.
Increasing the value of the boost inductor, ripple current can be made
arbitrarily small. As the ripple current on the input current is low, injected high
frequency noise to the supply line becomes low. The boost inductor’s value can be
calculated using the equation 2.2. In this equation, Vin(min) is the minimum input peak
voltage. D stands for duty cyle of the PWM signal given to the switching transistor’s
gate. The input sine wave peak current, Ipeak can be calculated by using the equation
2.3.
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L = Vin (min) D /( f s ΔI )

(2.2)

, where D = (Vo − Vin (min) ) / Vo and Vin (min) = 2Vin ( rms ) min .
I peak = 2 I in ( rms ) max + ΔI / 2

(2.3)

, where I in ( rms ) max = Pin (max) / Vin ( rms ) min .

Figure 2.7 Inductor current waveform.

Current variations in iL in continuous conduction mode for the average
current control technique is shown in figure 2.7. When switching transistor is on,
boost inductor’s current ramps upwards from its initial value. When switching
transistor is off, inductor current, iL ramps down and stored energy in the inductor is
given to the load and the output capacitor.
The output capacitance can be calculated by using equation 2.4. Derivation of
the equation is based on the energy transfer capability of the capacitor from Vo to
Vmin.
C o = 2 Pout Δt /(Vo2 − Vo2min )

(2.4)

As shown from the equation 2.4, the rectifier’s output voltage ripple is
decreased as the output capacitor’s value is increased. Also, larger value of the
output capacitor means longer hold-up time (Δt). When hold-up time is high, the
designed rectifier can tolerate supply interruptions with short durations at the
expense of bulky and costly capacitor banks.
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2.2.3 Low Conduction Loss AC/DC UPF Rectifier

A novel unity-power-factor controller for single-phase PWM rectifier is
shown in figure 2.8. This rectifier has controllable DC link voltage, high efficiency,
high power factor, and simple power circuits. Using the “feedback linearization
concept”, the current controller to obtain sinusoidal input current in phase with input
voltage of the rectifier is derived. Two active switches with reverse recovery diodes
and two diodes are used for ac-to-dc voltage conversion. The rectifier topology, its
working principle and controller are given in reference [3] and they are summarized
in this section.

(a)

(b)
Figure 2.8 Single phase, low conduction loss AC/DC UPF rectifier with input power

factor correction (a) Power circuit (b) its controller block diagram.
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In this topology, boost diode in figure 2.6 is eliminated to avoid the
conduction loss of the diode and boost inductor on DC side of the rectifier in figure
2.6 is located to the AC side of the rectifier to reduce the EMI (Electro Magnetic
Interference). This rectifier has a simple power circuit compared with the one in
figure 2.6. However, this topology requires more complicated control circuit than
the one in figure 2.6.
The converter in figure 2.8(a) is controlled by turning on and off the
switching transistor simultaneously. There is an assumption that current of the
inductor in figure 2.8(a) is continuous. When the switching transistors are turned on
simultaneously, the inductor current increases through one of the switches and the
other antiparallel diode. In this way, the inductor stores magnetic energy. Diodes, D1
and D2 prevent electrical energy stored in the output capacitor to flow to the AC side
of the rectifier since the diodes are reverse biased, and the output capacitor, C
provides the load current when the switching transistors are turned on
simultaneously. Then,
Vs − L

di s
=0
dt

(2.5)

, where is and Vs are the source current and voltage respectively. L is the inductance
of the inductor located on the AC side of the rectifier. When the switching transistors
are turned off simultaneously, magnetic energy stored in the inductor and electrical
energy from the mains supply given to the load and output capacitor through one
diode, D1 or D2 and one parallel diode of the two switching transistors, depending
on the direction of input current, is. Then,
Vs − L

di s
− Vd sgn(i s ) = 0
dt

(2.6)

In this equation, Vd is the converter’s output voltage, and sgn(is) denotes the sign of
the rectifier’s input current. Since it is a unity power factor rectifier, sgn(Vs) is equal
to sgn(is). Depending on the duty ratio, D of the PWM signal given the switching
transistors’ base and direction of the current, average inductor voltage over one
switching period, Ts gives the following source current variation, Δis:
Vs D + [Vs − Vd sgn(i s )](1 − D ) = L

Δi s
Ts

Hence, the duty ratio, D is equal to:
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(2.7)

(2.8)

D = D n + Dc
, where Dn = 1 −

Vs sin wt
Vd

, Dc =

LΔ i s
Vd Ts

. In equation 2.8, w and Vs are angular

frequency and its maximum input voltage respectively. The proportional and integral
(PI) current controller can be used so that the source current tracks the current
command, and duty cyle. PI is expressed by equation 2.9.

D c = k pc ie + k ic ∫ ie dt

(2.9)

In this equation, kic and kpc are the integral and proportional gains respectively. The
current error, ie is given in the equation 2.10.
ie = i s* − i s

(2.10)

The rectifier’s controller block diagram is given in figure 2.8(b). The duty
cycle, Dc is necessary to make its input current in phase with the input voltage. The
rectifier is originally a nonlinear dynamic system; but with the addition of the
nominal duty cycle, Dn to the rectifier, the relation between the input Dc and output
i s becomes a first-order linear dynamic system. Thus, the addition of the nominal

duty cycle to the duty cycle, Dc relaxes the burden of PI controller and this improves
the input current waveform and makes controllability of the rectifier easier.

2.3 Three Phase Unity Power Factor Rectifiers

In this section, the rectifiers, which have three phase mains supply, namely,
single transistor three phase multiresonant high power factor (HPF) rectifier, pulse
voltage source rectifier with PWM-SHE (Pulse Width Modulation- Specific
Harmonic Elimination) and single controlled switch three phase rectifier with unity
power factor and sinusoidal input current are expressed in detail in reference [4], [5],
[6]. The papers in these references are summarized and the rectifier topologies are
expressed briefly here.
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2.3.1 Single Transistor Three-Phase Multiresonant ZCS HPF Rectifier

A single transistor three-phase multiresonant ZCS high power factor rectifier
topology and its working principle are given in reference [4]. These are summarized
in this section.
The unity power factor rectifier is a new family of a three-phase single switch
high power factor (HPF) multiresonant buck type rectifier. It has continuous input
and output current. The three phase multiresonant ZCS (Zero Current Switching) cell
and resonant capacitor, Cr1’s voltage shapes are shown in figure 2.9. The transistor
operates with ZCS and the diodes operate with ZVS (Zero Voltage Switching) by
using a multiresonant scheme. These single transistor multiresonant rectifiers draw
higher quality of input current waveform at nearly unity power factor, have lower
stresses than the quasi-resonant rectifiers and PWM boost type rectifiers, which
operate in discontinuous conduction mode (DCM), since the portions of periods, B
and C in a switching interval shown in figure 2.9(c) are shorter than those of other
type of topologies. More linear input characteristic is produced due to the dominance
of the period, A and the voltage, VCr1 is proportional to the input current in this time
interval. Since this rectifier is buck type rectifier, the rectifier’s output voltage lower
than the rectifier’s input peak voltage. This type of rectifiers has low stresses on the
semiconductor devices and wide load range.
La, Lb, Lc and Lf are the filter inductors had small switching-frequency
current ripples. The resonant capacitors, Cr1, Cr2, Cr3’s average voltage during a
switching period are equal to the input voltages, Φ a , Φ b and Φ c respectively at
steady state. Furthermore, their peak voltages and the input currents, ia , ib , ic are
proportional to each other. Since the switching frequency is much higher than input
line frequency, the input current waveshape follows the input voltage waveshape
easily. High power factor and low harmonic input current content are results of this
phenomenon.
It is sufficient to consider a 300 interval of the AC input line waveform by
assuming the three phase line voltage is well balanced and symetric to make analysis
of the three phase multiresonant buck type rectifier shown in figure 2.9(a). Also, it is
assumed that the switching frequency of the rectifier is much higher than the input
15

(a)

(b)

(c)

Figure 2.9 (a) Three-phase multiresonant ZCS cell. (b) The input-side resonant-tank

capacitor-voltage waveform together with the input-current waveform. (c) The
enlarged waveform of VCr1 during one switching period.

line frequency. Analysis of rectifier in 300 interval, where ia>0>ic>ib , is described
here[4]:
1) Interval 1:to ≤ t ≤ t1, All switches are off except Dd: In this interval, each tank

capacitor, Cr1 –Cr3 charges up linearly at a rate proportional to its respective
line current. This will continue until switch S1 is turned on. During this
interval, resonant-tank inductor, Lr supplies the output load current. When
switch S1 turns on, the input line-to-line voltage, Vab is maximum and this
forces D1 and D5 to conduct.
2) Interval 2: t1 ≤ t ≤ t2, D1, D5, Dd, and S1 are on: In this interval, the capacitor

voltage, VCr3 continues to increase while the other two capacitor voltages ring
with resonant-tank inductor, Lr until the tank inductor current increases to zero
from the negative output current. Then, the diode, Dd turns off, initiating the
next interval.
3) Interval 3: t2 ≤ t ≤ t3, D1, D5, and S1 are on: In this interval, the capacitor

voltage, VCr3 continues to increase, while the other two capacitor voltages ring
with resonant-tank inductor, Lr. This will continue until VCr3 becomes equal to
16

VCr2. Then, diode, D6 also conducts. Depending on the magnitudes of ib and ic,
the order of interval 2 and 3 may be reversed. Interval 3 occurs before interval
2 when currents ib and ic are similar in magnitude.
4) Interval 4: t3 ≤ t ≤ t4, D1, D5, D6 and S1 are on: In this interval, the resonant-

tank capacitors, Cr1– Cr3, parallel capacitor, Cd and resonant-tank inductor, Lr
form a resonant-tank circuit. This interval ends when the resonant-tank
capacitor’s voltages, VCr1 – VCr3 discharge to zero.
5) Interval 5: t4 ≤ t ≤ t5, All switches are on except Dd: In this interval, the

parallel capacitor, Cd and resonant-tank inductor, Lr ring until the tank inductor
current decreases to the negative load current. At this point, the input bridge
rectifiers become reverse biased. Hence, the switch current becomes zero.
6) Interval 6: t5 ≤ t ≤ t6, All switches are off: Interval 6 is actually a subset of

Interval 1 as shown in the waveforms of figure 2.10. The capacitor, Cd’s
voltage linearly decreases until it reaches zero voltage and the diode, Dd turns
on. During the input diode bridge are reverse biased, the complete load current
is supplied by parallel capacitor Cd. Therefore, the switch, S1 can be turned off
with ZCS as shown in figure 2.10.
The system behaviour in the entire line period can be investigated by the
extension of the interval [0, π/6] due to the three-phase input voltages’ symmetry.
One operating point at the time π /2 is chosen to simplify the three phase input and
single ended output circuit shown in figure 2.10. At the time π /2, the phase voltage,
Van has its peak value. The other phase voltages, Vbn, Vcn are equal in magnitude to
one half of Van and both are negative. At this condition, capacitors Cr2 and Cr3 shown
in figure 2.10 are charged and discharged exactly in the same manner. Thus, the
capacitors Cr2 and Cr3 are considered as parallel connected capacitors. At this
operating point, the phase current, ian has its peak value. Also, ibn and icn are both one
half of the negative phase current, ian. Hence, current source Ig as shown in figure
2.11 can be placed instead of the input voltage sources and the input filter inductors.
Ig in figure 2.11 is the peak phase current, ian-peak. The effective capacitor, Cx shown
in figure 2.11 can be put instead of the input side resonant capacitors, Cr1 – Cr3. Cx is
equal to the series connection of Cr1 and parallel-connected Cr2 and Cr3. The three
phase input diode bridge in figure 2.10 is represented by the diodes D1 and D2 in
figure 2.11. The current source, I in figure 2.11 is placed instead of the output filter
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inductor in figure 2.10. Simplified single input and single ended circuit diagram is
obtained and shown in figure 2.11.

Figure 2.10 Basic single transistor three-phase multiresonant ZCS HPF rectifier

circuit and its ideal waveforms.

This simplified single input, single ended output model and the relations
between the actual three phase input circuit are given approximately as follows:
1)

Cx = Cr × 2/3, where input-resonant capacitors Cr1 – Cr3 have the
same values and are represented as Cr.

2)

Ig = peak phase current, ian-peak.

3)

Vg = 3/2 times the peak-phase voltage, Van-peak, where Vg is also the
same as the average voltage of VCx during one switching period.

4)

Three-phase input power Pin = Vg × Ig = 3/2 × Van-peak × ian-peak.
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Figure 2.11 The simplified single-input and single-output model of the single-

transistor three-phase multiresonant ZCS HPF rectifier.

The converter equations are normalized with respect to the DC output voltage
and they are given in the following equations:
Base voltage = V

(2.11)

Base current, I o = V / Ro

(2.12)

Base impedance, Ro =
Base frequency, f o =

Lr
Cx

(2.13)

1

(2.14)

2Π Lr C x

V in equation 2.11 and 2.12 is the rectifier’s output voltage.
The normalized values of the input and output quantities can be given as Mg = Vg/V,
Jg = IgRo/V, J = IRo/V = MgJg, α = 2пfo(t1-t0), β = 2пfo(t5-t1), and γ = (α+β)/2 if it is
assumed that the rectifier is an ideal loss-free system. The switch, S1’s off time is t1-t0
and its on time is t5-t1 as shown in figure 2.10.

2.3.2 12-Pulse Voltage Source Rectifier With PWM-SHE

12-pulse voltage source rectifier with PWM-SHE is explained in detail in
reference [5]. It is summarized briefly in this section.
AC drive system used with medium to high voltage systems is shown in
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figure 2.12. Two identical voltage source rectifiers connected in series are used as
active front-end rectifier. The rectifier shown in figure 2.12 is a 12-pulse rectifier and
its lowest order input current harmonics are 1lth and 13th harmonics with a balanced
input voltage source. The input dual transformer in the rectifier eliminates the input
current harmonics in the order of 6k ± 1 , where k = 1,3,5,...(2n − 1) . Hence, the input

dual transformer eliminates 5th, 7th, 17th and 19th harmonics. To eliminate all the
harmonics lower than 23rd, only 1lth and 13th harmonics are required to be eliminated
by the PWM-SHE (PWM-Specific Harmonic Elimination) method. Hence, a quite
low switching frequency can be obtained and it is an advantage. The minimum
switching frequency can be 350 Hz for this topology, but 750 Hz for the single
converter to eliminate all the harmonics with the order lower than 23rd is necessary.
Dynamic and steady state voltage-sharing problem seen for the series devices
in a single bridge topology are avoided in this topology. This high-power mediumvoltage PWM AC/DC voltage source rectifier has the ability to deliver nearly
sinusoidal current from mains supply at unity power factor while phase controlled
high-power medium-voltage rectifiers don’t have this ability.

Figure 2.12 Main circuit of the voltage source converter drive system.
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The AC and DC systems are interfaced by the rectifier using bi-directional
current and unidirectional voltage blocking switches in figure 2.12. The rectifier
exhibits voltage source characteristics at the DC terminal (DC link capacitors) and it
exhibits current source characteristics at the AC supply terminal. On the basis of
minimum ripple requirement of the DC bus voltage, Vdr, the DC link capacitor
should be chosen. The relationship of switching frequency, Fs, DC voltage ripple,
Vdr, input line current, Im, and modulation index, M are given in equation 2.15.
C=

Im
4 FsVdr

ΠM
ΠM ⎤
⎡
⎢⎣cos( 4 ) − cos( 2 )⎥
⎦

(2.15)

In order to maintain nearly unity power factor at its input side, there are
various control strategies such as hysteresis current control, phase and amplitude
control. However, their performance is not same. One different current control
strategy is suitable for PWM-SHE (Pulse Width Modulation-Specific Harmonic
Elimination) method and it is applied here. According to this control method, the
rectifier’s AC input voltage is made equal to the AC line voltage. The resulting
power factor is greater than 0.98 with the assumption that the link reactor is less than
0.4 p.u. Figure 2.13 shows the corresponding phasor diagram and Vrec is the rectifier
input voltage in this figure.

Figure 2.13 Phasor diagram of front-end voltage source converter.
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In order to evaluate the performance of different kinds of PWM patterns,
there are various criteria. Pulse width modulation-specific harmonic elimination
method has lower total harmonic distortion (THD), harmonic loss factor (HLF), and
second order distortion factor (DF2) when it is compared with other control
strategies under similar conditions. Hence, the most effective high performance
results can be obtained by using pulse width modulation-specific harmonic
elimination patterns.
All of angles of pulse width modulation-specific harmonic elimination can be
precalculated and stored in memory so that the unexpected narrow switching pulses
produced randomly by other online PWM patterns disappear. In order to prevent to
destroy the switching devices, too narrow pulses (1-100μs) are avoided to apply the
gate of the switching devices since they may violate the restrictions on minimum on
time and turn off delay of switching devices.

(a)

(b)
Figure 2.14 PWM-SHE switching pattern for 11th and 13th harmonic elimination

(modulation index M=0.9). (a) Switch gating signal. (b) Line-to-line voltage.
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There are well known advantages of pulse width modulation-specific
harmonic elimination (PWM-SHE) patterns. Since over-modulation is possible, high
voltage gain can be obtained. The ripple on the DC link current is small due to the
high quality output current and voltage, so reduction in the size of the DC link filter
components can be achieved. Moreover, elimination of the lower order harmonics
prevents harmonic interference such as resonance with external line filtering
networks.
The switching pattern, which especially eliminates the 1lth and 13th
harmonics, is just common two-level line-to-neutral PWM pattern, and it has quarter
and half wave symmetries. Fourier coefficients of the switching pattern are given in
equation 2.16 and 2.17.

an =

N
4 ⎡
⎤
−
−
1
2
(−1) k cos(nα k )⎥
∑
⎢
nΠ ⎣
k =1
⎦

bn = 0

(2.16)

(2.17)

The switching pattern can be obtained by solving three nonlinear functions (a11= 0,
a13= 0,and al = M), and it is shown in figure 2.14.

2.3.3 Single Controlled Switch Three Phase Rectifier With Unity Power Factor
and Sinusoidal Input Current

A single controlled switch three phase rectifier with unity power factor and
sinusoidal input current and its working principle are expressed in detail in reference
[6]. They are summarized in this section.
Single controlled switch three phase rectifier is possible with low harmonic
rectification, without active control of the line currents, and without the use of bulky
low-frequency passive elements. The three phase rectifier topology, the voltage
waveshape of the input capacitor, Csa, and the input current, isa is shown in figure
2.15.
The rectifier has two stages. Three phase diode bridge with the capacitors,
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Csa, Csb, Csc and inductors, Lsa, Lsb, Lsc connected to there phase mains supply is one
of the two stages. The other stage is the active output stage consisting of the boost
type single ended converter.

Figure 2.15 Topology of the converter.

Discontinuous current control technique with variable frequency is employed
to the active switching device of the output stage. In this rectifier topology, only one
boost inductor, LB is used. The rectifier has a pulsating input voltage during each
switching period. The pulsating input peak voltage, VCsa is proportional to the input
line current, isa and this provides an average of line current nearly sinusoidal and
approximately proportional to the phase voltage, Van. The input inductors, Lsa, Lsb,
Lsc filter the input line currents, isa, isb and isc respectively.
In order to obtain a high quality input current, the input inductors are forced
to operate in discontinious current mode in this high frequency converter. The input
capacitors Csa, Csb, and Csc, which are chosen to be sufficiently small to operate the
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circuit in discontinuous voltage mode are used in the boost rectifier shown in figure
2.15 to obtain low harmonic rectification.
Operation mode of the rectifier includes energy transfer from capacitors Csa,
Csb, and Csc to the inductor LB. Switch Q is turned on and the capacitors are
discharged by the resonating switch current to achieve this energy transfer. All
bridge diodes are conducting when the capacitors voltages are reduced to zero. The
magnetic energy stored in the inductor, LB is transferred to the load and the output
capacitor through the diode, DB when the switching transistor, Q is turned off. The
input capacitors, Csa, Csb, and Csc are charged linearly by the currents, isa, isb and isc
respectively when the diode, DB turns off until the switching transistor Q is turned on
again.
The system behaviour with suitable phase shifts for the entire fundamental
period can be analysed in a 600 interval. The interval which corresponds to the
condition: Vsa>0>Vsb>Vsc is considered here. It is assumed that the mains supply’s
phase voltages are sinusoidal, balanced, and approximately constant within a pulse
period. Operation modes of the rectifier within the 600 interval is as the following:
1. Mode 1: t0<t<t1, diodes D1, D6 and switch Q are on. At t=t0, switch Q
turns on; during this interval, the capacitor voltage VCsc continues to increase,
while the other capacitors, Csa, Csb and the inductor, LB resonate until the
capacitor voltage, VCsb reaches to the capacitor voltage, VCsc. The diode, D2
then also conducts during the next interval.
2. Mode 2: t1<t<t2, diodes D1, D2, D6 and switch Q are on. The three
capacitors, C1, C2, C3 and the inductor LB resonate until all the capacitors
are discharged by a pulsed current.
3. Mode 3: t2<t<t3, all diodes are on, switch Q is off. This mode starts when
the voltages across the capacitors are equal to zero and the switch, Q is then
turned off and energy is transferred from the boost inductor to the load
through diode DB . All diodes in this rectifier conduct. This mode ends when
the boost-inductor current becomes equal to value of the line current, isa.
4. Mode 4: t3<t<t4, diodes D1, D6 and DB are on. The capacitors, Csa, Csb and
the inductor, LB resonate. The capacitor, Csc is charged linearly by its line
current. The duration of this mode is negligible. The diodes, D1, D6 and DB
are conducting during this interval. This mode ends when the boost inductor
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current becomes zero.
5. Mode 5: t4<t<t5, all switches are off. The input capacitors, Csa, Csb, Csc are
charged linearly to their peak values by currents isa, isb and isc. This mode
ends when the switch Q turns on.
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CHAPTER III

SELECTION OF UPF RECTIFIER TOPOLOGY

3.1 Introduction

Some UPF (Unity Power Factor) rectifier topologies were investigated in
previous chapter. One of the topologies should be selected to simulate. Cheapest,
simplest and best suitable rectifier among the ones investigated in previous chapter is
tried to be picked out in this chapter. Transistor ratings, value of inductors and
capacitors of the selected rectifier topologies in previous chapter are calculated and
number of all critical components are given. At the end of the chapter, these values
and ratings are given in a table. The calculations of the unity power factor rectifiers
are made on the basis of the following specifications:
•

Rectifiers’ output power = 3 kW

•

Switching frequency, fsw = 20 kHz (it may be different)

•

Rectifiers’ output voltage = 530 ± 2 % V

•

Mains supply’s voltage = 220V rms if single phase rectifier

•

Mains supply’s voltage = 380V (line to line) rms if three phase rectifier

•

Mains supply’s frequency = 50 Hz

•

Input current ripple, ∆I = 5 % peak to peak current

•

Rectifier efficiency, η ≥ 95 % at full load

•

Input power factor, pf ≈ 1
The rectifiers’ efficiency is equal to or greater than 95 % according to above

specifications. Then, their maximum input power is calculated as 3158 VA by using
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the equation 3.1. In calculation of the component ratings, the rectifiers’ output power
is taken as 3158 VA.
Efficiency =

Power (output )
Power (input )

(3.1)

Diodes and switching power transistors’ current and voltage ratings are taken
as two times what is calculated in the following sections to prevent possible failure
of the semiconductor devices except in section 3.3.1 since necessary safety margins
are taken in the calculations in section 3.3.1.

3.2 Calculations Of Single Phase Unity Power Factor Rectifiers

In this section, single phase half-bridge boost rectifier, front-end rectifier
followed by a boost converter and low conduction loss AC/DC UPF rectifier’s
switching transistors’ voltage and current ratings are calculated according to the
specifications given in section 3.1. Values of power inductors and capacitors used in
these rectifiers, which have single phase AC mains supply are also calculated and
number of critical components are given.

3.2.1 Calculations Of Unity Power Factor Converter Using Half-Bridge Boost
Topology

Single phase half-bridge boost topology is investigated before in section
2.2.1. In this section, its switching transistors and their free-wheeling diodes’ voltage
and current ratings, value of its boost inductor and power capacitors are calculated
according to the specifications given in section 3.1. These are listed at the end of this
section together with number of the switching transistors and boost inductor and
power capacitors.
Using the specifications in section 3.1 and equation 2.3 describing that the
boost inductor’s peak current is sum of the high frequency ripple current and the sum
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of the power frequency line current [2], the rectifier’s maximum input rms current,
I in ( rms ) max , its boost inductor’s ripple current, ΔI , and peak current, I peak are
calculated as 16.887 A, 1.2247 A and 24.494 A respectively.
Since this rectifier topology’s output voltage is greater or equal to two times
its peak input voltage, modulation index, M is equal or greater to 2 [1]. Modulation
index formula is given in equation 3.2.

M =

Vo
≥2
Vp

(3.2)

, where V p = 2Vin ( rms ) . The voltage, V p is equal to 311.12 V when the rectifier’s
input voltage is equal to 220 V rms. The rectifier’s output voltage becomes its
minimum output voltage when the modulation index is taken as 2. Its minimum
output voltage, Vomin is calculated as 622.25 V when the voltage, Vp and the
modulation index, M are taken as 311.12 V and 2 respectively. Hence, the output
voltage specification in section 3.1 can’t be achieved in this topology. The rectifier’s
peak output voltage is sum of its DC output voltage and output voltage ripple. Its
peak voltage is found as 634.695 V by taking the output voltage ripple as ± 2 % of
the pure DC output voltage. The modulation index is found as 2.04 when the
rectifier’s output voltage is at its peak by putting the peak output voltage to the
equation 3.2 and taking Vp voltage as 311.12 V. This value of modulation index is
used in the following calculations in this section.
The maximum switching frequency, f s max is given in equation 3.3 and its
derivation is given in reference 1.
f s max =

Vo
4 LΔi

(3.3)

The boost inductance in this rectifier topology is calculated as 6.47 mH by
putting the values of ΔI and Vo in to equation 3.3 and taking f s max as 20 kHz. The
minimum switching frequency is given by the equation 3.4 and it occurs when the
mains supply’s voltage is at its peak value [1].
1 ⎞⎛
1 ⎞
⎛
f s min = 4 f s max ⎜ α + ⎟⎜ (1 − α ) − ⎟
M ⎠⎝
M⎠
⎝

(3.4)

Using the equation 3.4 and taking α (average duty cycle of switching transistor, S2 in
figure 2.1) as 0.5, the minimum switching frequency, f s min is calculated as 776.619
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Hz. The output current, Io given to the rectifier’s load is found as nearly 4.73 A by
dividing its 3 kW output power to its 634.695 V output voltage. The overall output
voltage ripple expression is given by equation 3.5 [1].

δVo =

Io
[2M (1 − 2α ) cos θ − sin 2θ ]
2Π f s C

, where α ≥ α min =

(3.5)

1
. C , f s , α , and M are one of its output capacitances,
M

switching frequency of the switching transistors, average duty cycle of switching
transistor, S2 ( (1 − α ) is the average duty cycle of the transistor S1) in figure 2.1, and
modulation index respectively. θ is equal to wt and w is the angular frequency of
the rectifier’s input voltage. Minimum capacitance value of the rectifier is calculated
using the equation 3.5. Minimum capacitance of the capacitor, C1 or C2 in figure 2.1
is calculated as 204 uF by taking δVo max , θ , α , and f s as 12.445V (+2 % ripple
voltage at the output), –36.3750 (because output voltage ripple has its peak value at

θ = −36.75 0 ), αmin (it is equal to 0.49 at modulation index, M = 2.04 ) and 20 kHz
maximum switching frequency.
There are the derivations of the following equations 3.6, 3.7, 3.8, 3.9 in
reference [1].
2(1 − α ) M
− 0.5)
Π

(3.6)

I s 2,avg = I o (

2αM
− 0.5)
Π

(3.7)

I D1,avg = I o (

2(1 − α ) M
+ 0.5)
Π

(3.8)

I D 2,avg = I o (

2αM
+ 0.5)
Π

(3.9)

I s1,avg = I o (

I s1,avg , I s 2,avg , I D1,avg , I D 2,avg are calculated as 0.7075 A, 0.7075 A, 5.43 A, 5.43 A
by using the equations 3.6, 3.7, 3.8, 3.9 and taking α , M , I o as 0.5 (since average
ratings of the diodes and switches are calculated here), 2.04, 4.73 A respectively.
Voltage stresses of the switches, S1, S2, the diodes, D1, and D2 in figure 2.1 are
same as the rectifier’s peak output voltage, which is equal to 634.695 V. The
necessary diode, switching transistor, inductor and capacitor ratings, their number,
and an expression about the rectifier’s control circuit are listed as following:
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Needed:

1. 2 IGBT (1269 V, 1.414A)
2. 2 reverse recovery diode (1269 V, 10.86 A)
3. 1 inductor (L=6.47 mH)
4. 2 capacitor (Each C ≥ 204uF)
5. UPF IC or special control circuit to switch the IGBTs.

3.2.2 Calculations Of Front-End Rectifier Followed By A Boost Converter

Front-end rectifier followed by a boost converter topology is expressed before
in section 2.2.2. In this section, its boost inductance and output capacitance and
switching transistor’s voltage and current rating are calculated according to the
specifications given in section 3.1. They are listed at the end of this section.
Its peak input current and input current ripple are calculated as 24.494 A and
1.2247 A respectively by using the equations 2.2 and 2.3 and the specifications given
in section 3.1. Its minimum input peak voltage, Vin(min)peak is calculated as 264.46 V
since its minimum input rms voltage, Vin(min)rms is equal to 187 V rms according to
the specifications. Putting the values of the minimum input peak voltage, Vin(min)peak
and the input current ripple, ΔI in to equation 2.2 and taking switching frequency as
20 kHz, value of the boost inductor, Ls is calculated as 5.4 mH.
Its output capacitance is calculated as 1124.2 uF by taking hold-up time, Δt,
worst-case output voltage drop, the rectifier’s output power as 10 ms, 10 % of its
mean output voltage, 3 kW and using the equation 2.4.
The switching transistor’s current stress is equal to the rectifier’s peak input
current, and it is 24.494A. Its voltage stress is same as the rectifier’s output voltage.
Hence, the transistor’s voltage stress is 530 V.
The bridge diodes’ voltage stresses in this rectifier is same as its input peak
voltage and it is 311 V. These diodes’ current stresses are equal to the rectifier input
peak current.
The boost diode in the rectifier has same voltage and current stresses as the
switching transistor’s ones and it should be fast diode. Main components of the
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rectifier, value of the output capacitor and boost inductor, the switching transistor
and the diodes current and voltage ratings, and which type of IC can control the
rectifier are summarized as the following:
Needed:

1. Four bridge diode (622 V, 49A)
2. One fast boost diode (1060V, 49A).
3. One IGBT with reverse recovery diode (1060V, 49A)
4. One capacitor (1124.2uF)
5. One inductor (5.4mH)
6. UPF (unity power factor) IC.

3.2.3

Calculations Of Low Conduction Loss AC/DC UPF Rectifier

In this section, equations related with the boost inductance and output
capacitance in low conduction loss AC/DC UPF rectifier expressed before in section
2.2.3 are derived. The rectifier's boost inductance, output capacitance, power
semiconductor diodes and switching transistor’s voltage and current ratings are
calculated according to the specifications given in section 3.1.
In order to calculate the output capacitance and boost inductance, L in figure
2.8(a), equations related with the inductance and capacitance are derived as the
following:
1st stage: When switching transistors, S1 and S2 are on:

Using the following inductor voltage equation, and integrating the two sides
of the equation, equation 3.10 is obtained.
Vin = L

di
⇒ Ldi = Vin dt
dt

ΔI

∫ Ldi = V

T

in 1

0

LΔI = VinT1 ⇒ T1 =

LΔI
Vin

(3.10)

2nd stage: When switching transistors, S1 and S2 are off,
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L

di
= Vin − VO
dt

Two sides of the equation is integrated as the following,
0

TS

ΔI

T1

∫ Ldi = ∫ (V

in

− VO )dt

Calculating the above equation, equation 3.11 is derived.
− LΔI = (Vin − VO )(TS − T1 )

(3.11)

In order to remove T1 from the equation 3.11, T1 in equation 3.10 is put in
to equation 3.11.
− LΔI = (Vin − VO )(TS −
⇒ L = Vin (min)

LΔI
)
Vin

(VO − Vin (min) )
VO

( f S ΔI )

(3.12)

Equation 3.12 expresses the boost inductance, L in terms of the rectifier's
output voltage, VO , minimum peak input voltage, Vin (min) , the switching frequency,
f S and the input ripple current, ΔI .
Derivation of the output capacitance value using the energy transfer
capability of a capacitor is given below:
CV 2
, this is the well-known energy formula of a capacitor.
2

E=

C is the output capacitance and V stands for the voltage over C.
E1 =

CVO2
, where VO is the desired output voltage of the UPF rectifier.
2

E2 =

CVO2min
, where VO min is the rectifier’s permissible output voltage.
2

Using the energy difference between E1 and E2,
E1 − E 2 = Pout Δt
C=

2 Pout Δt
V02 − VO2min

(3.13)

In equation 3.13, Pout and Δt are the rectifier's output power and hold-up
time. Equations 3.12 and 3.13 are equal to equations 2.2 and 2.4 respectively. Thus,
the boost inductance and output capacitance in figure 2.8(a) are calculated and same
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results are found as in section 3.2.2.
The transistors, S1 and S2, and the diodes, D1 and D2 have voltage stresses
equal to the rectifier's output voltage. The two transistors and the diodes' current
stresses are equal to the rectifier's input peak current. Therefore, their voltage and
current stresses are 530 V, 24.494 A. The two transistors' reverse recovery diodes
have the same voltage and current stresses as the transistors.
Needed:

1. Two diode (1060V, 49 A)
2. Two IGBT with reverse recovery diodes (1060V, 49 A)
3. One capacitor (1124.2uF)
4. One inductor (5.4mH)
5. Complex control circuit or PFC IC to switch IGBTs.

3.3 Calculations Of Three Phase Unity Power Factor Rectifiers

Switching transistors’ voltage and current ratings, value of power inductors
and capacitors, and number of critical components in the single transistor three phase
multiresonant ZCS HPF rectifier, 12-pulse voltage source rectifier with PWM-SHE
and single controlled switch three phase rectifier with unity power factor and
sinusoidal input current, whose mains supply is 3 phase AC supply are calculated
according to the specifications in section 3.1 and given in this section.

3.3.1 Calculations Of Single Transistor Three-Phase Multiresonant ZCS HPF
Rectifier

It is a buck type rectifier so it does not give necessary output voltage 530V.
Hence input voltage 3 Φ AC 380V(l-l,rms) and output voltage 400V DC is taken for
calculations in this configuration. Output power is taken as 3 kW like for other
configurations.
In calculations, simplified single input and single output model of the single
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transistor three phase multiresonant zero voltage switching high power factor
rectifier in figure 2.11 is used. All the equations and the figures below used in
calculations are taken from reference 4.
Effective input voltage is given by the equation 3.14 and equation 3.15
expresses the normalized input voltage equation.
3
V g = Van − peak
2
Mg =

(3.14)

Vg

(3.15)

V

, where V is the rectifier's output voltage in figure 2.9(a). Effective input voltage for
this rectifier is calculated as 465 V by using equation 3.14. Normalized input voltage
is found as 1.1625 by putting 400 V as V and 465 V as V g in to equation 3.15.

Figure 3.1 The normalized input characteristic of the single-transistor three-phase

multiresonant ZCS HPF rectifier. The normalized transistor off time α is expressed
in radians.
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Maximum normalized peak input current, Jg is calculated as 1.3 by using the
graphic in figure 3.1 at Mg = 1.1625 for 3 kW rectifier. Normalized frequency, F is
calculated as 1.22 by using the equation 3.16 and taking α as 2 (α is calculated as 2
using the figure 3.1 when Mg is equal to 1.1625 and Jg is taken as 1.3).
Normalized frequency, F =

2Π
α +Π

(3.16)

The rectifier's output current, Iout is calculated as 7.5 A since its output power
is 3 kW, and its output voltage is 400V. Characteristic impedance equation is given
in the following equation. The characteristic impedance is calculated as 80.6 Ω
putting the necessary values calculated above in to equation 3.17.
Ro = M g J g

V
I

(3.17)

Base frequency, f o is calculated as 16.39 kHz by taking switching frequency,
f s as 20 kHz and putting the value of normalized frequency, F in to equation 3.18.
fo =
Ro =

fs
F

(3.18)

Lr
Cx

(3.19)

, where C x is effective capacitance, and Lr is resonant tank inductor in figure 2.11.
Another base frequency equation is given in equation 3.20.
fo =

1

(3.20)

2Π Lr C x

Values of C x and Lr are calculated as 0.12 uF and 0.78 mH respectively by using
equation 3.19 and 3.20.
Cx =

2
Cr
3

(3.21)

, where Cr is the capacitance of one of the input side resonant tank capacitors Cr1, Cr2,
and Cr3. Cx and Cr are related with each other as in the equation 3.21. Using the
equation 3.21, Cr is calculated as 0.18uF.
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Figure 3.2 Normalized voltage stress of switch S1.

Normalized voltage stress is calculated as 3 for this rectifier at Mg = 1.1625
and Jg = 0.7 by using the figure 3.2. Jg is taken as 0.7 at Mg = 1.1625 since the
switch's normalized voltage stress is at its peak when Jg is equal to 0.7.
Vs1 = M s1 × V

(3.22)

, where Ms1 is normalized voltage stress and Vs1 is the switch, S1's peak voltage.
The switch, S1's voltage stress with safety margin is calculated as 1200 V by using
equation 3.22.
The switch, S1's normalized maximum current stress is observed as 3.75 from
figure 3.3 when Mg and Jg are equal to 1.1625 and 0.8 respectively.
Peak switch current is given by the equation 3.23.
I s1 = J s1 ×

V
Ro

(3.23)

, where Js1 is normalized peak switch current. The peak switch current is calculated
as 18.6 A by using the equation 3.23.
The output diode, Dd's normalized maximum voltage stress is observed as 3
from figure 3.4 when Mg and Jg are equal to 1.1625 and 0.4 respectively. Its peak
voltage stress is expressed by equation 3.24.
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Figure 3.3 Normalized current stress of switch S1.

Figure 3.4 Normalized voltage stress of output diode.
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V Dd = M Dd × V

(3.24)

, where VDd stands for the diode's peak voltage stress and MDd is its normalized
voltage stress. Its current stress is equal to the rectifier's output current (7.5 A). Input
diodes, D1, D2, D3, D4, D5, D6 in figure 2.9(a) have the same rating as the
switching transistor.
Needed:

1. Five inductor (Lr = 0.78 mH critical)
2. Five capacitor (Cr = 0.12 uF critical)
3. One output diode (1200 V, 7.5 A), 6 input diode
4. One IGBT or power transistor (1200 V, 18.6 A)
5. Microcontroller or an special IC to calculate and switch the IGBT at proper
times.

3.3.2 Calculations Of 12-Pulse Voltage Source Rectifier With PWM-SHE

12-Pulse voltage source rectifier with PWM-SHE is explained before in
section 2.3.2. Its output capacitances, input inductances and switching transistors'
current and voltage stresses are calculated by using the specifications given in
section 3.1 in this section.
Switching angles, α1, α11 and α13 are calculated as 31.410, 5.26110 and
2.56670 respectively by using equation 2.16, 2.17, and taking a11, a13, a1, M as 0, 0,
0,9, 0,9 as in reference [5].
e1 and e2 are two of three phase voltages of the upper part of the rectifier and
they are expressed in equation 3.25 and equation 3.26 respectively.
e1 = 190 2 cos wt

(3.25)

e2 = 190 2 (cos(wt − 120))

(3.26)

( L1 + L2 )

di
+ e1 + u C − e2 = 0
dt

(3.27)

Equation 3.27 is the node voltage equation of the rectifier’s upper part in the
converter in figure 2.12. In this equation, uC stands for the rectifier’s upper part’s
output voltage and L1 and L2 are two of the three inductors in the upper part of the
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rectifier.
i1 = I cos wt

(3.28)

, where i1 is the current flowing through the inductor, L1 and i2 is the current flowing
through the inductor, L2 and it is 1200 phase delayed version of the current, i1. I is the
magnitude of i1or i2. I is calculated as 3.9176 A by dividing its output power to i1 in
rms and multiplying by

2.

Assuming its input ripple current can be 5 % peak to peak, ΔI is calculated as
0.20089A. fs can be as small as 350 Hz in this configuration [5].
Δwt = 5.26110 − 2.5667 0 = 2.6944 0
⇒ Δwt = 2ΠfΔt = 2.6944 0 ⇒ Δt = 0.003309 s
Equation 3.29 is derived by investigating the rectifier when Δt is equal to 0.003309 s
and putting the e1 in equation 3.25 and the e2 in equation 3.26 in to equation 3.27 and
splitting the currents i1 and i2 in to two parts, one with ripple and the other without
ripple.
L1 (

di1 ΔI
di
ΔI
+ ) + L2 ( 2 + ) + 190 2[cos( wt − 120) − cos wt ] + u C = 0 (3.29)
dt Δt
dt Δt

L1 and L2 are calculated as 128.337 mH by using the calculated values of Δt and ΔI
when wt is equal to 1200. When switching frequency is taken as 20 kHz, each of
these inductances will be nearly 2.25 mH. In these calculations, uC is taken as 275 V
since the rectifier’s output voltage is 550 V and the rectifier has two part and their
output voltage is assumed as 1 / 2 times the rectifier’s output voltage.
C=

Im
4 f sVdr

ΠM
ΠM ⎤
⎡
cos(
)
−
cos(
)
⎢
4
2 ⎥⎦
⎣

(3.30)

The relationship between its output capacitance, C, input line current, Im,
switching frequency, fs, modulation index, M and output voltage ripple, Vdr is given
by the equation 3.30, and total output capacitance is calculated as 1.6 uF (modulation
index, M = 0.667, Im = 3.9176 A, switching frequency, fs = 20 kHz, 2 % of its output
voltage = output voltage ripple = 11 V) but its total output capacitance is calculated
as 93 uF when its switching frequency, fs is equal to 350 Hz. Since there are two
capacitors in series at its output side, each of the two capacitances is 3.2 uF but 186
uF when its switching frequency, fs is equal to 350 Hz.
IGBT voltage stress is equal to half of its output voltage. IGBT current stress
is equal to I + ΔI (4.12A).
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Needed

1. Three winding transformer
2. 12 IGBT (550V, 8.24A)
3. 6 inductor (each 2.25 mH)
4. 2 capacitor (3.2 uF)
5. Microcontroller (and EEPROM) or DSP IC is required to calculate the
necessary switching angles.

3.3.3 Calculations Of Single Controlled Switch Three Phase Rectifier With
Unity Power Factor And Sinusoidal Input Current

In this section, main power semiconductors’ current and voltage stresses and
the boost inductance and main capacitances in the rectifier expressed in section 2.3.3
are calculated according to the specifications given in section 3.1.
Normalized value of the boost inductor, ILBn, normalized switching
frequency, Fsn, normalized output resistance of the rectifier, Routn can be selected as
4, 0.954 and 50 respectively by considering silicon utilization, voltage stress across
the semiconductor devices and the cost and size of reactive elements [6].
Normalized base current, base impedance, base voltage, base frequency are
given in equation 3.31, 3.32, 3.33, 3.34 [6].
Base current, I b = Vb / Z b

(3.31)

LB

Base impedance, Z b =

(3.32)

Ce

, where LB is the boost inductance and Ce is the equivalent capacitance of the
capacitors, Csa, Csb, and Csc in figure 2.15 when the capacitors are connected parallel.
Base voltage, Vb = Vout
Base frequency, Fb =

(3.33)
1

(3.34)

2Π L B C e

Taking switching frequency, fs as 20 kHz and the rectifier’s output voltage, Vout as
550 V and using the equations 3.35 and 3.36 given in reference [6], the boost
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inductor, LB and equivalent input capacitance, Ce are calculated as 15.3 uH and 3.76
uF respectively.
LB =

Rout Fsn
2ΠRoutn f s

(3.35)

, where Rout is the rectifier’s output resistance or load resistance.
Ce =

Routn Fsn
2ΠRout f s

(3.36)

Ce =

2
C sa
3

(3.37)

Putting the calculated value of the equivalent input capacitance, Ce in to the equation
3.37 given in reference [6], the input capacitance, Csa is calculated as 5.65 uF. Since
the input capacitances, Csb and Csc have same capacitance with Csa, their values are
also 5.65 uF. In this topology, equation 3.13 can be used for the calculation of the
output capacitor. The output capacitance is calculated as 1044 uF by taking hold-up
time, output power, output voltage and worst-case minimum output voltage as 10 ms,
3 kW, 550 V, 495 V respectively and using equation 3.13.
The switching transistor’s voltage stress is calculated as 550V by ignoring
voltage drop of DB . Its current stress is same as one of the rectifier’s input peak
phase current, which is equal to 3.38 A. Current and voltage stresses of the power
diodes in figure 2.15 are same as those of the IGBT.
Needed:

1. 1 IGBT (1100 V, 6.76 A)
2. 4 capacitor (three of them is 5.65 uF and one is 1044 uF)
3. 1 boost inductor (15.3 uH) and 3 input inductor
4. 7 power diode (1100 V, 6.76 A)
5. Unity power factor integrated circuit is needed.

3.4 Results of Calculations

Critical electrical components in the rectifier topologies investigated in
chapter 2 are calculated in this chapter. The calculation results are summarized in
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TOPOLOGY

TRANSISTOR

Critical
L

2 IGBT
Single Phase HalfBridge Boost Topology (1269, 1.414A) 6.47 mH

Front-End Rectifier
Followed By A Boost
Converter

1 IGBT
(1060, 49A)

5.4 mH

Low Conduction Loss
AC/DC UPF Rectifier

2 IGBT
(1060, 49A)

5.4mH

Single Transistor Three
1 IGBT
Phase Multiresonant
ZCS HPF Rectifier (1200V, 18.6 A) 0.78mH
12-Pulse Voltage Source 12 switching 6 inductor
transistor
(each
Rectifier with PWM(550V, 8.24A) 2.25 mH)
SHE
Single Controlled
Switch Three Phase
Rectifier with Unity
Power Factor and
Sinusoidal Input
Current

1 IGBT
(1060V, 6.76 A) 15.3 uH

C

COMMENT
UPF IC or specific IC to
drive IGBTs. Output voltage
2 capacitor
should be 2 times input
(each 204 uF)
voltage amplitude
This topology is very cheap
and easy to implement and
also it satisfies all necessary
1 capacitor
specification. This
(1124.2 uF) configuration needs UPF IC
Conduction loss is lower
than front-end rectifier
1 capacitor
followed by a boost
(1124.2uF)
converter
No comment Microcontroller or special
about its output IC needed to calculate and
capacitor in
switch the IGBT at proper
reference [4]
times
DSP or microcontroller is
2 capacitor needed to switch the IGBTs
(each 3.2 uF)
using SHE technique

1044uF

UPF IC is needed

Table 3.1 Comparison of the rectifiers.

table 3.1.
Single transistor three phase multiresonant ZCS (zero current switching) HPF
(high power factor) rectifier scheme uses single switching transistor, but it needs
microcontroller or special integrated circuit to switch the IGBT at proper times.
In 12-pulse voltage source rectifier with pulse width modulation-specific
harmonic elimination method, the switching frequency can be as low as 350 Hz.
However, it uses 12 switching transistor such as IGBT or GTO. Microcontroller or
DSP integrated circuit is needed to control the switching transistors. It is suitable for
high power applications (e.g. 100 kVA).
Single controlled switch three phase rectifier with unity power factor and
sinusoidal current uses a single switching transistor, and a PFC integrated circuit is
enough to control the switching transistor.
Single phase mains supply is much more available than three phase mains
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supply. Hence a single phase unity power factor rectifier topology is more
convenient to design a 3 kW unity power factor rectifier although a 3 kW three phase
unity power factor rectifier can also be designed.
Single phase half-bridge boost topology requires two switching power
transistor. Output voltage can not be smaller than two times of the mains supply’s
voltage amplitude. In Turkey, single phase mains supply’s voltage amplitude is 311
V ( 220 × 2 ) and two times of this value is equal to 622 V. Its required output
voltage should be between 400 and 550 V, so single phase half-bridge boost
topology mentioned in chapter 3 is not selected to simulate.
In front-end rectifier followed by a boost converter topology, one transistor is
used for switching purposes, but diode, D in figure 2.6 increases conduction losses.
Low conduction loss AC/DC UPF rectifier uses two switching transistor, but
there is no diode bridge. It has relatively complex control circuit given in figure 2.8
comparing the front-end rectifier followed by a boost converter’s control circuit, but
it can be controlled with a PFC integrated circuit as the front-end rectifier followed
by a boost converter. However, application of PFC integrated circuit with the low
conduction loss AC/DC UPF rectifier topology is not tested. This is beyond the
scope of the thesis.
Front-end rectifier followed by a boost converter topology is selected to
simulate and compare with a proposed single transistor unity power factor rectifier
expressed in chapter 4 since the front-end rectifier followed by a boost converter
topology’s mains supply is single phase supply and it is much more available than
three phase mains supply, it has simple control circuit using only one PFC integrated
circuit, and it can give necessary output voltage and power.
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CHAPTER 4

PROPOSED SINGLE PHASE SINGLE SWITCHING TRANSISTOR UPF
RECTIFIER TOPOLOGY

4.1 Introduction

Front-end rectifier followed by a boost converter configuration in figure 2.6
uses single switching transistor and it has simple control circuit, but its conduction
loss higher than low conduction loss AC/DC unity power factor rectifer in figure 2.8
while it uses two switching transistors. On the other hand, proposed single phase
single switching transistor unity power factor rectifier has simple control circuit and
lower conduction loss than front-end rectifier followed by a boost converter and the
low conduction loss AC/DC unity power factor rectifier in figure 2.8.
The theory behind proposed single switching transistor low conduction loss
unity power factor rectifier is that one switching power transistor can be used instead
of two switching power transistor in the low conduction loss AC/DC unity power
factor rectifier since the two transistors are turned on an off at the same time. In
addition, the proposed single switching transistor low conduction loss unity power
factor rectifier should be controlled with a standart unity power factor rectifier
integrated circuit.
In this chapter, a new single switching transistor unity power factor topology
with low conduction loss is proposed. Its operation principle and analytic analysis are
given in the following sub-chapters in this chapter.
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4.2 Proposed Single Phase Single Switching Transistor UPF Configuration

A single phase, single switching transistor unity power factor rectifier
topology is proposed and its operation principle is given in this sub-chapter. It has
one single phase diode bridge, two boost inductors, two ultrafast diodes, one output
capacitor and single switching transistor. Actually, one boost inductor can be used
instead of two boost inductor since these two boost inductors are serially connected
to each other with respective to the mains supply. Two boost inductors whose total
inductance is same as the boost inductor are used for making the topology symmetric
with respective to mains supply. The proposed topology is shown in figure 4.1.

Figure 4.1 Proposed single phase single switching transistor UPF rectifier.

Operation principle of proposed low conduction loss UPF rectifier
configuration in figure 4.1 described below:
1st step: When switching transistor is on and mains supply’s voltage phase is

between 0 and 1800, current flows through inductor L1, D5, transistor, diode D4 and
inductor L2. Since transistor is on, it is seen that these inductors are connected to
supply directly and they begin to store energy. Topology looks like in figure 4.2 at
this time.
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Figure 4.2 Equivalent circuit when switching transistor on and mains supply’s

voltage phase is between 0 and 1800.

2nd step: Switching transistor is off and mains supply’s voltage phase

between 0 and 1800, current i flows through L1, D1, C1, D4, L2 and the mains
supply. In this way, inductor L1, L2 start to give stored energy to load and capacitor
C1.

Figure 4.3 Equivalent circuit when switching transistor is off and mains supply’s

voltage phase is between 0 and 1800.
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3rd step: When mains supply’s voltage phase is between 180 and 3600 and the

switching transistor is on, current flows through L2, D6, the switching transistor, D3,
L1, and the inductors store energy. However, current direction and inductor voltage
polarity is reversed. The topology looks like as in figure 4.4 at this time.

Figure 4.4 Equivalent circuit when mains supply’s voltage phase is between 180 and

3600, switching transistor is on.

4th step: When mains supply’s voltage phase is between 180 and 3600 and the

switching transistor is off, current flows through D2, C1, D3 and L1. The topology
looks like in figure 4.5 now.

Figure 4.5 Equivalent circuit when mains supply’s voltage phase is between 180 and

3600 and switching transistor is off.
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The boost inductors, L1 and L2, store electrical energy in 1st and 3rd step
while they destore and give the electrical energy to the output capacitor, C1 and the
load in 2nd and 4th step. In this way, the proposed topology achieves boost operation.

4.2.1 Comparison Of The Proposed Rectifier With Front-End Rectifier
Followed By A Boost Converter And Low Conduction Loss AC/DC UPF
Rectifier

Proposed unity power factor rectifier is compared with the front-end rectifier
followed by a boost converter in figure 2.6 and the low conduction loss AC/DC unity
power factor rectifier in figure 2.8 on the basis of efficiency, number of
semiconductors. Comparisons are made roughly here. The proposed rectifier and
front-end rectifier followed by a boost converter are compared in detail in chapter 6
by making simulations.
Proposed rectifier topology in figure 4.1 is better than front end rectifier
followed by a boost converter in figure 2.6 with respect to following characteristics:
1. In the proposed topology, the boost diode, D in figure 2.6 is eliminated. In
front-end rectifier followed by a boost converter, two bridge diode is on when
the transistor is on as in the proposed topology. Two bridge diode and the
boost diode, D in figure 2.6 is on in the front- end rectifier followed by a
boost converter while only one bridge diode and one boost diode, D1 or D2 is
on according to the mains supply’s polarity when the transistor is off. Hence,
proposed rectifier’s conduction loss is less than the front-end rectifier
followed by a boost converter. Front-end rectifier followed by a boost
converter topology is redrawn in figure 4.6. Its equivalent circuit when the
transistor is on and off is shown in figure 4.7 and figure 4.8.
2. In the proposed rectifier topology, inductor core resetting is achieved
naturally due to reversing of input current direction at every half cycle of the
input voltage, so free-wheeling diode is not necessary and it can not be used
with parallel to boost inductors, L1 and L2. In front-end rectifier followed by
a boost converter, one free wheeling diode has to be used and connected
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parallel to boost inductor, LS and the boost diode, D in figure 2.6.
Although proposed topology has the mentioned advantages, the bridge
diodes, D3, D4, D5, D6 in proposed topology have higher voltage stresses than the
bridge diodes in front-end rectifier followed by a boost converter since the boost
inductors L1 and L2 are connected between mains supply and the bridge diodes in
proposed topology. The bridge diodes D3, D4, D5, D6 in proposed topology will
have voltage stresses same with switching transistor in figure 4.1 since the diode
bridge is connected parallel with the transistor.

Figure 4.6 Front-end rectifier followed by a boost converter topology.

(a)

(b)

Figure 4.7 Front-end rectifier followed by a boost converter's equivalent circuit

when the switching transistor is on (a) mains supply’s voltage phase is between 0 and
1800, (b) mains supply’s voltage phase is between 180 and 3600.
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(a)

(b)
Figure 4.8 Front-end rectifier followed by a boost converter's equivalent circuit

when the switching transistor is off (a) mains supply’s voltage phase is between 0
and 1800, (b) mains supply’s voltage phase is between 180 and 3600.

Performance of the proposed rectifier topology and low conduction loss AC/DC
UPF rectifier in figure 2.8 are compared, their advantages and disadvantages are
listed:
1. Proposed rectifier scheme uses only one switching transistor while other one
uses two switching transistor (the three transistor ratings are nearly equal).
Proposed UPF rectifier has one diode bridge but the other one don't have
diode bridge, it uses two ultrafast diodes and two switching transistors’
freewheeling diode as diode bridge.
51

2. In the rectifier in figure 2.8(a), two switching transistor turned on and off
simultaneously. When the transistors are on, input current flows through one
transistor such as an IGBT and the second transistor's freewheeling diode.
When the transistor is on in proposed topology, input current flows through
two bridge diodes and one transistor. At this time, the rectifier in figure 2.8
has low conduction loss but the difference is small since freewheeling diodes
have relatively higher voltage drop than bridge diodes in general. On the
other hand, the transistors in figure 2.8 are off, input current flows through
the boost diode, D1 or D2 and one of the transistor's free-wheeling diode in
low conduction loss AC/DC unity power factor rectifier while the transistor
in figure 4.1 is off, the current flows through boost diode D1 or D2 and
bridge diode D4 or D3 depending on the mains supply's polarity in proposed
topology. Hence, proposed topology has lower conduction loss than the ones
in figure 2.8 since the transistors' freewheeling diode have generally higher
conduction voltage drop than the bridge diode's conduction voltage drop.
The rectifier topology in figure 2.8 is redrawn in figure 4.9 and its equivalent
circuits when the transistors are on and off are shown in figure 4.10 and 4.11.

Figure 4.9 Low conduction loss AC/DC UPF rectifier topology.
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(a)

(b)

Figure 4.10 Low conduction loss AC/DC UPF rectifier's equivalent circuit when the

switching transistor is on (a) mains supply’s voltage phase is between 0 and 1800, (b)
mains supply’s voltage phase is between 180 and 3600.

(a)

(b)
Figure 4.11 Low conduction loss AC/DC UPF rectifier's equivalent circuit when the

switching transistor is off (a) mains supply’s voltage phase is between 0 and 1800, (b)
mains supply’s voltage phase is between 180 and 3600.
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In order to understand whether proposed unity power factor rectifier topology
or the one in figure 2.8 has lower conduction loss, the rectifier topology
specifications and diodes and switching transistors used in implementation have to be
known. In unity power factor rectifier implementation part in this thesis,
HGTG20N60A4D IGBT, RURG5060 ultra fast diode, VBO30-12N07 diode bridge
are used as switching transistor, boost diode and single-phase diode bridge
respectively. Also, the boost rectifier implemented has nominal 220 V rms input
voltage, 440 V output voltage and 3 kW output power. These specifications are given
in chapter 6. Equation 2.2 is applicable to front-end rectifier followed by a boost
converter in figure 2.6, low conduction loss AC/DC unity power factor rectifier in
figure 2.8 and proposed rectifier topology since they are all boost rectifier topologies
and their operation principle is similar. Average duty ratio can be calculated using
equation 2.2 and putting rectified input voltage's average value instead of input
minimum voltage to this equation as input voltage, and it is 0.55. The rectifiers'
efficiencies are assumed as 100 % to simplify the semiconductors' conduction loss
calculations. The rectifiers input current can be calculated using equation 4.1.
I in ( rms ) =

Pin

(4.1)

Vin ( rms )

, where Vin ( rms ) is the rectifiers' input voltages, and Pin is their input voltage. Then,
the rectifiers' input currents are nearly 13.64 A rms. HGTG20N60A4D IGBT and its
free-wheeling diode have 1.6 V, 1.8 V conduction voltage drop while their junction
temperatures and currents are 125 0C, 13.64 A. RURG5060 ultra fast diode has 0.9 V
conduction voltage drop when its junction temperatures and currents are 100 0C,
13.64 A. One diode in VBO30-12N07 diode bridge has 1 V conduction voltage drop
when its current is 13.64 A. Proposed rectifier topology and the other ones'
semiconductor conduction loss can be calculated using the equation 4.2 when the
transistors are on, the equation 4.3 when they are off.
Conductionloss = Semiconductorsvoltagedrop × rmscurrent × D

(4.2)

Conductionloss = Semiconductorsvoltagedrop × rmscurrent × (1 − D)

(4.3)

The rectifier in figure 2.8 has nearly 25.5 watts when the transistors are on, 16.57
watts while the transistors are off, and so total semiconductor conduction losses are
42.07 watts. Proposed rectifier has 27 watts semiconductor conduction losses when
the switching transistor is on and 11.66 watts when it is off. Hence, its total
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semiconductor conduction losses are 38.66 watts.
Proposed unity power factor rectifier topology has lower semiconductor
conduction losses than the ones in low conduction loss AC/DC unity power factor
rectifier in figure 2.8 when HGTG20N60A4D IGBT and RURG5060 ultrafast diode
are used as power semiconductors in these topologies. IGBTs’ free-wheeling diodes
have to be very fast and their conduction voltage drop has generally a higher value
than bridge diodes and boost diodes which are also ultrafast diode but not needed to
be so fast as much as IGBTs’ free-wheeling diodes. Low conduction loss AC/DC
unity power factor rectifier in figure 2.8 uses IGBTs’ freewheeling diodes to conduct
the current, i in figure 4.10 and 4.11. Therefore, proposed rectifier has higher
efficiency than the one in figure 2.8 considering the semiconductor conduction
losses.

4.2.2 Analysis Of The Proposed UPF Rectifier Analytically

Proposed unity power factor rectifier topology’s inductance and capacitance
values are investigated analytically in this section. Expressions to its output
capacitance and boost inductance value are derived.
Basic relationship formula of the inductor is
V LS = L

di
dt

(4.4)

The voltage over the inductor in figure 4.1 equal to VLS = Vin - Vo.
1st stage: When the power transistor is on and 0 ≤ Vin < 180 0 ,

Vin = L

di
⇒ Ldi = Vin dt
dt

Equation 4.5 is obtained by integrating two sides of the above equation.
ΔI

∫ Ldi = V

T

in 1

0

LΔI = VinT1 ⇒ T1 =

LΔI
Vin

(4.5)

2nd stage: When the power transistor is off, 0 ≤ Vin < 180 0 ,
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L

di
= Vin − VO .
dt

Integrating two sides of the above equation, equation 4.6 is derived.
0

TS

ΔI

T1

∫ Ldi = ∫ (V

in

− VO )dt

− LΔI = (Vin − VO )(TS − T1 )

(4.6)

In order to remove T1 from the equations, T1 in equation 4.5 is placed in to
equation 4.6. Then, equation 4.7 is derived.
− LΔI = (Vin − VO )(TS −
⇒ L = Vin (min)

LΔI
)
Vin

(VO − Vin (min) )
VO

( f S ΔI )

(4.7)

Equation 4.7 gives the proposed rectifier’s boost inductance value. L1 and L2
in figure 4.1 have an inductance value, which is half of the inductance value
calculated using equation 4.7 since L1 and L2 are serially connected to each other.
Using “capacitor energy equation” given below, derivation of equation 4.8 is
made.
CV 2
2

E=

In above equation, E is the energy stored in C and V is the voltage over C.
E1 =

CVO2
, where VO is the rectifier’s desired output voltage.
2

E2 =

CVO2min
, where VO min is the rectifier’s permissible minimum output
2

voltage. Taking difference of E1 and E 2 , the following equation is obtained.
E1 − E 2 = Pout Δt

In this equation, Pout is the rectifier’s output power and Δt is hold-up time. Using
above last three equations, equation 4.8 is derived.
C=

2 PouıuΔt
V02 − VO2min

(4.8)

Longer hold-up time, Δt chosen in a design can tolerate supply interruptions
with short duration at the expense of bulky and costly capacitor banks. A
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compromise can be made between these factors [2].
Equation 4.7 and 4.8 are same with equation 2.2 and 2.4, so the output
capacitances and boost inductances in the proposed rectifier and the popular frontend rectifier followed by a boost converter can be calculated with these equations.
Also, they are applicable to the low conduction loss AC/DC unity power factor
rectifier in figure 2.8.

4.3 Result

Proposed unity power factor rectifier topology is investigated analytically,
and expressions given its boost inductance and output capacitance values are derived.
These expressions are directly applicable to the front-end rectifier followed by a
boost converter in figure 2.6 and the low conduction loss AC/DC unity power factor
rectifier in figure 2.8.
The low conduction loss AC/DC unity power factor rectifier uses two
switching transistors while the proposed rectifier and the front-end rectifier followed
by a boost converter use only one switching transistor. However, number of diodes
used in the low conduction loss AC/DC unity power factor rectifier is less than the
two unity power factor rectifier topologies. The proposed rectifier uses two boost
diode but one conducts in mains supply’s one half cyle, the other one in the other
half cycle. On the other hand, the front-end rectifier followed by a boost converter
needs free-wheeling diode parallely connected to boost inductor and boost diode to
achieve the boost inductor’s core resetting. Thus, total power diode number including
bridge diode, boost diode and free-wheeling diode is same in these two rectifier
topologies. Bridge diodes’ voltage stresses in proposed topology are higher than the
front-end rectifier followed by a boost converter.
Proposed topology has lower semiconductor conduction losses than the other
two rectifier topologies. It is chosen to implement since it has single switching power
transistor as the front-end rectifier followed by a boost converter and has higher
efficiency considering the semiconductor conduction losses. Front-end rectifier
followed by a boost converter and proposed topology are selected to compare with
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each other since they have single switching transistor and front-end rectifier followed
by a boost converter is more popular topology than the one in figure 2.8, so they are
investigated in detail by making simulations in chapter 6.
The classical unity power factor rectifier, called front-end rectifier followed
by a boost converter and proposed rectifier’s advantages and disadvantages are
summarized as the following by comparing with each other:
1. Classical UPF rectifier:
Advantages:

•

Requires only one ultrafast boost diode.

•

Needs a diode bridge had lower voltage stress.

Disadvantages:

•

Has higher conduction losses.

•

Needs a free-wheeling diode parallely connected to boost inductor and
boost diode to achieve the boost inductor’s core resetting.

2. Proposed UPF rectifier:
Advantages:

•

Has lower conduction losses.

•

The free-wheeling diode is not needed.

Disadvantages:

•

Needs two ultrafast boost diodes.

•

Needs a diode bridge had higher voltage stress.
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CHAPTER 5

CONTROL TECHNIQUES FOR UNITY POWER FACTOR RECTIFIERS

5.1 Introduction

Standard bridge rectifier followed by output capacitor result in low efficiency,
higher total harmonic distortion and higher reactive power and lower active power
with different output loads that can be resistive, inductive, capacitive, and switching
loads such as an inverter. In order to develope interface systems that improves the
power factor of standard electronic loads, and improve the quality of the currents,
there are many efforts being done and various control techniques.
The boost topology shown in figure 5.1 together with power factor corrector
controller is the most popular topology in PFC (power factor corrector) applications.
The diode bridge rectifier is used for AC/DC conversion, and the controller operates
to properly shape the input current ig with respect to its current reference. The output
capacitor absorbs the input power pulsation and allows small output voltage ripple.
The boost topology can operate with different control techniques allowing low
distorted input current waveforms and achieve nearly unity power factor.
There are various control schemes such as peak current control, average
current control, hysteresis current control, borderline control, discontinuous current
PWM (pulse width modulation) control [33], [35], nonlinear carrier control (NCC),
input current shaping, charge and quasi-charge control [34]. In this chapter, the most
popular control techniques that are peak current control, average current control,
hysteresis current control, borderline control, discontinuous current PWM control
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Figure 5.1 Principle scheme of a boost PFC.

are reviewed and compared on the basis of the boost topology in order to express
advantages and drawbacks of each solution.

5.2 Popular PFC Control Techniques

Unity power factor rectifiers can be used in “Continuous Conduction Mode”,
“ Discontinuous Conduction Mode”, and boundary between these conduction modes.
“Continuous Conduction Mode” is used in high and middle power applications while
“ Discontinuous Conduction Mode” is used in low power applications generally.
In “Discontinuous Conduction Mode”, current amplitude goes zero and stays
zero then it rises. It means that the current is not continuous whereas in “Continuous
Conduction Mode”, the current magnitude doesn’t reach zero. On the other hand, in
“Boundary Conduction Mode”, the current amplitude goes zero but don’t stay at zero
current level and it rises immediately. The current waveforms in these conduction
modes are shown in figure 5.2.
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(a) Current Waveform in “Discontinuous Conduction Mode”

(b) Current Waveform in “Continuous Conduction Mode”

(c) Current Waveform in “Boundary Conduction Mode”
Figure 5.2 Current Waveforms in “Discontinuous Conduction Mode”

, “Continuous Conduction Mode”, “Boundary Conduction Mode”.

Peak current control, average current control, hysteresis current control work
in “Continuous Conduction Mode” but borderline control in “Boundary Conduction
Mode”. Discontinuous current PWM control works in “Discontinuous Conduction
Mode”. Their current waveforms are listed in table 5.1.
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Current Waveform
Peak Current Control

Average Current Control

Hysteresis Current Control

Borderline Current Control

Discontinuous Current PWM Control

Table 5.1 Current waveforms in popular current control techniques.

These control techniques are considered here on the basis of the boost PFC
(boost power factor corrector). However, these control techniques can be applied to
other topologies [33], [35].
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5.2.1 Peak Current Control

The basic peak current control scheme is shown in figure 5.2. The switch is
turned on by a clock signal at the beginning of each cycle. It is turned off when the
inductor current (if there is external ramp (compensating ramp), sum of the inductor
current and external ramp) reaches sinusoidal current reference [33], [34], [35]. This
sinusoidal current reference is generally obtained by multiplying the output of the
voltage error amplifier and the scaled replica of the rectified line voltage. The
voltage error amplifier sets the current reference amplitude. The current reference
signal is always proportional to and synchronized with the line voltage, so unity
power factor is achieved. The converter operates in continuous inductor current
mode (CICM) as shown in figure 5.3. Continuous inductor current mode provides
reduced devices current stress and input filter requirements [33]. The bridge diodes
can be slow devices with continuous input current while the boost diode has to be
fast diode.

Figure 5.3 Peak Current Control Scheme.
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Advantages and disadvantages of peak current control method are listed here
[33]:
Advantages:

•

Constant switching frequency,

•

Only the switch current must be sensed and this can be accomplished by a
current transformer, thus avoiding the losses due to the sensing resistor,

•

No need of current error amplifier and its compensation network,

•

Possibility of a true switch current limiting.

Disadvantages:

•

Presence of subharmonic oscillations at duty cycles greater than 50%, so a
compensation ramp is needed,

•

Input current distortion which increases at high line voltages and light load is
worsened by the presence of the compensation ramp,

•

Control more sensitive to commutation noises.
Changing the current reference waveshape, the input current distortion can be

reduced and better input current waveform can be obtained. Also, the compensation
ramp can be avoided by keeping the duty cycle below 50% if the power factor
corrector is not designed for universal input operation [33].

5.2.2 Average Current Control

Average current control scheme shown in figure 5.4 has better input current
waveform. In this control method, the inductor current is sensed and filtered by the
current error amplifier. The current error amplifier’s output drives a PWM (pulse
width modulation) modulator. The inner current loop tends to minimize the error
between the input current and the current reference [33], [35]. The current reference
signal is obtained in a similar way as in the peak current control [33], [34]. The
rectifier with average current control method works also in continuous inductor
current mode. Hence, the same considerations done with regard to the peak current
control is applicable to the average current control method [33]. The current control
has the following advantages and disadvantages [33], [35]:
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Advantages:

•

Constant switching frequency,

•

No need of compensation ramp,

•

Control is less sensitive to commutation noises, due to current filtering,

•

Better input current waveforms than for the peak current control since the
duty cycle is close to one at near the zero crossing of the line voltage, so
reducing the dead angle in the input current.

Disadvantages:

•

Inductor current must be sensed,

•

A current error amplifier is needed and its compensation network design must
be taken into account with the different converter operating points during the
line cycle.

Figure 5.4 Average Current Control Scheme.

65

5.2.3 Hysteresis Control

Hysteresis current control scheme is shown in figure 5.5. Two sinusoidal
current references namely IP,ref, which is the peak current reference for the inductor
current, IV,ref, which is the current reference for the valley of the inductor current are
generated in this type of control. The switch is turned on when the inductor current
goes below the lower current reference, IV,ref and it is turned off when the inductor
current goes above the upper current reference, IP,ref in this control technique in
which the converter also works in CCIM (Continuous Inductor Current Mode)[33].
Advantages:

•

No need of compensation ramp,

•

Low distorted input current waveforms.

Disadvantages:

•

Variable switching frequency,

•

Inductor current must be sensed,

•

Control sensitive to commutation noises.
Its advantages and disadvantages [33] are given above. This current control

technique has very high control stability and robustness [35].

Figure 5.5 Hysteresis Control Scheme.
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5.2.4 Borderline Control

Borderline control scheme is shown in figure 5.6. The switch on-time is held
constant during the line cycle and switch is turned on when the inductor current falls
to zero. In this approach, the converter operates at the boundary between CCM
(“Continuous Conduction Mode”) and DCM (“Discontinuous Conduction Mode”).
In this way, the boost diode is turned off softly, so there is no recovery loss of the
boost diode. The switch is turned on at zero current, and this reduces the
commutation losses of the switch. However, the higher current peaks increases the
conduction losses and the device stresses. This may result in heavier input filters for
some topologies. The instantaneous input current has triangular waveshape, whose
peak is proportional to line voltage [33], [35]. In this way, the average input current
of the rectifier becomes proportional to the line voltage without duty-cycle
modulation. The switch current sensing can be eliminated by modulating the switchon time with respect to the voltage error amplifier’s output without using the
multiplier [33].

Figure 5.6 Borderline Control Scheme.
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Advantages:

•

No need of a compensation ramp,

•

No need of a current error amplifier,

•

For controllers using switch current sensing, switch current limitation can be
introduced.

Disadvantages:

•

Variable switching frequency,

•

Inductor's voltage must be sensed in order to detect the zeroing of its current,

•

For controllers in which the switch current is sensed, control is sensitive to
commutation noises [33].

5.2.5 Discontinuous Current PWM Control

Discontinuous current PWM control scheme is shown in figure 5.7 and it
eliminates the internal current control loop to operate the switch at constant on time
and switching frequency. This control technique causes some harmonic distortion in
the line current with the boost PFC, but allows unity power when it is used with
converter topologies like Flyback, Cuk and Sepic with the converter operating in
“Discontinuous conduction mode” (DCM) [33], [35].

Figure 5.7 Discontinuous current PWM control scheme.
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Advantages:

•

Constant switching frequency,

•

No need of current sensing,

•

Simple PWM control.

Disadvantages:

•

Higher device current stress than for borderline control,

•

Input current distortion with boost topology [33].
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CHAPTER 6

SIMULATIONS OF PROPOSED CONVERTER AND CLASSICAL UNITY
POWER FACTOR RECTIFIER

6.1 Introduction

Control techniques for UPF (unity power factor) rectifiers are discussed in
chapter 5. Discontinuous current PWM control has high input current distortion with
boost topology. Proposed converter and classical converter are boost converter
topologies, so discontinuous current PWM control is not much convenient for the
converter topologies. Peak current control, hysteresis control, borderline control
techniques are sensitive to commutation noise. Hysteresis control and borderline
control techniques have variable switching frequency, but peak current control has
fixed switching frequency. However, average current control technique is less
sensitive to commutation noise, has fixed switching frequency and better input
current waveforms than peak current control [33]. Thus, average current control
technique is chosen for the implementation of the proposed converter and classical
converter's simulations. Several integrated circuits exist in the market that use
average current control technique such as UC3854A/B, UC3855, TK3854A,
ML4821, TDA4815, TDA4819 etc. UC3854B (UC1854B, UC2854B, and UC3854B
are only different from each other in thermal characteristics) is chosen as PFC IC
(Power Factor Corrector Integrated Circuit) used average current control technique.
Average current control technique, and circuit scheme and necessary
calculations are given in the Unitrode application note “UC3854 Controlled Power
Factor Correction Circuit Design” in Appendix A and related information about
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rectifier design with UC3854B is found reference [42].
In the design procedure, the rectifiers’ specifications used are as follows:
1. Pout = 3 kW
2. Output voltage = 440 V
3. Output voltage ripple = 10 %
4. Input voltage, Vin = 220 – 15 % + 30 % V rms
5. Line frequency = 50 Hz
6. Switching frequency, f sw = 50 kHz
7. Maximum input current ripple, ΔI = 10 % peak to peak
8. Efficiency, η ≥ 95 %
9. Input power factor, pf ≅ 1
In this chapter, it is decided which simulation program and the IC model in
simulation program are used for the simulations made. In these simulations,
inductors used are ideal inductors and snubbers for power semiconductors in the
simulation circuits are not used. Afterwards, power semiconductors to be used in the
rectifiers’ implementation stage are selected since their parameters are used in the
simulations for comparing the classical and proposed rectifier’s performances here.
Then, the followings are decided through this chapter:
1. Whether the proposed rectifier can be controlled with the UC3854B IC or not
is decided.
2. Do the designed proposed rectifier and classical rectifier’s specifications
coincide with the specifications given above via simulations made with the
selected simulation software? If not, the rectifiers’ circuit will be redesigned.
3. The proposed rectifier and the classical rectifier’s performances are
investigated at steady state and in dynamic conditions. Also, their power
semiconductor stresses are investigated and compared via the simulations. It
is decided whether the proposed rectifier will be implemented or not
according to the results. These are the most important decision and purposes
in this chapter.
The two rectifiers’ performances are compared in the following ways:
1. Their performances are investigated at steady state by connecting different 3
kW loads to their outputs in each simulation. The followings are used as the 3
kW load:
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•

3 kW purely resistive load

•

Two different inductive resistive loads. One of them is 10 uH inductor
serially connected to a resistor and the other is 100 uH inductor serially
connected to the resistor.

2. The two rectifiers are simulated in dynamic conditions. One purely resistive 3
kW load is connected to the proposed rectifier’s output, after a while it is
disconnected and then connected again in the simulation environment. The
classical unity power factor rectifier’s performance in dynamic conditions is
investigated similarly.
In chapter 7, whether the simulations made in this chapter and its
results are correct or not is investigated by checking simulations and
implementation results with 1 and 2 kW purely resistive load connected each
time to proposed rectifier’s output in simulation and laboratory environment.

6.2 Choice Of The Simulation Software And The Simulation Models

At this stage it is very important to determine which simulation medium is
most suitable for the purpose here. This is very important as there will be a large
number of simulations and the time taken for a simulation should be short while the
accuracy is good. In this section, various alternatives for simulation shall be
evaluated.
For simulation of electronic circuits, PSPICE is a common choice. This
software is best if details on device level are important, but the solution time may be
excessive for studying long duration behaviour of electronic circuits. The other
alternatives available are MATLAB-Simulink, PSIM, a combination of PSIM and
Simulink and SIMPLORER. Here, only the first 3 options are studied.
In this section, PSIM with UC3854B unity power factor IC model using
discrete components, PSIM with UC3854B model already found in PSIM model
library, PSIM and MATLAB-Simulink R14 with UC3854B model found in PSIM
model library, MATLAB-Simulink R14 with UC3854B IC model using discrete
blocks in Simulink are used for simulating the unity power factor rectifier and
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compared especially for their simulation speed.
UC3854B IC model drawn using discrete components in PSIM, the same IC
model already in PSIM, and the IC model drawn using discrete components in
Simulink R14 are shown respectively in figure 6.1, 6.2, 6.3. Working principle of the
IC is explained in section 6.4 by using classical and proposed rectifier topologies and
their control circuits' block diagram given in figure 6.7 and figure 6.8. Hence,
detailed description about working principle of the IC simulation models is not given
in this section.

Figure 6.1 UC3854B model created using discrete components for PSIM 6.1

simulation program.

UC3854B IC model in figure 6.2 is found already in PSIM 6.1 as stated
above. In order to increase the simulation speed, this model is simplified but the
model’s main characteristics are maintained. In this way, the model in figure 6.1 is
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obtained. The modifications are:
•

PKLMT, VCC, CT, SS, RSET, ENA, VREF pins and their related circuit are
removed from the model in figure 6.2 since they are unnecessary to make
simulations at steady state and the simulations made in this chapter.

•

Setting of the PWM signal frequency, which is the switching frequency, f sw
is achieved by using CT, RSET, their related circuits and an extra circuit in
UC3854B model in figure 6.2 while it is achieved via “triangle voltage
source” whose frequency is at the switching frequency.

Figure 6.2 UC3854B model in PSIM.

The IC model in figure 6.3 is similar to the one in figure 6.1, Simulink R14
has no opamp and comparator model, so subtract and PID blocks are used instead of
the opamps and the comparator in figure 6.1. The “triangle voltage source” in figure
6.1 is replaced by “repeating sequence” in figure 6.3 since the “repeating sequence”
in Simulink R14 is the counterpart of “triangle source” in PSIM 6.1. On the other
hand, the model in figure 6.1 and the one in figure 6.3 have same functions and they
are sufficient to study the performance of the proposed and classical unity power
factor rectifier.
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Figure 6.3 UC3854B model drawn using discrete blocks in Simulink R14.

In figure 6.1, 6.2 and 6.3; VSENSE, IAC, VAOUT, VRMS, MULTOUT,
ISENSE, CAOUT, GTDRIVE are the UC3854B's pins and detailed descriptions are
given in its datasheet in Appendix B.
In order to compare the PSIM and Simulink simulation programs, classical
unity power factor rectifier shown in figure 6.7 is simulated by using International
Rectifier IRGP50B60PD IGBT and ST BYT30PI800 power diode’s parameters at
steady state. The IGBT and diode are chosen arbitrarily to use their parameters in
simulations to compare their speed. The diode block forward voltage drop parameter
is taken as 1.9 V; it is the voltage drop over ST BYT30PI800 power diode in
conduction. Snubber resistance parameter in the diode block used in the simulations
is taken as 500 kΩ in Simulink. The diode block's other parameters are not altered. In
PSIM simulation, only the IRGP50B60PD and BYT30PI800 power semiconductor's
forward voltage drop parameter is used since current fall time, rise time, tail time for
the IGBT and transit time for the diodes can not be entered in PSIM’s IGBT and
diode model. The rest of the block parameters are taken as the default values.
The rectifier is simulated by using MATLAB-Simulink, PSIM 6.1 simulation
programs, PSIM 6.1 and MATLAB-Simulink R14 co-simulation with 3 kW purely
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resistive load at steady state.
In PSIM and MATLAB-Simulink co-simulation, the UC3854B model in
figure 6.1 is used in PSIM, but diode and IGBT blocks are used in Simulink.
Simulink’s accelerator mode is used for increasing the simulation speed. In the cosimulation, Simulink doesn’t permit the use of fixed step solver in Simulink side due
to IGBT block used in it. According to PSIM user manual, in co-simulation, fixed
step solver should be used to obtain correct results, otherwise zero-order-hold blocks
must be placed at the Simcoupler model block's input, and it is what is done in the
simulation. Fixed step size is used and the time step is taken as 1E-07 s in PSIM side
while variable step size is used in Simulink side.
In MATLAB-Simulink simulation, simulation is done in the accelerator mode
and the UC3854B in figure 6.3 is used. Variable step size is used in the simulation.
Two simulations are made with the PSIM simulation program. The UC3854B
IC model in figure 6.1 is used in one simulation while the model in figure 6.2 is used
in the other one. Also, the time step is taken as 1E-07 s and fixed step size is used for
the two simulations since only fixed step size can be used in PSIM simulation
program.
The simulations’ results are given in table 6.1 and table 6.2. The results of the
simulations made by using PSIM 6.1 with the UC3854B IC model in figure 6.1 and
figure 6.2 are given in table 6.1 while table 6.2 shows the results of simulations made
with MATLAB-Simulink R14, PSIM and MATLAB co-simulation. The simulations
of PSIM 6.1 with the UC3854B IC model in figure 6.1 and figure 6.2, MATLABSimulink R14 with the IC model in figure 6.3 gives similar results. On the other
hand, the PSIM and MATLAB co-simulation predicts the IGBT and boost diode’s
power loss extremely higher than the others, so this simulation result is relatively
unrealistic compared to the others.
The simulations are made by using a computer, which has 256 MB RAM and
Pentium 4 1.7 GHz CPU. Investigating table 6.1, fastest simulation speed is achieved
using the PSIM 6.1 with UC3854B IC model in figure 6.1. Hence, PSIM 6.1 with
this IC model is used for the rectifiers’ simulation due to its highest speed in the rest
of this chapter.
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Input power
Input power factor
Output power
Input current

PSIM (with UC3854B model in
figure 6.1)
3118 VA
0.9866
3004.77 watt
22.68 A peak, 19.05 A peak, 11.88
A (average)

PSIM (with UC3854B model in
figure 6.2)
3175 VA
0.96605
2992.57 watt
29.25 A peak, 10.75 A peak, 11.57
A (average)

432.28 V -448.14 V

430.88 V -447.75 V

11.3178 watt
11.3178 watt
11.3178 watt
11.3178 watt

10.55152 watt
11.46776 watt
10.55056 watt
1146672 watt

12.9899 watt
10.1791 watt
1.00E-07
0.5 s

12.92504 watt
9.6094 watt
1.00E-07
0.5 s

9.5 minute

19 minute

Input current
waveform
Output voltage

Output voltage
waveform
D1 power loss
D2 power loss
D3 power loss
D4 power loss
Boost diode power
loss
IGBT power loss
Step size
Solution time
Total simulation
time

Table 6.1 Results of classical unity power factor rectifier’s simulation made by using

PSIM 6.1 with the UC3854B IC model in figure 6.1, figure 6.2 at steady state with 3
kW purely resistive load and comparison of the simulations’ speed.
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Input power
Input power
factor
Output power
Input current

PSIM MATLAB co-simulation (with
UC3854B model in figure 6.1)
3300 VA

MATLAB (with UC3854B
model in figure 6.3)
3122.6 VA

0.98927
3022.46 watt
25 A peak, 20.10 A peak, 13.5 A (average)

0.9898
3000 watt
23.9 A peak, 19.95 A peak

432.97 V-450.23 V

431.0 V-448.7 V

11.9809 watt
11.9823 watt
11.9708 watt
11.9808 watt

11.165 watt
11.165 watt
11.165 watt
11.165 watt

85.714 watt
100.09 watt
Step size in PSIM = 1e-7
Step size in Matlab = auto
Blocks' step size in Matlab = 5e-7
0.5 s

13.115 watt
11.95 watt
Step size in Matlab = auto
Blocks' step size in Matlab=5e7
0.5 s

45 minute

2.5-3 hour

Input current
waveform
Output voltage

Output voltage
waveform
D1 power loss
D2 power loss
D3 power loss
D4 power loss
Boost diode power
loss
IGBT power loss
Step size
Solution time
Total simulation
time

Table 6.2 Results of classical unity power factor rectifier’s simulation made by using

MATLAB-Simulink R14, PSIM 6.1 and Simulink co-simulation at steady state with
3 kW purely resistive load and comparison of the simulations’ speed.
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6.3 Component Selection

The classical unity power factor rectifier and proposed rectifier are simulated
using PSIM 6.1 simulation program with the UC3854B IC model in figure 6.1 and
simulation results are given in the following sections. In order to use IGBT and diode
parameters in these simulations, International Rectifier, Fairchild Semiconductor,
ON Semiconductor, IXYS’ IGBTs and diodes are compared.
ON Semiconductor company doesn’t have IGBT whose absolute maximum
voltage stress is 600 V or higher. Consequently there is no ON Semiconductor IGBT
in table C.1 in Appendix C to compare. The IGBT in the rectifier in this project is
hard switched at 50 kHz, so the selected IGBT have to be capable of operating at
least at 50 kHz hard switching operation. Also, the rectifier should give 3000 W
output power and its input current can be as much as 28 A while mains supply
permissible minimum voltage is 187 Vrms. The rectifier's average output voltage is
440 V. There is an output capacitor rated 450 V nominal, 500 V maximum at its
output side. These prevents voltage between the

IGBT's collector and emitter

terminal to exceed 500 V; so an IGBT whose absolute maximum voltage stress is
600 V and it is enough in these rectifier circuits. While maximum permissible current
in the rectifier circuit is 28 A, the transistor current rating should be higher than 28 A
due to possible failure or unknown spikes in the circuit. Figure 6.4 shows that
maximum voltage seen between the IGBT's collector and emitter terminal is 450
volts, and its collector current is 28 A. Its current rating should be nearly 1.5 times its
maximum collector current due to mentioned reasons, then it is 42 A.
IXSH30N60B2D1 and IRG4PC50UD has higher fall time than the other IGBTs in
the table C.1 in Appendix C. Comparing IRGP50B60PD, IRGP50B60PD1 and
IRG4PC50W-ND; IRGP50B60PD has highest price, IRGP4PC50W-ND has highest
saturation voltage drop, fall time and rise time but the lowest price.
HGTG20N60A4D has lowest rise time and fall time than the other IGBTs except
IRGP50B60PD1 and it has lowest price than the others in table C.1 in Appendix C,
so HGTG20N60A4D IGBT is selected to use in the design and the unity power
factor rectifier implementation.
Ultrafast diode selection is next issue. In order to determine the ultrafast
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Figure 6.4 IGBT's voltage and current waveform while input voltage is 187 V rms.

diode’s parameters, one should know that UC3854B PFC IC can operate up to 95 %
duty cycle. The PFC boost stage diode's current and voltage waveform are shown in
figure 6.5. Also, the voltage and current waveform are given between 395 and 395.5
ms in figure 6.6 to show the waveforms in detail.

Figure 6.5 Ultrafast diode current and voltage waveform when Vin is equal to 187 V

rms.
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The current waveform in figure 6.5 is PWM waveform drawing a nearly
rectified sinusoidal waveform boundary. The current waveform has 28A maximum
value when mains supply's voltage is 187 Vrms. Due to the maximum 95 % duty
cycle, the ultrafast diode's current rating should be determined using the sinusoidal
waveform boundary.

Figure 6.6 Figure 6.5's zoomed version.

The ultrafast diodes' average rectified forward current ratings are given in
table C.2 in Appendix C. Average value of a sinusoidal waveform is equal to peak
value of a sine wave multiplied by 2 / π . The rectified sinusoidal current waveform
with 28 A maximum value in figure 6.5 has nearly 17.83 A average value. At least
1.5 times the value should be selected to prevent possible spikes or unknown failures
and it is 26.7 A. Ultrafast diode with 30 A current rating will be proper for the PFC
application.
International Rectifier, Fairchild Semiconductor, ON Semiconductor, IXYS’
ultrafast diodes are compared and ultrafast diodes whose voltage and current rating
match the criteria in table 6.3 is listed in table 6.4. ISL9R3060P2, 30EPH06,
DSEP30-06A/B diodes are faster than the other diodes in table C.2 in Appendix C
while RURP3060 is the cheapest ultrafast diode in this table. Properties of some
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ultrafast diode models are listed in table 6.4, and there is not so much difference
based on their selection criteria, so cheapest one, namely RURP3060 is selected.

Heat Sink
Temp

Current
Waveform
Boundary
(Continuous)

80 Celsius

28 A

Turn On
Voltage
Between 1 V
and 2.2 V

Reverse
Blocking
Voltage

Operating
Frequency

600 V

50 kHz

Transit
Time
less than 1
us

Table 6.3 Ultrafast Diode Selection Criteria.

Model

Turn on
Voltage

RURP3060

IF=30 A T=25 0C 1.5 V max,
T=150 0C 1.3V max

USD Price
Transit Time
(Each/1000)
IF=1A dIF/dt=100A/us
55 ns max, IF=30A dIF/dt=100A/us
60 ns max
1.11384

Version A 1.25 V (IF=30 A T=25
0
C 1.6 V max,
0
T=150 C 1.25 V max), Version B
1.56 V (IF=30 A T=25 0C 2.51 V
DSEP30max, T=150 0C 1.56 V max)
06A/B/BR
2.4 V (IF=30 A T=25 0C 2.1 V
typical 2.4 V max,
ISL9R3060P2 T=125 0C 1.7 V typical 2.1 V max)
2.1 V (IF=30 A, T=25 0C 2.0 V
typical, 2.6 V max);
IF=30 A, T=150 0C 1.34 V typical
1.75V max)
30EPH06

IF=1 A, di/dt=100A/us, VR=30 V,
TVJ=25 0C
Version A 35 ns max, Version B
30 ns max

1.68

35 ns (IF=30 A T=25 0C 36ns
typical 110 ns max)

1.581

40 ns (T=25 0C IF=30 A, trr=31 ns
typical; T=125 0C IF=30 A, trr=77
ns typical)

1.3427

Table 6.4 Ultrafast diode selection table.

Similar to the IGBT and ultrafast diode selection, International Rectifier,
Fairchild Semiconductor, ON Semiconductor, IXYS bridge diodes are investigated to
identify bridge diode’s parameters to use in the simulations. International Rectifier,
Fairchild Semiconductor, ON Semiconductor don’t produce bridge diodes as discrete
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diodes. Also, IXYS company generally does not produce bridge diodes as discrete
diodes except some bridge diodes. Bridge diodes have to be discrete diodes to
measure the diode’s power loss one by one if necessary. Proper discrete diodes for
our rectifier is shown in table 6.5. DSI30-08A has higher non-repetitive peak surge
current, IFSM, than DSI30-08AC and the rest of their parameters are nearly same, and
their prices are same. Hence DSI30-08A diode is selected for the simulations.

Diode
Code
DSI3008AC

VRRM
Max (V)
800

DSI3008A

800

Io
(rectified)
Max (A)
30

30

IFSM
Max
(A)
210

VFM Max
(V)

300

1.45 V
(IF=45 A,
T=25 0C)
less than
1.45 V
(IF=45 A,
T=25 0C)

Price
2.9095 $
(Future
electronics estore)
2.9095 $
(Future
electronics estore)

Comment
Proper for
rectifier
bridge
Proper for
rectifier
bridge

Table 6.5 Bridge diode selection table.

6.4 Proposed and Classical Unity Power Factor Rectifiers' Comparison Via
Simulations

In this section, performances of the proposed rectifier and classical unity
power factor rectifier, which are designed according to the specifications given in
section 6.1 are investigated and compared at steady state and in dynamic conditions
via simulations as stated before in the section. These simulations are made by using
PSIM 6.1 simulation program and UC3854B IC model in figure 6.1 since the
simulation program with the IC model in figure 6.1 has the highest simulation speed
and enough accuracy as mentioned before in section 6.2. In these simulations, the
rectifiers’ mains supply is 50 Hz, 220 V rms sinusoidal single phase mains supply.
The proposed rectifier and classical unity power factor rectifier are simulated,
their performance is compared on the basis of efficiency, input power factor, input
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current ripple, input current’s THD, output voltage ripple, output voltage stability,
etc. The investigation is done at steady state and their steady state input current,
voltage waveform and output voltage waveform are given in the following sections
by using:
1. A 3 kW purely resistive load.
2. Two 3 kW inductive resistive loads. These loads are used for understanding
whether the rectifiers can maintain their unity power factor operation with
different inductive loads. One of the loads has 100 uH inductor serially
connected to a resistor and the other 10 uH. The range is chosen large enough
to observe the effect of the inductor size.
One purely resistive 3 kW load is connected to the proposed and classical
rectifier’s output, after a while it is disconnected and then connected again in the
simulation environment. In this way, their behaviour, especially their output
voltage’s settling time, in dynamic conditions are investigated.
PSIM 6.1 simulation program’s time step is taken as 1E-7 s between 0 and 1 s
in simulation time at their steady state analysis. After that, the time step is decreased
to 1E-8 s between 1s and 1050 ms to increase the simulations’ accuracy although the
1E-7 s time step is enough for the analysis. On the other hand, the simulation
program’s time step is taken as only 1E-7 s in the rectifiers’ dynamic analysis with
the simulations.
In these simulations, no snubbers for the IGBT and the diodes are used while
the implemented circuit has R-C and overvoltage snubbers for the IGBT as
mentioned in chapter 7. Also, the inductors used in these simulations are ideal
inductors.
The selected power semiconductors are given in section 6.3. Only their
conduction voltage drop parameters are used in these simulations since the PSIM 6.1
simulation program permits to use only the parameters in the simulations.
The classical unity power rectifier topology and its operation are explained in
section 4.3. This simulated rectifier and its control circuit’s block diagram is given in
figure 6.7. The boost inductor, LS, the output capacitor, Cout and their calculated
values according to the specifications given in section 6.1 are also shown in this
figure.
In this block diagram, low pass filter is necessary to filter the harmonics in
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the line voltage. Iac signal is a current signal, which represents the mains supply
voltage in its circuit. It is proportional to the mains supply and taken over the diode
bridge. The proportionality is shown with K2 block and a 650 kΩ resistor is used
instead of the K2 block in the simulation environment. Its shape is a rectified
sinusoidal one. Vrms is the voltage sample over the diode bridge and it is taken by
using the low pass filter. Also, its shape is rectified sinusoidal one. This extra
circuitry (Vrms and DIVIDER SQUARER part of AXB/C2 MULTIPLIER DIVIDER
SQUARER circuitry in figure 6.7) is needed to keep the rectifier's power constant
irrespective of the input voltage changes. Iac signal is multiplied by the voltage
controller’s output signal and divided by the square of Vrms signal. When the voltage
controller’s output signal is constant, and the mains supply’s voltage is halved, Iac
and Vrms signal is halved. Half of the Iac signal times one fourth of Vrms signal gives
two times the original Imultout current. Although the mains supply’s voltage is halved
and mains supply's current is duplicated, the rectifier's power is kept constant in this
way.
The diode bridge's current is sensed and K1 block represents the ratio
between the sensed current and the current, Isense in the control circuit block diagram.
The ratio is taken as 0.04 in the simulations made through the following sections.
The current, Isense is subtracted from the Imultout current, it is processed by current
controller and the current controller's output forces the PWM block to produce
correct duty cycle and fixed frequency PWM so that the mains supply's voltage and
current is in phase. Sinusoidal voltage and current in phase denote unity power factor
system. Hence, irrespective of whether the load is resistive, capacitive or inductive,
mains supply experiences resistive load. In the block diagram and in the simulation
environment, Vsense voltage is taken by using a voltage divider which consists of the
resistors, RVI and RVD. The voltage is subtracted from the reference voltage
(reference voltage is 3V in UC3854B), this error voltage is given to the voltage
controller, it is multiplied by Iac signal and divided by the square of the Vrms signal.
This means that when the voltage error signal is decreased, Imultout signal becomes
lower, so the PWM signal's duty cycle given to the IGBT's gate is decreased. When
the voltage error signal is high, duty cycle of the PWM signal becomes higher in the
same way. This forces the output voltage, Vout to be higher. In this way, the output
voltage is kept constant and proportional to the reference voltage in the block
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Figure 6.7 Classical unity power factor rectifier and its control circuit’s block

diagram.

diagram. The current controller, voltage controller are actually current error amplifier
and voltage error amplifier respectively. Their detailed descriptions are given in
Appendix A and reference [42].
The proposed single phase, single switch unity power factor rectifier
topology's working principle is illustrated and explained in detail in section 4.2. The
rectifier topology and its control block diagram are shown altogether in figure 6.8.
The boost inductors, L1 and L2, the output capacitor, Cout and also, their calculated
values according to the specifications given in section 6.1 are shown in figure 6.8.
The output capacitor’s capacitance is equal to the one in figure 6.7 and the inductors,
L1 and L2’s total inductance are same with the boost inductance, LS. These should be
emphasized.
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B1

Figure 6.8 Proposed rectifier topology and its control block diagram.

With respect to the control system, the only difference between in figure 6.7
and figure 6.8 is where Iac and Vrms signals are taken to the controller. D1, D2, D6
and D7 form a diode bridge. The signals can not be taken from this diode bridge 's
output side since boost inductors, L1 and L2 are connected between mains supply
and this diode bridge in figure 6.8, and the Iac signal waveshape have to be rectified
sinusoidal one in the suggested rectifier circuit as in the classical unity power factor
rectifier circuit. The Iac and Vrms signals are taken from a 10:1 transformer connected
to the mains supply as in figure 6.8 for the suggested rectifier. In this topology, there
should be a low pass filter to reduce the harmonics, which are due to the transistor
switching and possible harmonics on the mains supply too. The low pass filter circuit
design for classical unity power factor rectifier with the PFC IC is given in detail in
Appendix A. However, resistance and capacitance values in the low pass filter circuit
and K2’s value in the classical unity power factor rectifier and the proposed rectifier
are different. Their values are given in section 7.2.4.
The rest of the UPF controller design in Appendix A and reference [42] is
87

applicable to this configuration and its control circuitry. “AXB/C2 MULTIPLIER
DIVIDER SQUARER”, the voltage controller, current controller, K1 and PWM
blocks in figure 6.8 are equal to the ones in figure 6.7. In order to inhibit the diodes,
D1, D2, D6, D7's switching losses, a high value resistance such as 500 kohm is
connected parallel to them as in figure 6.8. Its value should be high enough to
minimize the I2R losses over the resistance and low enough to keep the diodes in
conduction.
The classical unity power factor rectifier’s Iac and Vrms signals can be taken
by using a transformer and a diode bridge like B1 as in figure 6.8, and the same low
pass filter in figure 6.8 can be used in the classical unity power factor rectifier as in
the proposed rectifier when UC3854B IC is used. The classical unity power factor
rectifier is simulated with PSIM 6.1 simulation program and UC3854B IC model in
figure 6.1 with 3 kW purely resistive load at steady state to observe the classical
unity power factor rectifier’s performance by taking Iac and Vrms signals via a 10:1
transformer and a diode bridge like B1 as in figure 6.8. The simulation program’s
time step is taken same as the two rectifier’s simulations at steady state with 3 kW
loads mentioned before in this section. This simulation results are given briefly in
section 6.4.3.

6.4.1 Classical And Proposed UPF Rectifier Simulation With 3 kW Purely
Resistive Load And Their Performance Comparison

Classical unity power factor rectifier and proposed rectifier, whose block
diagrams are given in figure 6.7 and figure 6.8 respectively are simulated by using
PSIM 6.1 simulation program and the UC3854B IC model in figure 6.1 with 3 kW
purely resistive load at steady state in this section. In this way, whether the two
rectifiers, especially proposed rectifier can be controlled with this IC will be
understood. Then, the two rectifiers’ performances will be compared considering
upon their efficiency, input power factor, THD (Total Harmonic Distortion), input
current ripple, output voltage ripple, IGBT and diodes' stresses and losses, etc.
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6.4.1.1 Classical UPF Rectifier Simulation With 3 kW Purely Resistive Load

The classical unity power factor rectifier with 3 kW purely resistive load is
simulated. 64.5 ohm resistor is connected to the output of the unity power factor
rectifier whose block diagram is displayed in figure 6.7 as the 3 kW load.

Figure 6.9 Classical unity power rectifier’s input voltage and current waveform with

3 kW purely resistive load at steady state.

The rectifier’s input current and output voltage waveforms are shown
respectively in figure 6.9 and 6.10 respectively. The input current is in phase with the
input voltage, so this rectifier with the 3 kW purely resistive load achieves unity
power factor operation. The output voltage in figure 6.10 swings between 432.26 and
448.1 V. Hence, 3.6 % output voltage ripple is obtained while the rectifier is
designed for maximum 10 % output voltage ripple. On the other hand, the rectifier's
89

mean output voltage stays constant at steady state and this means that the output
voltage is stable. Its output power obtained from the figure 6.10 for the given load is
3006 W. The peak input current's magnitude changes between 22.46 A and 18.77 A.
This means that the rectifier's input current ripple is 8.95 % peak to peak. It is lower
than the given input current ripple specification, which is 10 % peak to peak in
section 6.1.

Figure 6.10 Classical unity power rectifier’s output voltage waveform with 3 kW

purely resistive load at steady state.

Power viewed from the mains line connected to the rectifier's input is shown
in figure D.1(a) and its power factor is displayed in figure D.1(b) in Appendix D.1.1.
Figures D.2, D.3, D.4, D.5, D.6 in Appendix D.1.1 show its input current FFT
waveform and THD, IGBT’s current, voltage waveform, one of the bridge diode,
namely D1’s current, voltage waveform and the boost diode, D5’s current and
voltage waveform respectively.
The power loss of the IGBT in figure 6.7 is calculated by using equation 6.1.
In this equation, T , VCE , iC are the mains supply’s voltage period, the IGBT’s
voltage between its collector and emitter terminals, and its collector current
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respectively.
1
Powerloss =
T

t = t1 +T

∫ (V

CE

⋅ iC )dt

(6.1)

t =t1

Power losses of the power diodes shown in figure 6.7 are also calculated by
using equation 6.1, but the voltage between their anode and cathode is used instead
of the voltage, VCE .
The rectifier’s efficiency, input power factor, THD of its input current, input
current ripple, output voltage ripple and the IGBT, boost diode, D5, bridge diodes,
D1, D2, D3, D4’s voltage and current stresses, and their power losses are given in
table 6.6. Its input current’s harmonics up to 50th harmonic is listed in the part related
with the classical UPF rectifier in table 6.7.

6.4.1.2 Proposed Converter's Simulation With 3 kW Purely Resistive Load

Proposed rectifier is simulated to compare its performance with the classical
unity power factor rectifier when the 3 kW purely resistive load, specifically 64.5
resistor, is connected to their output at steady state.
In order to calculate the proposed rectifier’s input current ripple, its input
current waveform with input voltage waveform is shown in figure 6.11. According to
this figure, input peak current changes between 19.07 and 22.74 A, this means that
input current ripple is 8.78 %. Figure 6.12 shows the rectifier’s output voltage at
steady state and it swings between 448.24 and 432.16 V. The rectifier’s mean output
voltage is 440.20 V. Hence, the output voltage ripple is nearly 3.65 %. On the other
hand, its mean output voltage stays constant. This means that its output voltage is
stable at steady state. The rectifier’s output power is calculated using wattmeter
block in PSIM 6.1 and it is 3006.32 watts. According to the figure 6.11 and 6.12,
unity power factor operation at its input side and DC voltage at its output side are
achieved and the output voltage ripple and input current ripple are lower than the
related specifications given in section 6.1. This means that the proposed rectifier can
be controlled by using UC3854B IC.
The proposed rectifier’s input power and power factor graph is given in figure
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Figure 6.11 Proposed rectifier’s input voltage and current waveform with 3 kW

purely resistive load at steady state.

Figure 6.12 Proposed rectifier’s output voltage waveform with 3 kW purely resistive

load at steady state.
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D.7(a) and D.7(b) in Appendix D.2. Its input current’s FFT waveform and THD,
IGBT’s current and voltage waveform, one of the boost diodes, D3’s current and
voltage waveform are given in figure D.8, D.9, D.10, D.11 in Appendix D.2
respectively. The bridge diodes, D1 and D7’s current and voltage waveforms are
given in figure D.12 and D.13 in the same part in Appendix D.
The rectifier’s efficiency, input power factor, THD of its input current, input
current ripple, output voltage ripple and the IGBT, boost diodes, D3 and D5, bridge
diodes, D1, D2, D6, D7’s voltage and current stresses, and their power losses are
given in the part related with the proposed rectifier in table 6.6. Its input current’s
harmonics up to 50th harmonic is listed in the part related with the classical UPF
rectifier in table 6.7.

6.4.1.3 Evaluation Of Simulation Results Of Classical And Proposed UPF
Rectifier With 3 kW Purely Resistive Load

The classical UPF rectifier and proposed rectifier’s efficiency, input power
factor, input current’s THD, input current ripple, output voltage ripple, IGBT and
power diodes’ stresses and their power losses are obtained via the simulations with
the 3 kW purely resistive load at steady state and are listed in table 6.6.
Proposed rectifier’s efficiency and input current ripple are better than the
classical unity power factor rectifier’s ones according to the data in table 6.6 while
classical unity power factor rectifier’s input power factor, input current’s THD,
output voltage ripple are better than the proposed rectifier’s ones. The diode bridge
consisting the diodes, D1, D2, D6, D7 in the proposed rectifier has lower power
losses than the classical unity power factor rectifier’s diode bridge. This is main
reason of why the proposed rectifier’s efficiency higher than the classical UPF
rectifier’s one.
Voltage and current stresses of the IGBT and boost diodes in proposed
rectifiers are nearly the same as in the classical UPF rectifier while the diode bridge
in proposed rectifier has higher voltage stresses than the one in classical UPF
rectifier.
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Efficiency (%)
Input Power Factor
THD (%)
Input Current Ripple
(%)
Output Voltage Ripple
(%)
IGBT Stress
Boost Diode Stress
Bridge Diodes’ Stresses
IGBT’s Power Loss
Boost Diodes’ Power
Loss
Diode Bridge’s Power
Loss

Classical UPF Rectifier
With 3 kW Purely Resistive
Load

Proposed UPF Rectifier
With 3 kW Purely Resistive
Load

97.29
0.9873
16.06
8.95

97.45
0.9864
16.59
8.78

3.6

3.65

449.42 V, 22.46 A
446.1 V, 22.46 A
309.87 V, 22.26 A

448.71 V, 22.74 A
445.27 V, 22.74 A
449.73 V, 22.74 A for D1, D2
449.57 V, 22.74 A for D6, D7
9.88 W
8.90 W

10.04 W
8.89 W
25.28 W

2.6 W for each D1, D2
6.28 W for each D6, D7
(Total 17.76 W)

Table 6.6 Performance comparison table between proposed rectifier and classical

unity power factor rectifier with 3 kW purely resistive load (simulated).

The proposed rectifier and classical unity power factor rectifier’s input
current harmonics up to 50th harmonic are obtained by using the FFT waveforms in
figure D.2 and figure D.8 in Appendix D.1 and they are listed in table 6.7. The two
rectifiers’ input current harmonics have similar magnitudes and don’t have even
harmonics.
THD (Total Harmonic Distortion) in their input current can be calculated by
using equation 6.1 for the first 50 harmonics in table 6.7.
∞

THD =

∑I
h=2

2
h

(6.1)

I1

, where I h is rms value of hth harmonic and h is an integer, and I 1 is fundamental
current component in rms [39]. In this way, THDs of the classical unity power factor
rectifier and proposed rectifier’s input currents are calculated as 14.12 % and 14.76
% respectively. On the other hand, the THD values in table 6.6 are higher than the
THD calculated by considering the first 50 harmonics as expected. This indicates that
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Classical UPF Proposed UPF
Classical UPF Proposed UPF
Rectifier
Rectifier
Rectifier
Rectifier
Harmonic Magnitude
Magnitude Harmonic Magnitude
Magnitude
#
(A)
(A)
#
(A)
(A)
19.60
19.56
0.00
0.00
1
26
0.00
0.00
0.11
0.10
2
27
1.75
2.08
0.00
0.00
3
28
0.00
0.00
0.20
0.19
4
29
1.46
1.40
0.00
0.00
5
30
0.00
0.00
0.17
0.15
6
31
1.16
1.06
0.00
0.00
7
32
0.00
0.00
0.05
0.05
8
33
0.55
0.48
0.00
0.00
9
34
0.00
0.00
0.10
0.10
10
35
0.12
0.12
0.00
0.00
11
36
0.00
0.00
0.15
0.14
12
37
0.44
0.41
0.00
0.00
13
38
0.00
0.00
0.10
0.10
14
39
0.47
0.42
0.00
0.00
15
40
0.00
0.00
0.03
0.03
16
41
0.23
0.20
0.00
0.00
17
42
0.00
0.00
0.09
0.08
18
43
0.12
0.12
0.00
0.00
19
44
0.00
0.00
0.10
0.10
20
45
0.29
0.27
0.00
0.00
21
46
0.00
0.00
0.06
0.06
22
47
0.28
0.25
0.00
0.00
23
48
0.00
0.00
0.03
0.03
24
49
0.11
0.10
0.00
0.00
25
50
THD (considering first 50 harmonics)
THD (considering first 50 harmonics)
= 14.12 % for classical UPF rectifier
= 14.76 % for proposed UPF rectifier
THD (all harmonics) = 16.06 %
THD (all harmonics) = 16.59 %
for classical UPF rectifier
for proposed UPF rectifier

Table 6.7 Proposed and classical UPF rectifier’s input current harmonics’ number

and magnitudes up to 50th harmonic with 3 kW purely resitive load at steady state.

most of the distortion is due to the first 50 harmonics. As discussed in section 7.4, the
harmonics around the carrier frequency are the main contributors to THD from the
remaining harmonics.
The proposed rectifier is implemented and it is tested with 1 kW and 2 kW
purely resistive loads and it is simulated with these loads. Its simulation and
measured results are given in section 7.4.1 and 7.4.2. Also, it is simulated with 300
W and 600 W purely resistive loads by using the simulation circuit with the
conditions mentioned in section 7.4, but this simulation results are not given in detail
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in this thesis. The proposed rectifier’s efficiency, its input current’s THD and input
power factor graphs are drawn by combining these results with the results given in
the related part of table 6.6.
The followings are observed from the figure 6.13, 6.14 and 6.15:
1. The simulated and measured input power factor, THD and the simulated
efficiency become better as the load is increased to its nominal value, which
is 3 kW.
2. I2R losses in the implemented circuit and the non-ideal boost inductors used
in the circuit increase and the measured efficiency is decreased as the load
increases according to the measurements with 1 kW and 2 kW purely
resistive load. However, it is expected that the measured efficiency will
decrease as its load is decreased to such values of 600 W, 300 W or more as
the efficiency graph obtained via simulations and shown in figure 6.13.

Efficiency
120.00
96.20

Efficiency (%)

100.00
80.00

91.23
80.22

95.63
97.45

96.93

95.24

60.00
40.00
20.00
0.00
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Load (in kW)
Efficiency (Simulation)

Efficiency (Measured)

Figure 6.13 Proposed rectifier’s efficiency graphs obtained with measurements in

laboratory and simulation with different purely resistive loads at steady state.
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Input Power Factor

Power Factor

1.2

0.987

1

0.9913

0.6

0.9864

0.9857

0.973
0.8324 0.9366
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0.4
0.2
0
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0.5
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Input Power Factor (Simulation)

Input Power Factor (Measured)

Figure 6.14 Proposed rectifier’s input power factor graphs obtained with

measurements in laboratory and simulation with different purely resistive loads at
steady state.

Total Harmonic Distortion

THD (%)
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66.59
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37.42
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Figure 6.15 THD graphs of proposed rectifier’s input current obtained with

measurements in laboratory and simulation with different purely resistive loads at
steady state.
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Also, the proposed rectifier is re-simulated with 1 kW and 2 kW purely
resistive loads at steady state by using the simulation circuit with the conditions
mentioned in section 7.4 and connecting the 36 mΩ measured winding resistance
serially to boost inductors, L1 and L2 in this simulation circuit. Its input power and
output power are 1048.31 VA, 996.88 W with 1 kW purely resistive load and
2091.03 VA, 2023.78 W with 2 kW purely resistive load respectively, and its output
voltage is nearly 435 V with 219.2 V rms input voltage according to these
simulations. The efficiency is calculated as 95.09 % with 1 kW purely resistive load
and 96.78 % with 2 kW purely resistive load with the boost inductor resistance
included in the simulations. These efficiency values are less than the corresponding
efficiency values in figure 6.13. Note that the switching losses of power
semiconductors in proposed rectifier are not included in these simulations.
HGTG20N60A4D IGBT's total switching energy loss graph vs. its gate
resistance is given in its datasheet in Appendix B. 6 Ω gate resistance is used in
implemented proposed rectifier. According to this graph, the IGBT's switching loss
for one switching is nearly 0.35 mJ when its collector to emitter current is 10 A and
the voltage difference between its collector and emitter is 390 V. The simulation
circuit's average input current and output voltage are 4.3 A, 435 V with 1 kW purely
resistive load and 8.56 A, 435 V with 2 kW purely resistive load respectively. It is
assumed that the switching loss is directly proportional to the current magnitude and
voltage magnitude. The IGBT's switching losses are calculated as 8.4 W with 1 kW
purely resistive load and 16.9 W with 2 kW purely resistive load by using the current
and voltage values and the total switching energy loss graph at steady state. The
simulation circuit's efficiency will be 94.34 % with 1 kW purely resistive load and
96.01 % with 2 kW purely resistive load at steady state by including the IGBT's
switching losses.
It can be observed that the losses of the converter are predicted somewhat
higher but still the difference between the measurements and predictions is very
small, and is about 1.5 %.
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6.4.2 Classical UPF Rectifier And Proposed Rectifier's Simulation With 3 kW
Inductive-Resistive Load And Their Performance Comparison

Classical unity power factor rectifier and proposed rectifier, whose block
diagrams are given in figure 6.7 and figure 6.8 respectively are tested via simulations
to understand whether they lose their unity power factor operation with inductiveresistive loads or not. Two different 3 kW inductive-resistive loads are used in the
simulations made in this section to verify this. One of them is 100 uH inductor,
whose inductance is big enough to check the unity power factor operation, serially
connected to a 64.5 Ω resistor, the other is 10 uH inductor serially connected to a
64.5 Ω resistor. Also, their performances considering upon their efficiency, input
power factor, THD (Total Harmonic Distortion), input current ripple, output voltage
ripple, IGBT and diodes' stresses and losses are investigated with these inductive
loads at steady state by making the simulations. PSIM 6.1 simulation program and
the UC3854B IC model in figure 6.1 are used in this section as the previous section.

6.4.2.1 Classical Unity Power Factor Rectifier's Simulation With InductiveResistive Load

In this section, only the classical unity power factor rectifier with the 3 kW
inductive-resistive loads are simulated and its performances are investigated with the
simulations made.

6.4.2.1.1 Classical Unity Power Factor Rectifier's Simulation With InductiveResistive Load (100uH)

Aim of the simulations is here to observe the classical unity power factor
rectifier’s output voltage ripple, input current ripple, efficiency and input power
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factor and input current’s THD (Total Harmonic Distortion) with a inductiveresistive 3 kW load which has 100 uH ideal inductor serially connected to a 64.5 Ω
resistor at steady state.

Figure 6.16 Classical unity power rectifier’s input voltage and current waveform

with 3 kW inductive-resistive load (100 uH) at steady state.

Figure 6.17 Classical unity power rectifier’s output voltage waveform with 3 kW

inductive-resistive load (100 uH) at steady state.
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The rectifier’s input current and voltage together are given in figure 6.16. The
figure shows that input voltage and current are almost in phase. Its input current
ripple is obtained by finding the peak input current’s magnitude from this figure. It is
8.95 % peak to peak since the input current changes between 22.46 and 18.82 A. The
rectifier’s output voltage swings between 432.26 and 448.1 volts, so the output
voltage ripple is 3.6 %. On the other hand, its mean output voltage stays constant.
This means that the output voltage is stable. The rectifier’s input current ripple and
output voltage ripple is less than the ones in the specifications given in section 6.1
with this load. Also, unity power factor operation is maintained with this inductiveresistive load.
Power viewed from the mains line connected to the rectifier's input is shown
in figure D.14(a) and its power factor is displayed in figure D.14(b) in Appendix
D.1.1. Figures D.15, D.16, D.17, D.18, D.19 in Appendix D.1.1 show its input
current’s FFT waveform and THD, IGBT’s current, voltage waveform, one of the
bridge diode, namely D1’s current, voltage waveform and the boost diode, D5’s
current, voltage waveform respectively.
The rectifier’s efficiency, input power factor, THD of its input current, input
current ripple, output voltage ripple and the IGBT, boost diode, D5, bridge diodes,
D1, D2, D3, D4’s voltage and current stresses, and their power losses are given in the
related part of table 6.8. Its input current’s harmonics up to 50th harmonic is listed in
the part related with the classical UPF rectifier in table 6.9.

6.4.2.1.2 Classical Unity Power Factor Rectifier's Simulation With InductiveResistive Load (10uH)

UPF rectifiers should not change their behaviors as much as possible whether
the load is inductive, capacitive or purely resistive. In section 6.4.2.1.1, the classical
unity power factor rectifier is simulated with 100 uH inductor serially connected to
64.5 Ω resistor. In this section, our goal is to study whether THD, input current and
output voltage ripple, etc. change or not at steady state when the rectifier's load is
changed with 10 uH inductor serially connected to 64.5 Ω resistor.
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Figure 6.18 Classical unity power rectifier’s input voltage and current waveform

with 3 kW inductive-resistive load (10 uH) at steady state.

Figure 6.19 Classical unity power rectifier’s output voltage waveform with 3 kW

inductive-resistive load (10 uH) at steady state.
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Figure 6.18 and 6.19 show the rectifier's input voltage, input current and
output voltage respectively. The input current changes between 22.45 and 18.84 A at
its peak. The rectifier's maximum output voltage is 448.102 V and its minimum
output voltage is 432.168 V. However, the rectifier's mean output voltage stays
constant and this means that it is stable. Output voltage and input current ripple are
calculated as 3.62 %, 8.74 % respectively. The rectifier gives 3006 W with this load.
The IGBT and diodes' voltage and current waveform are not given in this
section since their waveform shapes are similar to ones in previous section. The
rectifier's input power and input power factor are shown in figure D.20(a) and
D.20(b) in Appendix D.2.1.2. Its input current's FFT waveform and THD graph are
given in figure D.21 and D.22 in also Appendix D.2.1.2.
The rectifier’s efficiency, input power factor, THD of its input current, input
current ripple, output voltage ripple and the IGBT, boost diode, D5, bridge diodes,
D1, D2, D3, D4’s voltage and current stresses, and their power losses are given in the
related part of table 6.8. Its input current’s harmonics up to 50th harmonic is listed in
the part related with the classical UPF rectifier in table 6.10.

6.4.2.2 Proposed Converter's Simulation With Inductive-Resistive Load

In this section, only the proposed rectifier with the 3 kW inductive-resistive
loads is simulated and its performances are investigated with the simulations made.

6.4.2.2.1 Proposed Converter's Simulation With Inductive-Resistive Load (100
uH)

The classical unity power factor rectifier is simulated when its loads are
inductive and purely resistive, and also, the proposed rectifier is simulated by
connecting purely resistive load to its output before. The related results are given
before in previous sections. In this section, proposed rectifier’s simulation results
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with 3 kW inductive-resistive load which consists of a 100 uH inductor and 64.5 Ω
resistor serially connected to the inductor at steady state are given. Its output voltage
ripple, input current ripple, efficiency and the THD (total harmonic distortion), etc
are investigated.
Figure 6.20 and figure 6.21 show the proposed rectifier's input current with its
input voltage and its output voltage waveform respectively. Its output voltage swings
between 448.244 and 432.151 V with this load at steady state, and its mean output
voltage is closely 440.2 V. This mean output voltage stays constant through the
simulation at steady state. The output voltage ripple is nearly 3.66 %. Also, its output
power is 3006.32 W. Input peak current changes between 22.74 and 19.07 A, so
input current ripple is 8.78 %. Proposed converter's output voltage ripple and input
current ripple with this inductive-resistive load are moderately higher than the ones
with 3 kW purely resistive load given in section 6.4.1.2.

Figure 6.20 Proposed rectifier’s input voltage and current waveform with 3 kW

inductive-resistive load (100 uH) at steady state.
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Figure 6.21 Proposed rectifier’s output voltage waveform with 3 kW inductive-

resistive load (100 uH) at steady state.

The proposed rectifier’s input power and power factor graph is given in figure
D.23(a) and D.23(b) in Appendix D.2.2.1. Its input current’s FFT waveform and
THD, IGBT’s current and voltage waveform, one of the boost diodes, D3’s current
and voltage waveform are given in figure D.24, D.25, D.26, D.27 in Appendix
D.2.2.1 respectively. The bridge diodes, D1 and D7’s current and voltage waveforms
are given in figure D.28 and D.29 in the same part in Appendix D.
The rectifier’s efficiency, input power factor, THD of its input current, input
current ripple, output voltage ripple and the IGBT, boost diodes, D3 and D5, bridge
diodes, D1, D2, D6, D7’s voltage and current stresses, and their power losses are
given in the part related with the proposed rectifier in table 6.8. Its input current’s
harmonics up to 50th harmonic is listed in the part related with the classical UPF
rectifier in table 6.9.

6.4.2.2.2 Proposed Converter's Simulation With Inductive-Resistive Load (10
uH)

Proposed converter is simulated by placing a 100 uH inductor serially
connected to 64.5 ohm to its output as a load and the simulation results are given in
105

previous section. In this section, the load is changed with 10 uH inductor serially
connected to 64.5 Ω resistor and the converter is resimulated to investigate whether
its power factor, total harmonic distortion, input current ripple, etc changes or not.
Proposed rectifier's input current and input voltage waveform are given in
figure 6.22, and figure 6.23 shows its output voltage waveform. Its output voltage
ripple and input current ripple do not change much to observe their differences when
the load's inductance is 10 uH or 100 uH. This means that its output voltage varies
between 448.244, 432.151 V and input peak current changes between 22.74 and
19.07 A. Similarly, its mean output voltage stays constant at steady state. The input
current ripple and output voltage ripple are 8.78 % and 3.66 % as in the previous
section. Also, its output power is 3006.32 W.
The IGBT and diodes' voltage and current waveform are not given in this
section since their waveform shapes are similar to ones in previous section. The
rectifier's input power and input power factor are shown in figure D.30(a) and
D.30(b) in Appendix D.2.2.2. Also, its input current's FFT waveform and THD graph
are given in figure D.31 and D.32 in Appendix D.2.2.2 respectively.

Figure 6.22 Proposed rectifier’s input voltage and current waveform with 3 kW

inductive-resistive load (10 uH) at steady state.
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Figure 6.23 Proposed rectifier’s output voltage waveform with 3 kW inductive-

resistive load (10 uH) at steady state.

All important data such as the rectifier’s efficiency, input power factor are
given in table 6.8. Its input current’s harmonics up to 50th harmonic is also listed in
the part related with the proposed rectifier in table 6.10. The results are evaluated in
section 6.4.2.3.

6.4.2.3 Evaluation Of Simulation Results Of Classical And Proposed UPF
Rectifier With 3 kW Inductive-Resistive Loads (100 uH and 10 uH)

Proposed and classical unity power factor rectifier are investigated upon their
efficiency, input power factor, input current’s THD, input current ripple, output
voltage ripple, IGBT and diodes’ stresses and losses with the two different 3 kW
inductive-resistive loads. They are listed in table 6.8.
The proposed rectifier gives same results with the 3 kW loads, which are 100
uH inductor serially connected to a 64.5 Ω resistor load and 10 uH inductor serially
connected to a 64.5 Ω resistor load according to data in table 6.8. Similarly, the
classical unity power factor rectifier gives same results with this two loads.
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Efficiency
(%)
Input
Power
Factor
THD
(%)
Input
Current
Ripple (%)
Output
Voltage
Ripple (%)
IGBT
Stress
Boost
Diode
Stress
Bridge
Diodes’
Stresses

Classical
UPF
Rectifier
With
3 kW
InductiveResistive
Load
(100 uH)

Proposed
UPF
Rectifier
With
3 kW
InductiveResistive
Load
(100 uH)

Classical
UPF
Rectifier
With
3 kW
InductiveResistive
Load
(10 uH)

Proposed
UPF
Rectifier
With
3 kW
InductiveResistive
Load
(10 uH)

97.29

97.45

97.29

97.45

0.9873

0.9864

0.9873

0.9864

16.06

16.59

16.06

16.59

8.95

8.78

8.74

8.78

3.60

3.66

3.62

3.66

449.0 V,
22.46 A
446.12 V,
23.47 A

448.72 V,
22.75 A
445.27 V,
22.74 A
for D3 and D5
449.72 V,
22.74 A
for D1, D2
449.56 V,
22.73 A
for D6, D7

449.42 V,
22.45 A
446.12 V,
22.47 A

448.71 V,
22.75 A
445.27 V,
22.74 A
for D3 and D5
449.73 V,
22.74 A
for D1, D2
449.56 V,
22.74 A
for D6, D7

309.87 V,
22.45 A
for each
diode

309.87 V,
22.43 A
for each
diode

IGBT’s
Power
Loss
Boost
Diodes’
Power
Loss

10.04 W

9.88 W

10.04 W

9.88 W

8.89 W

8.9 W
(4.45 W
for each D3
and D5)

8.89 W

8.9 W
(4.45 W
for each D3
and D5)

Diode
Bridge’s
Power
Loss

25.28 W
(6.32 W
for each
diode)

2.6 W for each D1,
D2
6.28 W for each D6,
D7
(Total 17.76 W)

25.28 W
(6.32 W
for each
diode)

2.6 W for each D1,
D2
6.28 W for each D6,
D7
(Total 17.76 W)

Table 6.8 Performance comparison table between proposed rectifier and classical

unity power factor rectifier with two 3 kW inductive-resistive (100 uH and 10 uH)
load.
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Classical UPF Proposed UPF
Classical UPF Proposed UPF
Rectifier
Rectifier
Rectifier
Rectifier
(100 uH)
(100 uH)
(100 uH)
(100 uH)
Harmonic # Magnitude (A) Magnitude (A) Harmonic # Magnitude (A) Magnitude (A)
1
19.6
19.56
26
0
0
2
0
0
27
0.11
0.1
3
1.75
2.08
28
0
0
4
0
0
29
0.2
0.19
5
1.46
1.4
30
0
0
6
0
0
31
0.17
0.15
7
1.16
1.06
32
0
0
8
0
0
33
0.05
0.05
9
0.55
0.48
34
0
0
10
0
0
35
0.1
0.09
11
0.12
0.12
36
0
0
12
0
0
37
0.15
0.14
13
0.44
0.41
38
0
0
14
0
0
39
0.1
0.09
15
0.47
0.42
40
0
0
16
0
0
41
0.03
0.03
17
0.23
0.2
42
0
0
18
0
0
43
0.09
0.08
19
0.12
0.12
44
0
0
20
0
0
45
0.1
0.1
21
0.3
0.27
46
0
0
22
0
0
47
0.06
0.06
23
0.28
0.25
48
0
0
24
0
0
49
0.03
0.03
25
0.11
0.1
50
0
0

Table 6.9 Proposed and classical UPF rectifier’s input current harmonics’ number

and magnitudes up to 50th harmonic with 3 kW inductive-resistive load (100 uH) at
steady state.

The rectifiers’ harmonic number and magnitudes up to 50th harmonic with the
3 kW inductive-resistive loads (100 uH and 10 uH) at steady state are given in table
6.9 and table 6.10. There are small differences between the two rectifiers’ harmonic
magnitudes up to 50th harmonic in table 6.9 and table 6.10. Also, the even harmonic
magnitudes in table 6.9 and table 6.10 are 0 for the two rectifiers. The harmonic
magnitudes are the same except the 21st harmonic magnitudes in the parts related
with the classical unity power factor rectifier in the two table. However, the
difference between the 21st harmonic magnitude in table 6.9 and the one in table 6.10
is negligibly small.
109

Classical UPF Proposed UPF
Classical UPF Proposed UPF
Rectifier
Rectifier
Rectifier
Rectifier
(10 uH)
(10 uH)
(10 uH)
(10 uH)
Harmonic # Magnitude (A) Magnitude (A) Harmonic # Magnitude (A) Magnitude(A)
1
19.60
19.56
26
0.00
0
2
0.00
0
27
0.11
0.1
3
1.75
2.08
28
0.00
0
4
0.00
0
29
0.20
0.19
5
1.46
1.4
30
0.00
0
6
0.00
0
31
0.17
0.15
7
1.16
1.06
32
0.00
0
8
0.00
0
33
0.05
0.05
9
0.55
0.48
34
0.00
0
10
0.00
0
35
0.10
0.09
11
0.12
0.12
36
0.00
0
12
0.00
0
37
0.15
0.14
13
0.44
0.41
38
0.00
0
14
0.00
0
39
0.10
0.09
15
0.47
0.42
40
0.00
0
16
0.00
0
41
0.03
0.03
17
0.23
0.2
42
0.00
0
18
0.00
0
43
0.09
0.08
19
0.12
0.12
44
0.00
0
20
0.00
0
45
0.10
0.1
21
0.29
0.27
46
0.00
0
22
0.00
0
47
0.06
0.06
23
0.28
0.25
48
0.00
0
24
0.00
0
49
0.03
0.03
25
0.11
0.1
50
0.00
0

Table 6.10 Proposed and classical UPF rectifier’s input current harmonics’ number

and magnitudes up to 50th harmonic with 3 kW inductive-resistive load (10 uH) at
steady state.

The rectifiers maintain their unity power factor operation with these
inductive-resistive loads. Their efficiency, input current ripples and output voltage
ripples given in table 6.8 with the inductive resistive loads are within the specified
values given in section 6.1.
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6.4.3 Classical Unity Power Factor Rectifier's Simulation With 3 kW Resistive
Load By Taking Reference Voltage From A Transformer Connected To Mains
Supply

Classical unity power factor rectifier, whose block diagram is shown in figure
6.7, is simulated by taking Iac and Vrms signal feedbacks from a transformer
connected to mains supply as in figure 6.8 with PSIM 6.1 simulation program and
UC3854B IC model in figure 6.1 to investigate whether taking these signals in this
way affects its performance with 3 kW purely resistive load considering THD, output
voltage ripple, input current ripple, etc.
The rectifier's input power and input power factor graphs are shown in figure
D.33(a) and D.33(b) in Appendix D.3. Its input current with input voltage and its
output voltage waveforms are shown in figure D.34(a) and D.34(b) in Appendix D.3.
On the other hand, its input current's FFT waveform and input current's THD graph
are shown in figure D.35(a) and D.35(b) in the same part in Appendix D. These
figures are obtained via the simulation.

Efficiency (%)
Input Power Factor
THD (%)
Input Current Ripple (%)

Classical UPF Rectifier
With 3 kW Purely Resistive Load Taking Reference
Voltage By Using A Transformer
97.21
0.9864
16.63
8.70

Output Voltage Ripple (%)

3.66

IGBT Stress
Boost Diode Stress
Bridge Diodes’ Stresses
IGBT’s Power Loss
Boost Diodes’ Power Loss

449.46 V, 22.79 A
446.16 V, 22.80 A
309.90 V, 22.80 A
9.93 W
8.89 W

Diode Bridge’s Power Loss

25.20 W (Each diode has 6.3 W loss)

Table 6.11 Classical UPF rectifier performance table when its reference voltage is

taken by using a transformer.
111

The rectifier's results such as efficiency, input power factor obtained via the
simulation are listed in table 6.11. When the Iac and Vrms signal feedbacks are taken
from a transformer connected to mains supply as in figure 6.8, classical unity power
factor rectifier has worse results than the ones when the feedbacks are taken from the
bridge rectifier as in figure 6.7 by considering its input power factor, efficiency,
output voltage ripple, THD, but its input current ripple given in table 6.11 is lower
than its input current ripple in table 6.6. Also, the proposed rectifier with 3 kW
purely resistive load has better efficiency, output voltage ripple and input current's
THD given in table 6.6 than the classical unity power factor rectifier's ones in table
6.11. Proposed rectifier's power factor given in table 6.6 and the power factor in table
6.11 are same, but its input current ripple given in table 6.11 is lower than the one
given in table 6.6. These show that the classical unity power factor rectifier's
performance results are related with where the signal feedbacks are taken.

6.4.4 Classical Unity Power Factor And Proposed Rectifier's Simulation With 3
kW Purely Resistive Load In Dynamic Conditions And Their Comparison

The classical unity power factor rectifier and proposed rectifier, whose block
diagrams are given in figure 6.7 and 6.8 respectively, are simulated in dynamic
conditions. In the simulations, PSIM 6.1 simulation program and the UC3854B IC
model in figure 6.1 are used. 3 kW purely resistive loads are connected to the
rectifiers' output, after a while they are disconnected and then connected again in
PSIM 6.1 simulation environment. In this way, the rectifiers' output voltage and
input current waveforms are obtained in the dynamic conditions, and their settling
times are calculated.
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6.4.4.1 Classical Unity Power Factor Rectifier's Simulation With 3 kW Purely
Resistive Load In Dynamic Conditions

Classical unity power factor rectifier whose block diagram is shown in figure
6.7 is simulated by connecting 3 kW purely resistive load and disconnecting it
between 1s -1.05 s. and connecting again at the end of this period.

(a)

(b)
Figure 6.24 (a) Classical unity power factor rectifier’s output voltage and input

current waveform when 3 kW purely resistive load is connected, it is disconnected
between 1 s. and 1.05 s. and connected again, (b) its zoomed version.
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Figure 6.24 shows the rectifier’s input current and output voltage in
mentioned conditions above. Its maximum output voltage is nearly 447.84 V at
steady state before the 3 kW purely resistive load is disconnected. Its ± 5 % values
are 424.45 V and 473.23 V. Time difference between the time, which 3 kW purely
resistive load is reconnected at and the first time, which the rectifier’s maximum
output voltage reaches between these values at, gives settling time. The rectifier’s
maximum output voltage reaches 433.496 V at 1.09765 s. 433.496 V is between the
voltage values. Then, the rectifier's settling time is 47.65 ms.

6.4.4.2 Proposed Rectifier's Simulation With 3 kW Purely Resistive Load In
Dynamic Conditions

(a)

(b)
Figure 6.25 (a) Proposed rectifier’s output voltage and input current waveform when

3 kW purely resistive load is connected, it is disconnected between 1 s. and 1.05 s.
and connected again, (b) its zoomed version.
114

3 kW purely resistive load is connected to the proposed rectifier’s output and
it is disconnected between 1 s. and 1.5 s in PSIM 6.1 simulation environment. Then it
is reconnected. In this way, the rectifier’s settling time is calculated similarly in
section 6.4.4.1. The rectifier’s input current and output voltage waveform obtained
by making a simulation with the simulation program and the waveforms are given in
figure 6.25.
The proposed rectifier’s maximum output voltage is 449.821 V. First time, its
maximum output voltage reaches a value, which is between ± 5 % of 449.821 V at
1.09761 s. It is 434.193 V and the rectifier’s settling time is 47.61 ms. The settling
time is nearly same with the classical unity power factor rectifier’s one given in
section 6.4.4.1.

6.5 Conclusion

Classical unity power factor rectifier and proposed rectifier with 3 kW purely
resistive load are compared on basis of their efficiency, power factor, input current's
THD, input current ripple, output voltage ripple, transistor and diode number, and
their stresses, etc. Some of them are given in table 6.12.
Proposed rectifier is better than the other one on the basis of efficiency and
input current ripple. On the other hand, the proposed rectifier’s output voltage ripple
and input current's THD are a little bit higher than the other one and its power factor
is lower than the other. However, these are nearly same for the two rectifiers. An
extra ultrafast boost power diode is needed in the proposed rectifier. On the other
hand, the classical unity power factor rectifier needs an extra free-wheeling diode to
achieve the boost inductor’s core resetting. The two rectifier’s transistor and boost
diode current and voltage stresses are nearly same. Proposed rectifier’s bridge diodes
voltage stresses are higher than the classical unity power factor rectifier’s ones.
Proposed rectifier and classical unity power factor rectifier’s simulation
results are also obtained before by connecting serially connected 64.5 Ω resistor and
100 uH inductor to their outputs. They are given in table 6.13.
The efficiencies, power factors and THDs are same in table 6.12 and table
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6.13. The rest of the parameters are nearly same. Proposed rectifier and classical
unity power factor rectifier are simulated before by connecting serially connected
64.5 Ω resistor and 10 uH inductor to their outputs and similar performance results
are obtained to the ones in table 6.13, so they are not given here. Thus, the rectifiers’
performances don’t differ much whether their loads are inductive or purely resistive.

Efficiency (%)
Power Factor
THD (%)
Input Current Ripple
(%)
Output Voltage Ripple
(%)
Transistor Stress
Boost Diode Stress
Bridge Diode Stress
Number of Power
Transistors
Number of Power Diodes

Classical unity power factor
rectifier
with 3 kW purely resistive
load
97.29
0.9873
16.06
8.95

Proposed
rectifier with 3 kW purely
resistive load

3.6

3.65

449.42 V, 22.46 A
446.1 V, 22.46 A
309.87 V, 22.26 A for each

448.71 V, 22.74 A
445.27 V, 22.74 A
449.73 V, 22.74 A for D1, D2
449.57 V, 22.74 A for D6, D7
1 IGBT with
reverse-recovery diode
2 ultrafast boost diode,
4 bridge diode

1 IGBT with
reverse-recovery diode
1 ultrafast boost diode,
4 bridge diode. 1 ultrafast
free-wheeling diode

97.45
0.9864
16.59
8.78

Table 6.12 Performance comparison table between proposed rectifier and classical

unity power factor rectifier with 3 kW purely resistive load.

Proposed rectifier topology has better efficiency, output voltage ripple and
THD than classical unity power factor rectifier's ones when its Iac and Vrms signal
feedbacks are taken from a transformer connected to mains supply as in figure 6.8
and with 3 kW purely resistive load. The simulation results in this way are given
before in section 6.4.3. These show that the rectifiers' performance depends on where
the Iac and Vrms signal feedbacks are taken.
The rectifiers are simulated by using dynamic load connected to their outputs
and results are given in section 6.4.4.1 and 6.4.4.2. The proposed rectifier's settling
116

Efficiency (%)
Power Factor
THD (%)
Input Current Ripple
(%)
Output Voltage
Ripple (%)
Transistor Stress
Boost Diode Stress
Bridge Diode Stress

Classical unity power factor
rectifier
with 3 kW inductive-resistive
load (100 uH)
97.29
0.9873
16.06
8.95

Proposed
rectifier with 3 kW inductiveresistive load
(100 uH)
97.45
0.9864
16.59
8.78

3.6

3.66

449.0 V, 22.46 A
446.12 V, 23.47 A
309.87 V, 22.45 A for each

448.72 V, 22.75 A
445.27 V, 22.74 A
449.72 V, 22.74 A for D1, D2
449.56 V, 22.73 A for D6, D7

Table 6.13 Performance comparison table between proposed rectifier and classical

unity power factor rectifier with serially connected 64.5 Ω resistor and 100 uH
inductor load.

time is lower than the other one's settling time, but they are nearly same.
Consequently, proposed rectifier is decided to implement due to its higher
efficiency and the reasons given above.
In the next chapter, implementation of the proposed rectifier is described. The
following chapter also presents the measurement results on this rectifier. These
results are used for assessing how reliable the simulations given in this chapter are.
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CHAPTER 7

HARDWARE DESIGN IMPLEMENTATION AND RESULTS

7.1 Introduction

In this chapter, the proposed unity power factor rectifier, whose specification
given in chapter 6 is implemented. Its block diagram is given in figure 7.1. The
inductor used in proposed unity power factor rectifier topology is designed and its
design procedure is given in this chapter. Information about snubbers is given
briefly. In order to protect IGBT used in the unity power factor rectifier circuit,
overvoltage and R-C snubber is designed and design procedure is given. Information
about power semiconductors used in the proposed rectifier are also given. The
proposed rectifier circuit’s control circuit is explained.
Unity power factor boost rectifier’s hardware implemented uses average
current control and it contains a control circuit in the same electronic card to run the
proposed rectifier and classical unity power factor rectifier, whose specifications are
mentioned in chapter 6. In this way, the two rectifiers can work using the same
electronic card and electronic components used in their control circuit are efficiently
used. Otherwise; the number of resistors, capacitors and current sensor, diode bridge,
ultrafast diodes, IGBT, etc would be doubled on the electronic card implemented or
two electronic cards would had to be designed and implemented.
The proposed rectifier is tested in laboratory enviroment by connecting 1 kW
and 2 kW nearly purely resistive loads. The results are presented in this chapter.
Simulations are made in same conditions to identify whether the simulations are
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Figure 7.1 Implemented proposed rectifier’s block diagram.

reliable, so that some other tests can be performed in the simulation environment. In
this manner, considerable time saving can be achieved in improving the circuit.

7.2 Hardware Design And Implementation

Implemented proposed rectifier's block diagram given in figure 7.1 contains
some blocks and they are given in the same figure. They are inductor, overvoltage
snubber, R-C snubber, current sensing circuit, low pass filter, the mains supply
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feedback block, control circuit, power supply, the proposed topology blocks. Each
block diagram and its corresponding circuit is explained in this section.

7.2.1 Inductor Design

The inductors, L1 and L2 shown in figure 7.1 are designed on a same core.
Each inductor has 250 uH inductance and their total inductance is 500 uH. Its power
rating is nearly 3100 W and its maksimum permissible current flowing through the
inductors are 27.5 A. The inductors are designed as if one 500 uH inductor is
designed. There are two coils on a C core, each represents a 250 uH inductance.
Selection of best magnetic core in inductor design stage is very critical in a
given application. There are various magnetic cores such as ferrite, powdered iron,
electrical steel, orthonol etc[2], [36]. Amorphous metal cores has high saturation flux
density, low frequency dependent losses. Implementation of an efficient and small
size inductor operating at high frequencies e.g. 50 kHz is possible by using
amorphous metal cores [37].
In order to begin inductor design, the unity power factor rectifier’s necessary
specifications should be remembered since they are used in inductor design stage.
Inductor efficiency should be decided since overall rectifier efficiency is dependent
upon the inductor's efficiency. It should be as high as possible. 99 % or higher
inductor efficiency is enough for this application. It will decrease the rectifier’s
efficiency 1 % and it will cause nearly 30 W power loss in the rectifier. In inductor
design procedure given below, the rectifier’s efficiency is taken as 97 % according to
the simulation results in chapter 6. The inductor is designed and design procedures
are given in the following steps [37], [38]:
Step #1:
Thus, necessary specifications are taken as the following ones:
•

The rectifiers’ output power, Pout = 3000 W

•

Their switching frequency, f sw = 50 kHz

•

Their output dc voltage, Vout = 440 V
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•

Their minimum input voltage, Vin ( ac ) min = 187 V rms

•

Their maximum input voltage = 286 V rms

•

The inductor’s maximum temperature rise above ambient temperature,
ΔT = 50 0C

•

Its efficiency, η preg ≥ 99 %

•

Assumed rectifiers’ efficiencies = 97 %

•

The rectifiers’ input current ripple, ΔI = 10 % peak to peak.
The total inductance, L1+L2 in figure 7.1 used in the proposed unity power

factor rectifier or classical unity power factor rectifier must be calculated before the
inductor design stage. The rectifiers’ peak input current without considering its input
current ripple calculated as 23.37 A by taking the rectifiers’ input power, Pin as 3090
W and their minimum input voltage, Vin (rms ) min 187 V rms, and using equation 7.1.
Hence; the rectifiers’ input current ripple, ΔI is 4.674 A since it is taken as 0.1 times
the input current’s peak to peak value.
I pk =

2 × Pin

(7.1)

Vin ( rms ) min

Duty cycle, D expression is given in chapter 2 in equation 2.2. Equation 2.2 gives D
nearly 0.4 by taking the output DC voltage, Vo , input minimum peak voltage,
Vin ( peak ) min as 440 V and 265 V respectively [2]. The inductance is calculated as 0.454

mH by using equation 2.2 and taking ΔI as calculated before. Taking inductance as
0.5 mH is appropriate to reduce the current ripple and guarantee it to be within the
specified tolerances.
For a teoritically optimum design [37], inductor cupper and core losses
should be nearly equal and this is stated in equation 7.2.
Powerloss = Ptot = 2 × Pcore = 2 × Pcu

(7.2)

Metglas amorphous metal C-cores have a core loss equation and it is given by the
following formula.
1.74
Pcore = 6.5 × f sw1.51 × Bac
× wt in watts

(7.3)

In equation 7.3, the switching frequency, f sw ; ac flux density, Bac ; core weight, wt
are in kHz, tesla, kg respectively.
Equation 2.2 can be rewritten as in (7.4) and taking inductance, L as 0.5 mH
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,and placing the necessary parameter values in this equation; ΔI is recalculated as
4.22 A peak to peak for this inductance value.
L=

[

2Vin ( ac ) min × 1 − (( 2Vin ( ac ) min ) / Vout
ΔI × f sw

]

(7.4)

The current ripple, ΔI , flux density, B and AC flux density, Bac are
expressed in equation 7.5.
⎛ 2B
ΔI = ⎜ ac
⎝ B

2 × ( Pout ) ⎤
⎞⎡
⎟⎢
⎥
⎠ ⎢⎣η preg × Vin ( ac ) min ⎥⎦

(7.5)

By putting maximum peak flux density, Bmax in equation 7.5 instead of B , and
using the values in specifications given before, following statement is derived for the
inductor being designed.
Bac
= 0.09021
Bmax

Energy storage requirement of an inductor, E can be calculated using equation 7.6
2
E = 0.5( L × I peak
)

(7.6)

I peak in this equation is here the rectifiers’ input peak current with considering the its

input current ripple and equation 2.3 expressed I pk and ΔI . I peak is calculated as
nearly 25.5 A using equation 2.3 but control circuit designed using UC3854B IC
permits 27.5 A peak current. Hence, I peak current is taken 27.5 A in equation 7.6 and
the rest of the calculations. The inductance L is 0.5 mH, and then E is 0.189 joules.
Core area product, Wa Ac is given in equation 7.7. In this equation, energy
storage requirement of inductor, E is in joules, J is current density in A/cm2, k is
the window utilization factor. Current density, J is taken as 500 A/cm2 to reduce the
core volume since amorphous metal cores have generally higher prices than other
types of core [2].
If the current flowing through the inductor has high frequency component,
cupper resistance in the inductor will increase due to skin effect. Litz wire or foil
winding can be used to reduce the resistance due to this effect [37]. The inductor
design is made by the assumption that foil winding is used in the inductor. Hence, k
can be taken as 0.4.
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Wa Ac =
=

2E
Bmax × J × k

(7.7)

2 × (0.189 joules ) × 10 4 18.4
=
Bmax × 500 × 0.4
Bmax

Above statement is derived by placing the necessary parameter values in equation
7.7. Efficiency should be equal or higher than 99 % and inductor should not be
exceed 50 0C from ambient temperature according to the specifications given before.
Placing Bac / Bmax = 0.09021 expression in equation 7.3 to simplify and rewriting the
equation in terms of Bmax for the inductor being designed, the following expression
is derived.
Pcore = 36.35 × ( Bmax )1.74 × wt

Using two above statements, core area product, Wa Ac is calculated, core
number which has equal or higher and nearest core area product in table 7.2 is
selected, and then the core loss is calculated by different Bmax values in Tesla. Total
inductor losses are also calculated. The results are given in table 7.1.
B-H curve for the Metglas amorphous metal is given in figure 7.2 according
to its datasheet and saturation flux density can be acquired from this curve. The
saturation flux density for the Metglas amorphous metal cores is 1.56 T and its
datasheet is given in Appendix B in the thesis. Value of Bmax can be taken as high as
1.4 T for the amorphous metal cores [38].
However, the core losses in the inductor can be reduced by using smaller
Bmax values as shown in table 7.1. The purpose here to find the smallest core size and

the designed inductor, whose efficiency is equal or higher than 99 % while carrying
the peak current of 27.5 A, and the converter transfers 3 kW power. Also, selected
core’s temperature rise must not exceed 50 0C above ambient temperature. When
Bmax is equal to 0.8, 0.9, 1, 1.1, the inductor’s efficiency is higher or equal to 99 %

according to table 7.1.
Table 7.2 taken from reference [38] gives core numbers, their core area
product, convective surface area and approximate power dissipation in watts for a
given temperature rise. When Bmax is equal to 1 or 1.1, total inductor loss causes
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Figure 7.2 B-H curve for Metglas amorphous metal cores in kilogauss and oersted.

Bmax
(Tesla)
0.8
0.9
1
1.1
1.2
1.3
1.4

WaAc(cm4)
(Required)
23
20.44
18.4
16.72
15.33
14.15
13.14

Core
Number
AMCC-32
AMCC-25
AMCC-25
AMCC-20
AMCC-20
AMCC-16B
AMCC-16B

Core loss
(watts)
11.339
11.5
13.813
14.586
16.9728
16.0664
18.2756

Total inductor loss
(watts)
22.7
23
27.6
29.2
34
32.1
36.6

Table 7.1 Required core area product, core number, core and total inductor losses for

the 500 uH inductor by different Bmax values.

temperature rise higher than 50 0C above ambient temperature according to table 7.2.
While Bmax is equal to 0.8 T, the inductor temperature rise is lower than 50 0C, but
higher volume core, namely AMCC-32 is required. On the other hand, total inductor
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loss gives nearly 50 0C temperature rise above the ambient temperature and the
inductor’s efficiency is higher than 99 % when Bmax is equal to 0.9 T. Hence,
AMCC-25 amorphous metal core is selected and its Bmax value will be taken as
nearly 0.9 T.

Approximate Power Dissipation in Watts for a
Given Temperature Rise
Core
Number
AMCC-6.3
AMCC-8
AMCC-10

W aA c
(cm4)
5.8
7
9.4

SA
(cm2)
103.4
115.9
132.1

20 0C
3.8
4.2
4.8

25 0C
4.9
5.5
6.3

30 0C
6.1
6.9
7.8

35 0C
7.4
8.3
9.4

40 0C
8.7
9.7
11

50 0C
11.3
12.7
14.5

AMCC16A

12

143.1

5.2

6.8

8.5

10.2

12

15.7

AMCC16B
AMCC-20
AMCC-25
AMCC-32
AMCC-40
AMCC-50

15
17.6
22.7
26.9
31.2
46.2

160.3
172.3
202.2
216
230
303.5

5.8
6.3
7.4
7.9
8.4
11.1

7.6
8.2
9.6
10.3
11
14.5

9.5
10.2
12
12.8
13.6
18

11.4
12.3
14.4
15.4
16.4
21.7

13.4
14.4
16.9
18.1
19.3
25.4

17.6
18.9
22.2
23.7
25.2
33.2

Table 7.2 Approximate power dissipation values in watts for a given temperature

rise and core number.

Step #2:
When AMCC-25 amorphous metal core is selected and its Bmax value is 0.9
T, the inductor efficiency is 99.23 % according to the total inductor loss in table 7.1
by taking the rectifiers’ efficiency as if 100 %. Inductor total loss formula is given in
equation 7.8. In this equation, η L is inductor efficiency, Pout is rectifier’s output
power and η preg is its efficiency. Using this formula, total inductor losses are
recalculated.
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Ptot = (1 − η L ) × ( Pout ÷ η preg ) in watts

(7.8)

Then, the inductor loss, Ptot is nearly 23.8 watts. Pcore and Pcu losses in the inductor
are 11.9 W. 22 W dissipated in an AMCC-25 will give temperature rise to nearly 50
0

C. Thus, these show that right core, namely AMCC-25 is selected in step 1. Power

loss for the core weight formula is given in equation 7.9.
P = Ptot 2wt

(7.9)

The core weight, wt is 0.38 kg for AMCC-25 core and then P is 31.32 W/kg.
Equation 7.3 and 7.9 gives equation 7.10 expressing ac flux density, Bac in terms of
P and f sw .

[

Bac = P (6.5 f sw1.51

]

1 / 1.74

(7.10)

In equation 7.10, Bac , P , f sw are in terms of T, W/kg, kHz. Then, Bac is 0.0828 T.
In step 1, L and ΔI are calculated as 0.5 mH, 4.22 A. Bmax is recalculated more
precisely by putting these values in equation 7.5 and it is found to be 0.9179 T,
which is acceptable.
Step #3:
Core area product, Wa Ac is recalculated for given J , k values and by using
equation 7.7 and taking Bmax as 0.9179 T in order to check that the selected core in
step 1 has enough core area product. The core area product is found to be 20.59 cm4.
AMCC-25’s core area product is 22.7 cm4 as seen in table 7.2. Then, it is right core
to implement the inductor. The amorphous metal core has the following dimensions
related with figure 7.3:
•

a = 1.3 cm

•

b = 1.5 cm

•

c = 5.6 cm

•

d = 2.5 cm

•

e = 4.1 cm

•

f = 8.2 cm

Also, the AMCC-25 core has the characteristics given below:
•

Magnetic path length of core, l m = 19.6 cm

• Core cross-section, Ac = 2.7 cm2
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Figure 7.3 C core dimensions.

•

Core weight, wt = 0.38 kg

•

Core area product, Wa Ac = 22.7 cm4

•

Convective surface area, SA = 202.2 cm2.

Step #4:
In this step, the number of turns required, N is calculated. It is expressed in
terms of L , I peak , Bmax , Ac in equation 7.11 and the values of these variables are 0.5
mH, 27.5 A, 0.9179 T and 2.7 cm2 for the inductor being designed and core selected.
N is calculated as 56 turns.
N=

L × I peak × 10 4
Bmax × Ac

turns

(7.11)

Step #5:
In this step, the inductor’s airgap value is calculated. Total air gap value
required is expressed in equation 7.12 where l m is magnetic core length, μΔ is
incremental permeability at operating on B-H loop in figure 7.2. μΔ is nearly equal
to 1000 for the operating point.
lg =

0.4 × π × N × I peak × 10 −4
Bmax

−

lm
μΔ
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(7.12)

0.4 × π × 56 × 27.5 × 10 −4 19.6
−
0.9179
1000

lg =

Necessary parameters is put in equation 7.12; total air gap, l g is calculated as 0.19 cm
and then it is 0.095 cm/leg.
Step #6:
Fringing flux decreases the air gap reluctance and so increases inductance by
a factor F. It can be calculated using the following formula approximately. In the
equation, l g is inductor’s total air gap calculated in step 5 and the rest of the
parameters related with the core’s dimension and they are given in step 3.
F=

(a + (l g / 2)) × (d + (l g / 2))

(7.13)

a×d

Then, the amount of fringing flux, F is calculated as 1.114.
Step #7:
In this step, the turn number is corrected by taking into account the fringing
flux. In step 1; number of turns, N is calculated. However, the amount of fringing
flux, F affects the effective core cross-section. Equation 7.14 expresses the number
of turns, N by including the fringing flux affect. Necessary parameter values in the
equation are given before in this sub-chapter. N is calculated as 52.65 by putting
them in equation 7.14. N should be higher or equal to what is calculated. The core
has two coils on both sides of the C cores as in figure 7.3. N must be even number,
so it is taken as 54.
N=

[

]

L × l g + (l m / μΔ ) × (10 8 )
0.4 × π × Ac × F

turns

(7.14)

Step #8:
The cross-sectional area of the conductor used in the inductor is calculated as 0.062
cm2 by taking b, c, k, N as 1.5 cm, 5.6 cm, 0.4 and 54 and putting them in equation
7.15.
Ax =

b×c×k
N

(7.15)

The resistivity of copper as a function of temperature is expressed in equation 7.16.
Assuming that the maximum ambient temperature is 30 0C and the inductor gives 50
0

C additional temperature rise, T is taken 80 0C. Then, the resistivity of copper is

2.16 μΩ-cm.
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ρ = 1.724 × [1 + 0.0042 × (T − 20)] × (10 −6 ) Ω-cm

(7.16)

The resistance per unit length for the conductor is 34.7 μΩ-cm and is calculated by
using (7.17)
Runit =

ρ

(7.17)

Ax

Step #9:
Total cupper losses are calculated in this step. Total resistance for the winding
is expressed by equation 7.18.
Ω Tot = Runit × MTL × N

(7.18)

Mean turn length is approximated by equation 7.19 for the C-core.
MTL = 2 × (a + 2b + d )

(7.19)

Then it is 13.6 cm for AMCC-25 amorphous metal core. Hence, the coil resistance is
for the inductor is 25.48 mΩ. Equation 7.20 gives total cupper losses in watts without
regarding the skin effect.
2
Pcu = I rms
× Ω tot

(7.20)

Total cupper losses without including the skin effect is calculated nearly 5W by
taking the rectifiers’ input current, I rms in rms as 14 A.
Step #10:
The ac flux density in the air gap and the core is recalculated with regarding
the corrected number of turns, N and air gap, l g by using the equation 7.21. Bac is
calculated as 0.075 T by taking N, ΔI , l g as 54, 4.22 A, 0.19 cm respectively.
Bac =

0.4 × π × N × (ΔI / 2) × (10 −4 )
lg

(7.21)

Step #11:
The core losses are recalculated by using the recalculated AC flux density in
the air gap and the core. It is nearly 10 W by using equation 7.3 since the
recalculated Bac , switching frequency, f sw , the core weight, wt are 0.075 T, 50 kHz,
0.38 kg.
Step #12:
The estimated convective surface area for the C-core is calculated in this step.
It is expressed in equation 7.22. Necessary parameters in this equation are given
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before for the AMCC-25 core in step 3. Hence, it is 202.2 cm2 for the core.
SA = 2 f × (b + d ) + 2 × (b + d ) × (b + e) + 2 f × (b + e)

(7.22)

Step #13:
Total power loss in the inductor is sum of the core and cupper losses and it is
expressed in equation 7.23. Total power loss in the inductor is nearly 15 watts.
Ptot = Pcore + Pcu

(7.23)

Approximate temperature rise in the inductor can be calculated by using the equation
7.24.
⎡P ⎤
ΔT = ⎢ tot ⎥
⎣ SA ⎦

0.833

(7.24)

In equation 7.24, total power loss in the inductor, Ptot and SA are in mW and cm2
respectively. ΔT is temperature rise above the ambient temperature in 0C and nearly
36 0C.
The inductor is designed by assuming that copper foil winding is used for the
winding. However, the copper foil winding couldn’t be used in the inductor because
a copper foil with electrical insulation and specifications calculated above created
practical problems. Litz wire, which has 10 wires with 0.7 mm diameter, is used
instead of the copper foil. The Litz wire’s copper cross-section is nearly 0.0385 cm2.
It is less than what is calculated above. On the other hand, the rectifiers’ input current
and current passing through the inductor is 14 A rms as stated in step 9. Thus, current
density in the Litz wire is nearly 364 A/cm2 for the inductor implemented. The Litz
wire’s total resistance, Ω Tot is measured by a micro-ohm meter and it is 36 mΩ. Total
copper losses are recalculated by using equation 7.20 and it is nearly 7 W. Sum of
the core and copper losses is 17 W since the core losses is what is calculated in step
11. The approximate temperature rise is recalculated by using equation 7.24 and it is
nearly 40 0C. This temperature rise is lower than the maximum permissible
temperature rise given in step 1. The implemented inductor has two coils with each
one having 250 uH inductance and its total inductance is 500 uH. The inductance
values are what are measured by RLC meter in a laboratory. Each part had 250 uH
represents the L1 and L2 in figure 7.1. When the two parts is serially connected, it
represents the Ls in figure 6.7. It has 27 turns on one leg and 27 turns on the other
leg of the AMCC-25 amorphous metal core.
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7.2.2 Snubber Design

In power converters, power semiconductor devices can be under stresses
beyond its ratings due to noise, voltage or current transients, etc. This problem can be
solved by either using a power semiconductor with higher rating or using snubbers.
In the proposed unity power factor rectifier circuit, snubbers are used only for the
IGBT in implemented circuit .
Snubber circuits are used with transistors to enhance their switching
trajectory. Basic types of the snubbers[39] are:
•

Turn-off snubbers: Turn-off snubbers are used for reducing the voltage

stress across the transistor while the transistor turns off. There are various
turn-off snubbers such as RCD, RC, C snubber.
•

Turn-on snubbers: Turn-on snubbers are used for reducing the current stress

over the transistor while the transistor turns on. It also reduces the voltage
across the transistor during turn on. A simple turn-on snubber can be
implemented by connecting a small inductance serially to the transistor. A
large inductance causes lower turn-on voltages and lower turn-on losses.
However, the large inductance causes overvoltages across the transistor and
inceases the transistor’s turn-off voltages.
•

Overvoltage snubber: Stray inductances cause overvoltages across the

transistor during the turn-off. It can be reduced by using a overvoltage
snubber. It should be used with turn-off snubber.
An overvoltage and turn-off, namely R-C snubber is used in the implemented
rectifier.

7.2.2.1 Overvoltage Snubber Design

Overvoltages across the transistor occur during the transistor turn-off due to
stray inductances. In order to prevent the overvoltage, an overvoltage snubber as
shown in figure 7.4(a) is used in the rectifiers’ circuit [39,40].
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(a)

(b)
Figure 7.4 (a) Overvoltage snubber, (b) its equivalent circuit during transistor turn-

off.

The switch, actually a switching transistor is conducting initially. Voltage
across the capacitor, C ov is equal to Vd . During turn-off, the circuit in figure 7.4(a) is
equal to the one in figure 7.4(b). The energy stored in stray inductance, Lσ during the
switch in conduction is transferred to C ov through the diode, Dov . During this stage,
the overvoltage across the switch, ΔVCE is equal to voltage change across the
capacitor, ΔVCov . Hence [39, 40],
2
C ov × ΔVCE
, max

2

=

Lσ × I o2
2

(7.24)

When the current through Lσ is decreased and the current direction is reversed; the
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overvoltage, ΔVCE is diminishing and voltage across the capacitor, C ov becomes
equal to Vd by decreasing through the resistance, Rov . Hence, recovery time of C ov
must satisfy the following condition, where t off (min) is minimum turn-off time of the
transistor like an IGBT [39, 40].
2.3 × Rov × C ov ≈ t off (min)

(7.25)

In C ov calculation, stray inductance, Lσ value is not known and not
measured; only it is taken 20 nH as in reference [40]. C ov is calculated as 343.75 nF
by using equation 7.24, setting the ΔVCE to 0.1 times the rectifiers’ output voltage,
taking Lσ nearly 20 nH and I o equal to I peak (27.5 A as in inductor design stage). Its
value is taken as 300 nF.
The UC3854B IC can gives PWM signals had up to 95 % duty cycle. In order
to guarantee the recovery time of C ov through the resistance, Rov , t off (min) is
calculated 0.5 μs by using equation 7.26 as if the maximum duty cycle, Dmax is 97.5
%.
t off (min) =

1 − Dmax
f sw

(7.26)

Figure 7.5 Overvoltage snubber in implemented circuit.
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The value of Rov is found as 0.724 Ω by using the equation 7.25. It is taken as
0.56 ohm. Power loss over the resistor is checked by making a simulation and it is
nearly 0.5 W. However, 0.56 ohm, 5W power resistor is used in the overvoltage
snubber circuit to prevent damage on the resistor due to possible excessive heat.
International Rectifier's 8ETX06 ultrafast diode is used as snubber diode in the
circuit and its datasheet is given in Appendix B. The implemented overvoltage
snubber circuit whose block diagram is shown in figure 7.1 is given in figure 7.5.

7.2.2.2 R-C Snubber Design

C snubber is simplest turn-off snubber and it is connected to paralel to the
switching device. However, it can cause oscillations with stray inductances or
inductance such as boost inductor in proposed rectifier or classical unity power factor
rectifier. A series resistance to the capacitor is added to prevent the possible
resonance and oscillations with the inductances. This snubber type is R-C snubber.
There are other turn-off snubber types such as RCD snubber, but RC snubber is the
simplest snubber type except C snubber to protect the IGBT from overvoltages
during the turn-off [39, 44].
R-C snubber connected to a transistor with a stray inductance is shown in
figure 7.6. The stray inductance, Lσ causes an overvoltage during transistor turn-off
since it is unclamped with the free-wheeling diode, D f . This overvoltage is
decreased to an acceptable level by the R-C snubber absorbing the energy associated
with the stray inductance, Lσ [39, 44].
R-C snubber optimal design curves are given in figure 7.7 [41]. R and C
values in R-C snubber are calculated by using these curves based on the overshoot,
∧

V and initial current factor, χ [41].
C = Lσ × (

Il
)2
χ × Vs

(7.27)

R = 2 × ξ × Vs × χ / I l

(7.28)
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Figure 7.6 R-C snubber connected to a transistor.

Figure 7.7 R-C snubber optimal design curves.
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The value of stray inductance, Lσ is not known and it is assumed to be 20 nH. The
∧

overshoot, V is taken as 0.05 times the Vs equal to 440 V for the rectifiers, so χ is
nearly 0.25 according to figure 7.7. I l is taken as 27.5 A as the rectifiers’ peak input
current in inductor design stage in this chapter. Then, C is calculated as 1.25 nF. In
implemented circuit, two 400 V, 2.2 nF capacitors are serially connected to each
other and it has 1.1 nF equivalent capacitance. ξ is taken as 2 according to the
curves. Then, equation 7.28 gives R as 16 ohm. Each 33 ohm two resistors are
parallel connected to each other, their equivalent resistance is 16.5 ohm in the
implemented circuit. Equation 7.29 gives the power loss on the resistor when the
IGBT’s fall time, t fv and rise time, t rv are higher than R × C time constant.
Otherwise, the power loss on the resistor will be equal to 2 PCO + PLO [41].
PR = PRon + PRoff =

R×C
R×C
× ( PCO + PLO )
× PCO +
R × C + t fv
R × C + t rv

(7.29)

PCO

C × Vs2 × f sw
=
2

(7.30)

PLO

Lσ × I l2 × f sw
=
2

(7.31)

Figure 7.8 R-C snubber circuit.
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PCO and PLO are calculated as nearly 5.3 W and 0.38 W by using equation

7.30 and 7.31 and taking switching frequency, f sw 50 kHz. The IGBT used in
implemented circuit has typical 13 ns rise and 55 ns fall times. Then, equation 7.29
gives the power loss on the resistor as nearly 4.6 W.
Each of the two resistors used in implemented circuit has 4W power rating
and this is enough according to the calculations. The implemented R-C snubber
circuit is given in figure 7.8.

7.2.3 Current Sensing Circuit

UC3854B power factor corrector integrated circuit needs a current feedback
which represents the rectifiers’ input current in rectified form. The current feedback
can be taken by using current sense resistor if the rectifiers’ input power are low
such as 100 W, 250 W. If the rectifiers’ input power are on the order of kilowatts,
power consumed over the current sense resistor will be high, so the rectifiers’
efficiency will be severely downgraded.

(a)

(b)

Figure 7.9 (a) LEM current sensor module, (b) current sensing circuit with the

current sensor.
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In order to prevent the efficiency downgrading severely, a current sensing
circuit is used and its block diagram is shown in figure 7.1. LA 55-P/SP1 current
sensor module is used in the current sensing circuit shown in figure 7.9(b) and its
datasheet is given in Appendix A. A current carrying conductor is inserted in the
current sensor module’s hole shown in figure 7.9(a). In order to achieve best
magnetic coupling, the conductor have to be wound over the top edge of the device
according to its datasheet and this is what is done in the current sensing circuit
implemented.
This current sensor output acts as a current source proportional to the current
measured. A 40 ohm resistor is connected between ground and the sensor output.
Voltage drop over the resistor gives voltage signal proportional the current sensed.
This voltage is buffered by using LM310 voltage buffer in implemented circuit. The
current sensing circuit whose block diagram is shown in fıgure 7.1 is given in figure
7.9(b). The implemented current sensing circuit's overall gain is 0.04.

7.2.4 Low Pass Filter and Mains Supply Feedback Circuit

Low pass filter and mains supply's sample blocks are shown in figure 7.1.
Iac signal in figure 7.1 is a current signal proportional to mains supply's voltage and
in rectified form. The control circuit with the power factor corrector IC forces the
rectifier's input current to follow the Iac signal waveshape. Vrms is also mains supply's
voltage sample in rectified form. Low pass filter in the block diagram is necessary to
filter the harmonics in the line voltage. In order to reduce the effects of harmonics to
produced PWM signal, Vrms is taken from the low pass filter. On the other hand, a
unity power factor rectifier design with some different PFC ICs such as UCC3818
needs different low pass filter. The low pass filter and its design are specific to
UC3854B IC. Thus, its design is not given here. The application note in Appendix A
should be used for a low pass fılter design in circuits contain the IC. This extra
circuitry with MULTIPLIER DIVIDER SQUARER block is needed to keep the
rectifier's power constant irrespective of the input voltage changes and this is
explained in chapter 6 in detail.
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Proposed rectifiers’ low pass filter design with UC3854B and the application
note, and where mains supply's voltage sample is taken somewhat differ from the
classical unity power factor rectifier’s one which is given straight forward in the
application note. The differences are:
•

Mains supply's sample block in figure 7.1 contains the proportional block,
K2, whose output is Iac current signal. Its input and output signals are voltage
and current signal respectively, so it is accomplished by using a resistor in
implemented circuit. The resistor has 65 kΩ resistance in proposed rectifier
circuit and 650 kΩ resistance is used in classical unity power factor rectifier
circuit because the sample is taken by using a 10:1 transformer as shown in
figure 7.10 in the proposed rectifier circuit. In order to prevent the Iac current
signal to be affected by the capacitances in the low pass filter in figure 7.11, a
diode is placed between the resistor and the low pass filter. The diode,
namely 1N4004's datasheet is given in Appendix B.
The transformer, named reference transformer inputs are connected to mains
supply. An R-C low pass filter, whose cut-off frequency is 10 kHz is
connected to its output to decrease the possible noise that is comming from
the rectifiers’ other parts as shown in figure 7.10.

Figure 7.10 Circuit of mains supply's sample block in implemented circuit.

• The voltage signal, VVF1 in implemented circuit over RFF1NEW in figure
7.11 is taken by using a 10:1 transformer and a diode bridge, namely SB402,
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Figure 7.11 Low pass filter in proposed rectifier circuit.

Figure 7.12 Low pass filter in classical unity power factor rectifier.

whose datasheet is given in Appendix B. Hence, this have to be considered when
their values are calculated by using the application note. This signal’s voltage
value have to be used in their calculations. Two capacitors, CFF2 and
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CFF2NECES's equivalent capacitance is important in this figure. Their
equivalent capacitance and CFF1's capacitance values are depends upon the
values of the resistors, RFF2 and RFF3. This should be cared about.
For the conventional rectifier configuration, it is possible to take the voltage
feedback from a transformer and use the low pass filter in figure 7.11. However,
these may affect the conventional rectifier performance negatively. This is given in
detail in section 6.4.3. Hence, the low pass filter in figure 7.12 is required for better
performance for the conventional rectifier configuration and the voltage feedback is
taken and the low pass filter in the figure is connected as in figure 6.7. RFF1P1OLD,
RFF1P2OLD and RFF1P3OLD’s equivalent resistance is important in the figure.
The equivalent resistance and RFF1NEW in figure 7.11 are different. Calculated
values of RFF2, RFF3 is same for the two rectifiers’ control circuit, so the ones of
CFF1, CFF2 and CFF2NECES. The rest of the capacitances and resistances is same
for the two rectifiers.

7.2.5 Control Circuit

The control block contains the current error amplifier, voltage error amplifier
and PWM block. In order to obtain the sinusoidal input current nearly in phase with
the rectifier’s input voltage and DC output voltage at its output side, the control
circuit gives necessary PWM signals to the IGBT.
Necessary circuit to implement the PWM block is inside the UC3854B IC.
Hence, the circuit is not given here. The IC datasheet is given in Appendix B. The
circuit converts the signal coming from the current error amplifier to PWM signals
and the PWM signals are given to the IGBT’s gate pin.
Current error amplifier and voltage error amplifier are originally simple
integrator implemented by using an opamp. The simple integrator is shown in figure
7.13. The integrator's transfer function is given in equation 7.32.
G ( s) =

1

(7.32)

s × Rci × C cp
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Figure 7.13 An integrator.

In order to increase a unity power factor rectifier's performance, which uses
average current control, a pole and a zero are added the transfer function in equation
7.32. Then, the transfer function will be as in equation 7.33 [43].
Gca ( s) =

, where ω z =

s +ωz
1
×
Rci × C cp s × ( s + ω p )

(7.33)

C cz + C cp
1
and ω p =
.
Rcz × C cz
Rcz × C cz × C cp

Figure 7.14 Error amplifier with compensator.
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The transfer function in equation 7.33 consists one integrator ( 1 / s ), one zero
at ω z and one pole at ω p . The integrator eliminates steady state error. The zero is
used for guaranteeing the stability of the rectifier's input current, and the pole
eliminates high frequency noise due to the power transistor's switching in the
rectifier. The zero should be set to f sw / 2π [43], the pole must be above f sw / 2
according to the application note in Appendix A. The current error amplifier has a
zero at nearly 7900 Hz, and a pole at 50 kHz and its gain is nearly 7.4 in
implemented circuit. It is shown in figure 7.15.
Though current error amplifier and voltage error amplifier can be
implemented with same type of error amplifier, the pole and zero must be set at
different frequencies [43].

Figure 7.15 Current error amplifier in implemented circuit.

The voltage error amplifier has a pole at nearly 12 Hz, a zero at a 10th of the
pole frequency in implemented circuit and its gain is nearly 0.008. It is shown in
figure 7.16. The resistors, R9 and R10's total resistance in figure 7.16 represents the
Rci in figure 7.14. The total resistance and R6 in figure 7.16 form a voltage divider.

In this way, the rectifier's output voltage is sensed. The opamps in figure 7.15 and
7.16 are in UC3854B IC and the other electrical components are connected to the IC.
The current error amplifier forces the rectifier’s input current to become
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nearly in phase with the input voltage while the voltage error amplifier forces the
rectifier’s output voltage to be DC voltage. The voltage error amplifier gain must be
much more less than the current error amplifier gain to decrease the effect of the
output voltage ripple to the input current’s THD. A detailed description is given in
Appendix A.

Figure 7.16 Voltage error amplifier in implemented circuit.

7.2.6 Power Supply Block

LEM current sensor, LM310 buffer and UC3854B IC needs DC supply
voltages. The DC supply produced +18 V, +12 V and –12 V DC voltages is given in
figure 7.17. The connector, named SUPPLYTRANSOUTPUT’s inputs are connected
a 5 W transformer which has two +25 V and 0 V outputs. One 0 V and +25 V is
shorted to each other. These are used as grounding purpose and also these are shorted
to earthground. The other +25 V and 0 V output are connected to diode bridge. The
tranformer input is also connected to mains supply.
LM7812, LM7912 and LM7818 are used for producing +12 V, -12 V, +18 V
respectively. Their datasheets is given in Appendix A. +12 V and –12 V supplies are
used for giving necessary supply voltages to the LEM current sensor and LM310
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Figure 7.17 Power supply which produces +12 V, -12 V, +18 V DC voltage.

buffer. UC3854B is supplied by the +18 V.
R1 and C9 form a low pass filter whose cut-off frequency is nearly 3.1 kHz
and it is used to prevent 10 kHz noise coming from the LM7812 IC to pass through
the +12 V supply output. The detailed descriptions about the noise is found from its
datasheet in Appendix B. Similarly, R2 and C10, R3 and C13 are used for -12 V and
+18 V supply and same reason.

7.2.7 Proposed Topology Block

Proposed topology block in figure 7.1 contains the inductors, L1 and L2, the
ultrafast diodes D3, D5, bridge diodes, D1, D2, D6, D7, a switching transistor, output
capacitor, Cout. Information about the inductors and their design stage are given in
section 7.2.1. The power semiconductors are selected in chapter 6 and why they are
selected are given in the chapter. Fairchild Semiconductor's RURG5060 ultrafast
diodes are used as the ultrafast diodes. Its average rectified forward current rating is
50 A at case temperature of 102 0C and its voltage rating is 600 V. The diodes, D1,
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D2, D6 and D7 form a diode bridge and IXYS VBO 30-12N07 diode bridge module
is used instead of these diodes. The bridge diode module has 35 A average current
rating and 1200 V maximum voltage stress. Fairchild HGTG20N60A4D IGBT is
used as the switching transistor. Its voltage rating is 600 V. It has maximum 40 A
continuous collector current rating at case temperature of 110 0C. However, its
current rating downgrades to 37 A at 50 kHz switching speed and junction
temperature of 125 0C. The power semiconductor's datasheets are given in Appendix
B.

7.3 Proposed Rectifier And Classical UPF Rectifier's Schematic Diagram

The proposed rectifier and classical unity power factor rectifier are simulated
by using average current control technique in chapter 6. The two rectifiers’ control
circuit can be implemented in the same printed circuit board since the same current
control technique and same power factor corrector integrated circuit is used in the
two boost rectifiers. This is what is done in this thesis work.
Implemented proposed rectifier and classical unity power factor rectifier's
schematic diagram is given in same schematic diagram in this section. The schematic
diagram is splitted in to two parts and they are given in figure 7.18 and figure 7.19.
The boost inductor and output capacitor are placed outside the printed circuit board
and so the schematic. They are connected in the rectifiers’ circuit according to figure
6.7 and 6.8.
The output capacitor is charged initialy by using 200 ohm, 200 W power
resistor and it is disconnected from the circuit by using a power switch manually. A
load is connected after the capacitor is fully charged and the voltage upon the
capacitor is reached the specified output voltage given in chapter 6. A circuit for
automatically disconnecting the charging resistance is also designed. However, it is
not tested in this thesis work and it is not shown in the schematic. On the other hand,
it is shown in the printed circuit board given in figure E.1 in Appendix E.
Passing from classical unity power factor rectifier’s control circuit to
proposed rectifier’s one is achieved by using and connecting jumpers to connectors,
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Figure 7.18 The proposed and classical unity power factor rectifier PCB schematic

not including +12 V, -12 V, +18 V supply voltages and reference voltages, VVAC
and VVF1.
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Figure 7.19 Printed circuit board schematic shown +12 V, -12 V, +18 V voltage

supply and reference voltages, VVAC and VVF1 proportional to the mains supply in
rectified form.
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X1 and X2 shown in figure 7.18 manually. The proposed rectifier’s control circuit
works, when pins, X1-1, X1-2 are shorted to each other; and X2-1, X2-2 are
connected to each other by using jumpers. On the other hand, when X1-2, X1-3 are
connected to each other, and X2-2, X2-3 are shorted to each other; classical unity
power factor rectifier’s control circuit is established.
The rectifiers' printed circuit board is given in figure E.1. Its top and bottom
layers are shown in figure E.2 and figure E.3.

7.4 Experimental Results And Comparison With Simulations In Same
Conditions

In this section, proposed rectifier circuit implemented is tested in laboratory
and the results are given. The proposed rectifier is tested by connecting 1 kW and 2
kW resistive loads. Nearly unity power factor in mains supply side and DC voltage at
the output side are achieved . The rectifier’s output voltage ripple, FFT (Fast Fourier
Transform) up to 50th harmonic and THD (Total Harmonic Distortion) of input
current are given.
The rectifier’s input current harmonics are measured by HIOKI 3194
Motor/Harmonic Hi Tester. It shows the harmonics up to 50th harmonic. Also, the
FFT waveform is obtained by Agilent 100 MHz DSO6014A scope. Important
harmonics near the rectifier’s switching frequency is obtained by using the FFT
waveform and the important harmonics and the harmonics up to 50th harmonic
measured by the HIOKI 3194 together with the harmonics obtained via simulation
are given in a table. On the other hand, HIOKI 3194 is capable of measuring THD
by considering first 3000 harmonics. The tester measures the harmonics more
precisely than the scope’s FFT measurement option. Hence, the THD measured by
the tester is more reliable. This is also given in this section.
Simulations are made in same conditions with experiments to identify
whether the results taken in laboratory is similar or not. In simulation circuit, R-C
snubber and overvoltage snubber designed are connected to the IGBT. However, fall
time and rise time parameters can not be entered in power semiconductors parameter
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part in PSIM 6.1 simulation software, but their conduction voltage drop parameters
are used in the simulations. Also, UC3854 B IC model in figure 6.1 is used in these
simulations. Simulation time step is taken as 1E-007. Also, ideal inductors are used
in the simulations.

7.4.1 Proposed Rectifier's Experimental Results With 1 kW Resistive Load And
Comparison With Simulation In Same Conditions

Proposed rectifier is tested by connecting 1 kW nearly purely resistive load.
Its input current, input voltage and output voltage waveform is acquired by using
Agilent DS06014A oscilloscope. Its input power, power factor, input rms current,
input rms voltage, output power, output mean voltage, output rms current and input
current harmonics up to 50th harmonic are measured by using HIOKI 3194
Motor/Harmonic Hi Tester. The results are given below.
Figure 7.20 shows the rectifier’s input voltage in green color and input
current in yellow color. The waveforms are acquired by using the scope in real time
mode, a current probe and differential probe. There are voltage ripples on the input
voltage due to the IGBT switching at 50 kHz. The input current waveshape and the
ripples on it are due to nature of the average current control technique used in
implemented circuit. The recording in figure 7.20 shows that the input voltage and
current are nearly in phase. Hence, nearly unity power factor operation is achieved.
The rectifier’s input current, voltage, input power and power factor are measured as
4.7590 A rms, 219.49 V rms, 1044.6 VA and 98.7 % respectively by HIOKI 3194
Motor/Harmonic Hi Tester. Its output power is also measured by same equipment
and is 1004.8 W. Therefore; the rectifier’s efficiency is nearly 96.2 % at steady state.
The rectifier’s output voltage is measured by the scope in the averaging
mode. It is shown in green color in figure 7.21. Also, the input current measured in
averaging mode is shown in yellow color in the figure. The output voltage swings
between maximum 437.8 V and minimum 433.5 V at steady state. Its output voltage
ripple is calculated by dividing the difference between the maximum and minimum
voltages to the rectifier’s average output voltage. The output voltage ripple is less
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Figure 7.20 Proposed rectifier’s input current and input voltage waveform with 1

kW nearly purely resistive load.

Figure 7.21 Proposed rectifier’s input current and input voltage waveform at

1 kW nearly purely resistive load.
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than 1 % (0.99 %) according to the figure 7.21.
The rectifier’s input current harmonics up to 50th are measured by HIOKI
3194 Motor/ Harmonic Hi Tester and they are given in table 7.3. The input current’s
FFT is obtained by using the scope at its 50 kHz center frequency and given in figure
7.22. Note that these harmonic numbers correspond to about 50 kHz switching
frequency. The harmonics had relatively higher magnitudes near the switching
frequency are obtained by using the FFT waveform and given also in this table. They
are 997 and 999th harmonics and their magnitudes are relatively higher than the
nearest harmonics and their magnitudes are shown in figure 7.22.
The input current’s THD is calculated as 6.91 % from the equation 6.1 and
the data correspond to the measurement in table 7.3. The THD is measured as 15.37
% by using the HIOKI 3194 Motor/Harmonic Hi Tester and considering up to first
3000th harmonics. This result indicates that for accurate prediction of THD, it is
essential to consider all the harmonics up to the switching frequency.
The proposed rectifier is simulated by using PSIM simulation program and
connecting 1 kW purely resistive load to the rectifier’s output. Its input current and
input voltage waveform are given in figure 7.23.
The rectifier’s input current and input voltage are 4.85 A rms and 219.2 V
rms according to the figure 7.23. Its input power and power factor are obtained by
using “ power factor meter” block in the PSIM simulation program. They are 1062.5
VA and 97.3 % respectively.
Figure 7.24 shows its output voltage with the mentioned conditions. Its steady
state maximum, minimum and average output voltages are 436.98 V, 431.54 V and
434.28 V respectively. Hence, its output voltage ripple is 1.25 %. Its output power is
obtained by using wattmeter block in the PSIM simulation program and it is 1011.9
W. Its efficiency is 95.24 % since its input power is 1062.5 VA.
The rectifier’s input current harmonics up to 50th harmonic and the harmonics
had high magnitudes near the switching frequency are obtained by using PSIM 6.1
simulation program and they are also listed in table 7.3.
The relevant FFT waveforms are given in figure 7.25. THD of the input
current is calculated by using equation 6.1, the data in table 7.3 in simulation and it is
nearly 22.28 %. THD of the input current is also calculated by using THD block in
PSIM 6.1 and it is nearly 23.9 %. The THD block in PSIM 6.1 considers the input
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Figure 7.22 FFT of proposed rectifier’s input current when 1 kW purely resistive

load is connected to the rectifier’s output and 100 MHz DSO6014A scope’s scale,
offset, span, center frequency and sample rate are 20 dB/division, –48 dB, 100 kHz,
50 kHz and 200 kSa/s respectively.

Figure 7.23 Proposed rectifier’s input current and input voltage waveform obtained

using PSIM 6.1 simulation program at steady state when 1 kW purely resistive load
is connected.
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Figure 7.24 Proposed rectifier’s output voltage waveform obtained using PSIM 6.1

simulation program at steady state when 1 kW purely resistive load is connected.

(a)

(b)
Figure 7.25 (a) FFT waveform of proposed rectifier’s input current obtained using

PSIM 6.1 simulation program between 0 and 50500 Hz at steady state when 1 kW
purely resistive load is connected, (b) the FFT waveform between 47 and 55 kHz.
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Measured
Simulation
Measured
Simulation
Harmonic # Magnitude (A) Magnitude (A) Harmonic # Magnitude (A) Magnitude (A)
6.5288
6.667
0.0031
0.000
1
28
0.0368
0.000
0.0257
0.022
2
29
0.2560
0.549
0.0054
0.000
3
30
0.0118
0.000
0.0308
0.012
4
31
0.1539
0.233
0.0068
0.000
5
32
0.0262
0.000
0.0695
0.006
6
33
0.1498
0.166
0.0084
0.000
7
34
0.0083
0.000
0.0683
0.018
8
35
0.2632
0.081
0.0060
0.000
9
36
0.0079
0.000
0.0606
0.018
10
37
0.2556
0.010
0.0061
0.000
11
38
0.0083
0.000
0.0267
0.007
12
39
0.2033
0.040
0.0063
0.000
13
40
0.0054
0.000
0.0278
0.008
14
41
0.1290
0.044
0.0058
0.000
15
42
0.0044
0.000
0.0380
0.015
16
43
0.0350
0.020
0.0068
0.000
17
44
0.0060
0.000
0.0421
0.012
18
45
0.0562
0.013
0.0060
0.000
19
46
0.0054
0.000
0.0364
0.002
20
47
0.0943
0.028
0.0058
0.000
21
48
0.0076
0.000
0.0128
0.011
22
49
0.1157
0.022
0.0054
0.000
23
50
0.0050
0.000
0.0966
0.267
24
997
0.0955
0.003
0.2738
0.934
25
999
0.0033
0.000
0.893
26
1001
0.0546
0.018
0.260
27
1003

Table 7.3 Proposed rectifier’s input current harmonics up to 50th harmonic measured

by using HIOKI 3194 Motor/Harmonic Hi Tester, 997th and 999th harmonic obtained
by DSO6014A scope and the input current harmonics up to 50th harmonic and the
harmonics had higher magnitudes near the 50 kHz switching frequency obtained by
PSIM 6.1 simulation program with 1 kW load at steady state.

current's all harmonics in the calculation.
Important harmonics correspond to measurement part in table 7.3 are between
1st and 25th harmonic and near the 50 kHz switching frequency while the important
harmonics correspond to simulation part are between 1st and 9th harmonic and near
the switching frequency except even harmonics. The all even harmonics' magnitudes
are very small for the parts correspond to the simulation and measurement part in
table 7.3. The 1st harmonics in simulation part and the one in measurement part in
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table 7.3 have similar magnitudes, but the other harmonics somewhat differ in the
two part in this table due to non ideal behaviors of the mains supply and electrical
components in the implemented circuit.

7.4.2 Proposed Rectifier's Experimental Results With 2 kW Resistive Load And
Comparison With Simulations In Same Conditions

Similarly, the proposed rectifier is tested by connecting 2 kW nearly purely
resistive load and using same test equipments in the laboratory enviroment. Its input
current, input voltage and output voltage waveform, input power, power factor, input
rms current, input rms voltage, output power, output mean voltage, output rms
current and input current harmonics up to fifth harmonic are obtained in the
laboratory.
The rectifier’s input voltage in green color and input current in yellow color
obtained by using scope are shown in figure 7.26. Its input current and voltage are
9.689 A rms and 218.99 V rms. Also, its input power and power factor are 2120.8
VA and 99.13 % respectively. These measurements are made by HIOKI Hi Tester.
The rectifier’s efficiency is 95.63 % because its output power is 2028.3 W at steady
state.
The rectifier’s output voltage in green color and input current obtained by
using the scope in averaging mode are shown in figure 7.27. The output voltage has
maximum 438.5 V, minimum 429.0 V and average 433.6 V values. Its output voltage
ripple is about 2 % (2.19 %) and it is calculated similarly as in section 7.5.1.
The input current’s FFT waveform is given in logarithmic scale in figure 7.28
and the harmonic that has relatively higher magnitude near the switching frequency
is marked in the figure. The harmonic and first 50 harmonics measured with HIOKI
3194 are given in table 7.4 in measurement part. The harmonic corresponding to
about 50 kHz switching frequency is 999th harmonic and its magnitude is 0.328 A.
THD of the rectifier’s input current is calculated as nearly 8.72 % by using
equation 6.1 and the values listed in table 7.4 in measurement part. The THD is more
precisely measured as 11.95 % by using the HIOKI 3194 Motor/Harmonic Hi Tester
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Figure 7.26 Proposed rectifier’s input current and input voltage waveform with 2

kW nearly purely resistive load.

Figure 7.27 Proposed rectifier’s input current and input voltage waveform

with 2 kW nearly purely resistive load.
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Figure 7.28 FFT of proposed rectifier’s input current when 2 kW purely resistive

load is connected to the rectifier’s output and 100 MHz DSO6014A scope’s scale,
offset, span, center frequency and sample rate are 10 dB/division, -20 dB, 100 kHz,
50 kHz and 200 kSa/s respectively.

and considering up to first 3000th harmonics.
The rectifier’s input current and input voltage waveform obtained via PSIM
6.1 simulation program are shown in figure 7.29, and their values are 9.523 A rms
and 219.2 V rms respectively. Its input power and output power are 2087.64 VA and
2023.6 W respectively. Hence, its efficiency is nearly 96.93 %. Also, its input power
factor is 98.57 %.
Its average output voltage obtained by its output voltage waveform shown in
figure 7.30 is 434.28 V. Maximum and minimum voltages in figure 7.30 are 439.74
V and 428.72 V respectively. Thus, its output voltage ripple is nearly 2.54 %.
FFT waveform of the proposed rectifier’s input current is obtained by using
the simulation program and it is given in figure 7.31. The harmonics that are up to
50th harmonic and have higher magnitudes near at the switching speed are obtained
by using the figure 7.31, and given in the part corresponds to the simulation in table
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Figure 7.29 Proposed rectifier’s input current and input voltage waveform obtained

using PSIM 6.1 simulation program at steady state when 2 kW purely resistive load
is connected.

Figure 7.30 Proposed rectifier’s output voltage waveform obtained by using PSIM

6.1 simulation program at steady state when 2 kW purely resistive load is connected.

7.4. The rectifier’s input current's THD is calculated as 16.79 % by using them. THD
block in PSIM 6.1 measured its input current's THD as 17.0 % considering on the
current's all harmonics. This value is more correct.
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(a)

(b)
Figure 7.31 (a) FFT waveform of proposed rectifier’s input current obtained by

using PSIM 6.1 simulation program between 0 and 50500 Hz at steady state when 2
kW purely resistive load is connected, (b) the FFT waveform between 47 and 55
kHz.

The harmonics between the 1st and 35th harmonic and the one near the 50 kHz
switching frequency are important in measurement part in table 7.4. However, all
even harmonics except the 2nd harmonic don't have important magnitudes in the part
in table 7.4. On the other hand, the harmonics between 1st and 31st harmonic and near
the switching frequency have important magnitudes except the even harmonics in
simulation part in this table. There are some differences between the harmonic
magnitudes in simulation part and measurement part in table 7.4. Cause of the
differences is same with the differences between the harmonic magnitudes in the
parts correspond to the simulation and measurement in table 7.3.
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Measured
Simulation
Measured
Simulation
Harmonic # Magnitude (A) Magnitude (A) Harmonic # Magnitude (A) Magnitude (A)
1
12.928
13.278
28
0.011
0.001
2
0.117
0.004
29
0.023
0.095
3
0.364
1.332
30
0.012
0.000
4
0.012
0.001
31
0.047
0.094
5
0.448
0.766
32
0.014
0.001
6
0.033
0.001
33
0.099
0.038
7
0.342
0.580
34
0.009
0.001
8
0.011
0.000
35
0.099
0.031
9
0.479
0.284
36
0.018
0.001
10
0.020
0.001
37
0.066
0.071
11
0.458
0.015
38
0.012
0.000
12
0.008
0.001
39
0.034
0.063
13
0.303
0.196
40
0.011
0.001
14
0.011
0.000
41
0.050
0.017
15
0.190
0.222
42
0.011
0.001
16
0.019
0.001
43
0.054
0.033
17
0.033
0.118
44
0.012
0.000
18
0.014
0.001
45
0.054
0.058
19
0.102
0.030
46
0.014
0.000
20
0.008
0.001
47
0.046
0.045
21
0.157
0.132
48
0.012
0.001
22
0.014
0.000
49
0.016
0.011
23
0.173
0.142
50
0.009
0.001
24
0.019
0.001
997
0.279
25
0.137
0.070
999
0.328
0.980
26
0.008
0.001
1001
0.945
27
0.071
0.030
1003
0.282

Table 7.4 Proposed rectifier’s input current harmonics up to 50th harmonic measured

by using HIOKI 3194 Motor/Harmonic Hi Tester, 999th harmonic obtained by
DSO6014A scope and its harmonics up to 50th harmonic, harmonics that have higher
magnitudes near at switching speed obtained by using PSIM 6.1 with 2 kW load at
steady state.

7.5 Conclusion

The proposed rectifier's circuit block is given and it is explained block by
block in this chapter. The rectifier’s schematic and printed circuit board is shown.
Experimental results and simulation results in same conditions are also given. They
are listed in table 7.5.
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Simulation Implemented Error Simulation Implemented Error
Circuit
Circuit
Magnitude Circuit
Circuit
Magnitude
(1 kW
(1 kW load)
(%)
(2 kW
(2 kW load)
(%)
load)
load)
Efficiency
(%)

95.24

96.2

0.96

96.93

95.63

1.3

Power
Factor

0.973

0.987

1.4

0.9857

0.9913

0.56

Output
Voltage
Ripple
(%)

1.25

0.99

0.26

2.54

2.19

0.35

THD
(%)

23.9

15.37

8.53

17.0

11.95

5.05

Table 7.5 Simulation and implemented rectifier circuit results with different loads.

The THD values in this table are the ones measured by the THD block in
PSIM 6.1 for the simulation circuit with 1 kW and 2 kW purely resistive load while
the THD values measured by the THD measurement menu in HIOKI 3194 Motor
Harmonic/ Hi Tester for the implemented circuit with the two loads are entered in
this table since their measurements are very accurate.
Implemented rectifier with 1 kW load has higher efficiency, power factor,
lower output voltage ripple and THD than the simulated circuit. Simulated circuit
contains same snubbers and power semiconductors parameters as the implemented
circuit. However, fall time and rise time parameters can not be entered in power
semiconductors parameter part in PSIM 6.1 simulation software. Also, the boost
inductors, L1 and L2 in figure 6.8 are ideal inductors in simulation circuit while the
inductor designed by using amorphous metal core in this chapter is used in
implemented circuit. UC3854B IC drives the IGBT better in implemented circuit
than the approximate model in figure 6.1 used in the simulations. Hence, actual
circuit has better performance than the simulation circuit with 1 kW load. However,
as the load is increased, I 2 R losses in the boost inductors and power carrying
conductors in real circuit increase. Thus, the simulation circuit with 2 kW load has
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higher efficiency than the real rectifier circuit with same load. On the other hand, the
real rectifier circuit has better performance than the simulation circuit considering
power factor, THD and output voltage ripple with 2 kW load.
However, the error magnitudes (%) between the simulation circuit’s results
and implemented circuit’s ones given in table 7.5 are less than 1.5 % for the circuits
with 1 kW and 2 kW purely resistive loads, but the THD errors between their results
are less than 9 %. The causes of the errors are not only that UC3854B IC drives the
IGBT better in the implemented circuit than the approximate model in figure 6.1
used in the simulations but the measurement equipments’ measurements errors. On
the other hand, the errors between the simulation and implemented circuit’s results
are very small. These results clearly indicate that performance of the proposed circuit
can be investigated and its comparison with the conventional circuit can be reliably
made in the simulation environment. In this way, considerable time saving can be
achieved in improving the circuit.
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CHAPTER 8

CONCLUSION

8.1 General

Electrical power consumers are generally a pollutant of AC electrical power
distribution network. As number of electrical power consumer increases, the
distortion over electrical power distribution network becomes very important. Total
harmonic distortion of unity power factor rectifiers is very small, they are used for
reducing overall distortion on the AC electrical power distribution network.
Unity power factor rectifiers use energy as efficient as possible since mains
supply seems unity power factor rectifiers nearly a resistance whether their load is
inductive, capacitive or purely resistive. This means that their reactive powers at the
input sides of the rectifiers are nearly zero.
The unity power factor rectifiers' efficiency depends on their topologies.
There are various unity power factor rectifier topologies. Research upon higher
efficiency unity power factor rectifier topologies is very popular.
In this thesis, the main objective is to study unity power factor rectifiers and if
possible develope a new single transistor unity power factor rectifier topology.
Fist of all, some unity power factor rectifier topologies are investigated. Then,
one of them is selected for further study.
Afterwards, a new unity power factor topology is proposed and compared
with the selected unity power factor rectifier topology.
Control techniques for power factor converters are investigated to find a
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proper control technique. Average current control technique is selected to use in the
selected unity power factor rectifier and proposed unity power factor rectifier’s
simulations and their implementations.
The two rectifier topologies are compared with each other on the basis of
efficiency, output voltage ripple, total harmonic distortion, input curent ripple, etc.
by simulating them.
Also, the two rectifiers are implemented on a same PCB (Printed Circuit
Board). The implemented proposed rectifier is tested in a laboratory and it is
simulated with 1 kW and 2 kW purely resistive load by using PSIM 6.1 simulation
program. The implemented proposed rectifier’s measured results and the simulation
results are compared with each other in this thesis.

8.2 Experimental And Simulation Results

Simulation speed is very important, so first a good model is sought for the
controller IC, namely UC3854B. PSIM 6.1 has already UC3854B IC model in its
library. This model is simplified to increase the simulation speed, so two UC3854B
IC models are developed. The IC model given in figure 6.1 is for PSIM 6.1
simulation program and the other one given in figure 6.2 is for MATLAB-Simulink
R14 simulation program.
The classical unity power factor rectifier is simulated within 0.5 s with 3 kW
purely resistive load by using PSIM 6.1 with the IC model in figure 6.1, PSIM 6.1
with the IC model in its library, PSIM MATLAB co-simulation with the IC model in
figure 6.1, MATLAB-Simulink R14 with the IC model in figure 6.3. Their
simulation speeds are 9.5 minutes, 19 minutes, 45 minutes and 2.5-3 hours
respectively. PSIM 6.1 with the IC model in figure 6.1 is selected to use in all
simulations made through this thesis work due to its higher speed.
Classical and proposed unity power factor rectifiers are designed according to
the specifications given in section 6.1. Their output capacitance and boost inductance
are calculated as 1.5 mF and 500 uH. The boost inductor is designed by using an
amorphous metal core and its design is given in section 7.2.1 in detail.
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The proposed rectifier is implemented and tested in a laboratory with 1 kW
and 2 kW purely resistive loads and their results are measured. Also, the proposed
rectifier are simulated in nearly same conditions with the tested circuit in a
laboratory. The proposed rectifier's simulation circuit has same snubbers and power
semiconductors parameters as the implemented circuit. However, only conduction
voltage drop parameter can be entered in power semiconductors parameter part in
PSIM 6.1 simulation software and this is made in the simulation circuit. Also,
UC3854B IC model in figure 6.1 is used in the simulation circuit, and ideal boost
inductors are used in this circuit while the inductor designed by using amorphous
metal core in section 7.2.1 is used in implemented circuit.

Measured and Simulation Results
100
80
60
40
20
0
Efficiency
(%)

Input Power
Factor

Output
Voltage
Ripple (%)

THD (%)

Simulation Circuit (1 kW
purely resistive load)

95.24

0.973

1.25

23.9

Implemented Circuit (1
kW purely resistive load)

96.2

0.987

0.99

15.37

Figure 8.1 Proposed UPF rectifier’s implemented and simulation circuits'

performance diagrams with 1 kW purely resistive load at steady state.
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Measured and Simulation Results
100
80
60
40
20
0
Efficiency
(%)

Input Power
Factor

Output
Voltage
Ripple (%)

THD (%)

Simulation Circuit (2
kW purely resistive load)

96.93

0.9857

2.54

17

Implemented Circuit (2
kW purely resistive load)

95.63

0.9913

2.19

11.95

Figure 8.2 Proposed UPF rectifier’s implemented and simulation circuits'

performance diagrams with 2 kW purely resistive load at steady state.

The proposed rectifier's implemented circuit and simulation circuit's results
with 1 kW and 2 kW purely resistive loads at steady state are given in figure 8.1 and
figure 8.2 respectively. The implemented circuit has better input power factor, input
current's THD and output voltage ripple with 1 kW and 2 kW purely resistive loads
than the simulation circuit. This shows that UC3854B IC drives the IGBT better in
implemented circuit than the approximate model in figure 6.1 used in the
simulations. On the other hand, implemented circuit has higher efficiency than the
simulation circuit with 1 kW purely resistive load while simulation circuit has higher
efficiency than the implemented circuit with 2 kW purely resistive load because I 2 R
losses in the boost inductors and power carrying conductors in real circuit increase as
the load is increased.
However, the errors between the simulation and implemented circuit’s results
are less than 1.5 %, but the THD errors between their results are less than 9 %. This
shows that the simulations are found to be in an agreement with measurements and
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the approximate UC3854B IC model in figure 6.1 is correct. Therefore, the rest of
the study is done via simulations.
The implemented circuit's measured performance results are within the design
specifications given in section 6.1. This indicates that proposed rectifier design is
correctly made.
The performances of the two topologies are studied with 3 kW purely
resistive load and inductive-resistive loads in the simulation environment. Classical
and proposed unity power factor rectifier are compared with each other on the basis
of their efficiency, input power factor, output voltage ripple and input current’s THD
(Total Harmonic Distortion) by simulating them using PSIM 6.1 simulation software
with the UC3854B IC model in figure 6.1.

Performance Results
100
80
60
40
20
0
Efficiency
(%)

Input Power
Factor

Output
Voltage
Ripple (%)

THD (%)

Classical UPF Rectifier
With 3 kW Purely
Resistive Load

97.29

0.9873

3.6

16.06

Proposed UPF Rectifier
With 3 kW Purely
Resistive Load

97.45

0.9864

3.65

16.59

Figure 8.3 Classical and proposed UPF rectifier’s performance diagrams obtained

via simulation with 3 kW purely resistive load at steady state.
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In these simulations, the rectifiers’ output power, output voltage, mains
supply’s voltage, mains supply’s frequency, and switching frequency are taken as 3
kW, 440 V, 220 V rms, 50 Hz, 50 kHz respectively. The simulation circuit used in
these simulations doesn’t contain any snubber. Ideal boost inductors are used in these
simulations.
The classical UPF rectifier and proposed converter’s performances are
summarized in figure 8.3 for a 3 kW resistive load. It can be observed that the
proposed unity power factor rectifier efficiency is higher than the classical UPF
rectifier but not significiantly. However, the classical UPF rectifier’s input power
factor, input current’s THD and output voltage ripple are better than the proposed
rectifier.

Performance Results With Inductive-Resistive Load
100
80
60
40
20
0
Efficiency
(%)

Input Power
Factor

Output
Voltage
Ripple (%)

THD (%)

Classical UPF Rectifier
With 3 kW InductiveResistive Load (100 uH)

97.29

0.9873

3.6

16.06

Proposed UPF Rectifier
With 3 kW InductiveResistive Load (100 uH)

97.45

0.9864

3.66

16.59

Figure 8.4 Classical and proposed UPF rectifier’s performance diagram with 3 kW

inductive-resistive load (100 uH).
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The two rectifiers give similar results in simulations made in this thesis work
with 3 kW purely resistive load and inductive-resistive loads. The rectifiers’
simulation results with 3 kW purely resistive load (100 uH) are given in figure 8.4
and the figure proves this. Hence, the study is pursued with resistive load alone.
The results given in figure 8.3 and figure 8.4 also show that the classical and
proposed unity power factor rectifiers' design methodology and their design are
correct since their simulation results are within their design specifications given in
section 6.1.
The proposed rectifier’s experimental and simulation results with purely
resistive loads are combined and its efficiency, input power factor, input current’s
THD variations with different resistive loads are obtained. They are given before in
figure 6.13, figure 6.14 and figure 6.15 respectively. According to these figures,
these performances of the proposed rectifier's implemented circuit and simulation
circuit become better as the load is increased to its 3 kW nominal value, but the
implemented rectifier's efficiency with 2 kW purely resistive load is 0.57 % less than
the one with 1 kW purely resistive load since I2R losses in the implemented circuit
increase as the load increases.
The two rectifiers are simulated in dynamic conditions. The proposed and
classical unity power factor rectifier's settling times with respect to their output
voltages are 47.61 ms and 47.65 ms respectively according to the simulations. Their
settling times are nearly same.

8.3 Conclusion And Future Work

A new single switching transistor unity power factor rectifier topology is
developed in this thesis. The classical UPF rectifier needs one free-wheeling diode
parallely connected to its boost inductor and boost diode to reset the boost inductor’s
core while the proposed rectifier doesn’t need this free-wheeling diode since the
proposed rectifier’s boost inductors are placed at its AC side. However, the proposed
rectifier uses one extra boost diode. Thus, these two rectifier topologies have the
same number of power diodes and switching power transistor.
170

On the other hand, this proposed rectifier and the classical unity power factor
rectifier give similar performance results, so more investigation up on this proposed
rectifier topology is not necessary.
In this thesis work, modeling of a power factor corrector IC, namely
UC3854B IC and implementation of the unity power factor rectifier are learned.
These experiences will be used for development of a SEPIC converter in TUBITAKBAP project whose project number is 105E053.
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APPENDIX A: UC3854 Controlled Power Factor Correction Circuit Design
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APPENDIX C: IGBT And Ultrafast Diode Selection Tables

IGBT
Code

IC
(in
A
VCES at
(min.) 25
(V) 0C)

IC
(in
A at VCE
110 (sat.)
0
C)
V

IXSH30N60
B2D1

600

48 30

2.0

IRG4PC50
UD

600

55 27

2.00

IRGP50B
60PD

600

75 42

2.2

IRGP50B60
PD1

600

75 45

2.35

IRG4PC50
W-ND

600

55 27

HGTG20N60
600
A4D

2.3
TJ=25
0
C
2.7 V
max;
TJ=125
0
C 2.0
70 40 V max

Rise
Time

Digikey
USD
Price
(Each/
Frequency 1000)

Fall
Time
IC =24 A, TJ=25
0
C 140 ns
IC=24 A, TJ=25
0
typical, 300 ns
C
30ns; TJ=125 0C max, TJ=125 0C good up to 20
50 ns
234 ns typical
kHz
IC=27 A, TJ=25
0
C
25 ns,
IC =27A, TJ=25
typical TJ =150 0C 74 ns typical
0
C
110 ns max, TJ Ultrafast 8-60
27 ns
kHz
=150 0C 130 ns
IC=33 A, TJ=25
0
C
IC =33A, TJ=25
26 ns typical 36 0C 43 ns typical
ns max, TJ=125
56ns max,
0
C
TJ=125 0C 50 ns
typical 65 ns
26 ns
WARP 60max
150 kHz
typical 36 ns max
IC=33 A TJ=25 IC =33 A TJ=25
0
C rise time=10 0C fall time=11
ns typical 15 ns ns typical 15 ns,
max, TJ=125 0C TJ=125 0C fall
rise time 13 ns
time= 15 ns
WARP 60typical 20 ns max typical 20ns max 150 kHz
IC =27 A TJ=25
IC=27 A TJ=25 0C fall time=57
0
C rise time=33 ns typical 86 ns
typical, TJ=125
ns typical,
TJ =150 0C rise 0C fall time 62 ns WARP 60typical
time 43ns typical
150 kHz
IC =20 A TJ=25
IC=20 A TJ=25 0C fall time=32 Ic=20 A max.
0
ns typical,
at 100 kHz
C rise time=12
TJ=125 0C fall switching,
ns typical;
12 A max at
TJ=125 0C rise
time 55 ns
typical 73 ns
200 kHz
time=13 ns
switching
max
typical 18 ns max

Table C.1 IGBT selection table.
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3.29

7.01

7.54

6.20

3.91

2.93

Diode Code

IO (rec.)
VRRM Max (A) at
Max TJ =125 0C IFSM
(nearly) Max (A)
(V)

600

30

MUR3060WT 600

30

RURG3060

600

30

ISL9R3060P2

600

30

RURP3060

600

30

RHRG3060

600

30

30EPH06
DSEI30-06A

600
600

30
37

DSEK60-06A

600

2x30

MUR3060PT

DSEP3006A/B/BR

600

30

trr (ns)
VFM Max (V)
IF=15 A T=150 0C
1.2V max, T=25 0C IF=1.0 A di/dt=50A/us
1.5 V max
60 ns max
150
IF =15 A T=150 0C
1.4 V max, T=25 0C IF=1.0 A di/dt=50A/us
60 ns max
1.7 V max
150
IF=1.0 A
di/dt=100A/us 55 ns
max, IF=30 A
IF=30 A T=25 0C 1.5
V max, T=150 0C
di/dt=100A/us 60 ns
max
1.3V max
325
2.4 (IF=30A T=25 0C
2.1 V typical 2.4 V 35ns (IF=30A T=25 0C
max, T=125 0C 1.7 V 36ns typical 110 ns
typical 2.1 V max)
325
max)
IF=1A dIF/dt=100A/us
IF =30 A T=25 0C 1.5 55 ns max, IF=30A
V max, T=150 0C 1.3 dIF/dt=100A/us 60 ns
max
325
V max
IF=1A dIF/dt=200A/us
IF =30 A T=25 0C 2.1 40 ns max, IF=30A
V max, T=150 0C 1.7 dIF/dt=200A/us 45 ns
max
325
V max
2.1 (IF=30A, T=25 0C
2.0 V typical, 2.6 V 40 ns (T=25 0C IF=30
max and IF=30A,
A, trr=31 ns typical
T=150 0C 1.34 V and T=125 0C IF=30 A,
325
trr=77 ns typical
A(60Hz) typical 1.75 V max)
1.4 (IF =37 A T=25 IF=1 A, di/dt=100A/us,
0
C 1.6V max, T=150 VR=30 V, TVJ=25 0C
0
typical 35ns, Max 50
C 1.4V max)
260
ns
260
1.4 (IF=37 A T=25 0C IF=1 A, di/dt=100A/us
1.6 V max, T=150 0C , VR=30 V, TVJ=25 0C
1.4 V max)
typical 35ns, Max 50
ns
Version A 1.25
(IF=30 A T=25 0C
1.6V max, T=150 0C
1.25V max), Version
B 1.56 (IF=30 T=25 IF=1 A, di/dt=100A/us
0
, VR=30 V, TVJ=25 0C
C 2.51 V max,
0
T=150 C 1.56 V
Version A 35 ns max,
max)
Version B 30 ns max
250

Table C.2 Ultrafast diode selection table.
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Digikey
USD
Price
(Each/
1000)

1.40
1.55

1.35

1.58

1.11

1.45

1.34

1.34

2.99

1.68

APPENDIX D: Classical UPF Rectifier And Proposed Rectifier’s Waveforms
Obtained Via Simulations

D.1 Waveforms of Classical Unity Power Factor Rectifier And Proposed
Rectifier With 3 kW Purely Resistive Load

D.1.1 Waveforms of Classical Unity Power Factor Rectifier With 3 kW Purely
Resistive Load

(a)

(b)
Figure D.1 Classical unity power factor rectifier's input power and power factor at

purely resistive 3 kW load, (a) its input power, (b) its power factor graph.
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(a)

(b)
Figure D.2 (a) FFT waveform of classical unity power factor rectifier’s input current

at 3 kW purely resistive load at steady state, (b) its zoomed version.

Figure D.3 THD of classical UPF rectifier’s input current at 3 kW purely resistive

load at steady state.
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(a)

(b)
Figure D.4 (a) IGBT’s current and voltage waveform of classical UPF rectifier with

3 kW purely resistive load at steady state, (b) their zoomed version.
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(a)

(b)
Figure D.5 (a) One of the bridge diodes, D1’s current and voltage waveform of

classical UPF rectifier with 3 kW purely resistive load at steady state, (b) their
zoomed version.
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(a)

(b)
Figure D.6 (a) Boost diode, D5’s current and voltage waveform of classical UPF

rectifier with 3 kW purely resistive load at steady state, (b) their zoomed version.
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D.1.2 Waveforms of Proposed Rectifier With 3 kW Purely Resistive Load

(a)

(b)
Figure D.7 Proposed rectifier's input power and power factor graph at purely
resistive 3 kW load, (a) its input power, (b) its power factor graph.
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(a)

(b)
Figure D.8 (a) FFT waveform of proposed rectifier’s input current at 3 kW purely

resistive load at steady state, (b) its zoomed version.

Figure D.9 THD of proposed rectifier’s input current at 3 kW purely resistive load at

steady state.
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(a)

(b)
Figure D.10 (a) IGBT’s current and voltage waveform of proposed rectifier with 3

kW purely resistive load at steady state, (b) their zoomed versions.
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(a)

(b)
Figure D.11 (a) One of the boost diodes, D3’s current and voltage waveform of

proposed UPF rectifier with 3 kW purely resistive load at steady state, (b) their
zoomed versions.

235

(a)

(b)
Figure D.12 (a) One of the bridge diodes, D1’s current and voltage waveform of

proposed UPF rectifier with 3 kW purely resistive load at steady state, (b) their
zoomed versions.
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Figure D.13 (a) One of the bridge diodes, D7’s current and voltage waveform of

proposed UPF rectifier with 3 kW purely resistive load at steady state, (b) their
zoomed versions.
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D.2 Waveforms of Classical Unity Power Factor Rectifier And Proposed
Rectifier With 3 kW Inductive-Resistive Load

D.2.1 Waveforms of Classical Unity Power Factor Rectifier With 3 kW
Inductive-Resistive Load

D.2.1.1 Waveforms of Classical Unity Power Factor Rectifier With 3 kW
Inductive-Resistive Load (100 uH)

(a)

(b)
Figure D.14 Classical unity power factor rectifier's input power and power factor at

inductive-resistive 3 kW load (100 uH), (a) its input power, (b) its power factor.
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(a)

(b)
Figure D.15 (a) FFT waveform of classical unity power factor rectifier’s input

current at 3 kW inductive-resistive load (100 uH) at steady state, (b) its zoomed
version.

Figure D.16 THD of classical UPF rectifier’s input current at 3 kW inductive-

resistive load (100 uH) at steady state.
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(a)

(b)
Figure D.17 (a) IGBT’s current and voltage waveform of classical UPF rectifier with

3 kW inductive-resistive load (100 uH) at steady state, (b) their zoomed version.
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(a)

(b)
Figure D.18 (a) One of the bridge diodes, D1’s current and voltage waveform of

classical UPF rectifier with 3 kW inductive-resistive load (100 uH) at steady state,
(b) their zoomed version.
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(a)

(b)
Figure D.19 (a) Boost diode, D5’s current and voltage waveform of classical UPF

rectifier with 3 kW inductive-resistive load (100 uH) at steady state, (b) their zoomed
version.
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D.2.1.2 Waveforms of Classical Unity Power Factor Rectifier With 3 kW
Inductive-Resistive Load (10 uH)

(a)

(b)
Figure D.20 Classical unity power factor rectifier's input power and power factor at

inductive-resistive 3 kW load (10 uH), (a) its input power, (b) its power factor.
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(a)

(b)
Figure D.21 (a) FFT waveform of classical unity power factor rectifier’s input

current at 3 kW inductive-resistive load (10 uH) at steady state, (b) its zoomed
version.

Figure D.22 THD of classical UPF rectifier’s input current at 3 kW inductive-

resistive load (10 uH) at steady state.
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D.2.2 Waveforms of Proposed Rectifier With 3 kW Inductive-Resistive Load
D.2.2.1 Waveforms of Proposed Rectifier With 3 kW Inductive-Resistive Load
(100 uH)

(a)

(b)
Figure D.23 Proposed rectifier's input power and power factor at inductive-resistive

3 kW load (100 uH), (a) its input power, (b) its power factor.
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(a)

(b)
Figure D.24 (a) FFT waveform of proposed rectifier’s input current at 3 kW

inductive-resistive load (100 uH) at steady state, (b) its zoomed version.

Figure D.25 THD of proposed rectifier’s input current at 3 kW inductive-resistive

load (100 uH) at steady state.
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(a)

(b)
Figure D.26 (a) IGBT’s current and voltage waveform of proposed rectifier with 3

kW inductive-resistive load (100 uH) at steady state, (b) their zoomed versions.
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(a)

(b)
Figure D.27 (a) One of the boost diodes, D3’s current and voltage waveform of

proposed UPF rectifier with 3 kW inductive-resistive load (100 uH) at steady state,
(b) their zoomed versions.
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(a)

(b)
Figure D.28 (a) One of the bridge diodes, D1’s current and voltage waveform of

proposed UPF rectifier with 3 kW inductive-resistive load (100 uH) at steady state,
(b) their zoomed versions.
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Figure D.29 One of the bridge diodes, D7’s current and voltage waveform of

proposed UPF rectifier with 3 kW inductive-resistive load (100 uH) at steady state.
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D.2.2.2 Waveforms of Proposed Rectifier With 3 kW Inductive-Resistive Load
(10 uH)

(a)

(b)
Figure D.30 Proposed rectifier's input power and power factor at inductive-resistive

3 kW load (10 uH), (a) its input power, (b) its power factor.
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(a)

(b)
Figure D.31 (a) FFT waveform of proposed rectifier’s input current at 3 kW

inductive-resistive load (10 uH) at steady state, (b) its zoomed version.

Figure D.32 THD of proposed rectifier’s input current at 3 kW inductive-resistive

load (10 uH) at steady state.
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D.3 Waveforms of Classical Unity Power Factor Rectifier With 3 kW InductiveResistive Load By Taking Reference Voltage From A Transformer Connected
To Mains Supply

(a)

(b)
Figure D.33 The classical unity power factor rectifier's input power and power factor

with 3 kW purely resistive load by taking reference voltage from a transformer
connected to mains supply, (a) the rectifier's input power (b) its power factor.
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(a)

(b)
Figure D.34 The classical unity power factor rectifier's input current and voltage

waveform, and its output voltage waveform with 3 kW purely resistive load by
taking reference voltage from a transformer connected to mains supply, (a) its input
voltage and current waveform, (b) its output voltage.
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(a)

(b)
Figure D.35 The classical unity power factor rectifier's input current FFT and THD

graph obtained with 3 kW purely resistive load by taking reference voltage from a
transformer connected to mains supply, (a) its FFT waveform (b) its THD graph.

255

APPENDIX E: Classical UPF Rectifier And Proposed Rectifier's PCB

Figure E.1 Classical unity power factor rectifier and proposed rectifier’s printed

circuit board.
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Figure E.2 Classical unity power factor rectifier and proposed rectifier’s printed

circuit board's top layer.

Figure E.3 Classical unity power factor rectifier and proposed rectifier’s printed

circuit board's bottom layer.
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