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Abstract

This thesis presents the operation, analysis, simulation and experimental results o f  a 

single-phase single-stage soft-switched high frequency (HF) transformer isolated ac-to-dc 

bridge converter with low total harmonic distortion (THD) and its extension to ac-to-dc 

multiphase converter. A single-phase single-stage soft-switched ac-to-dc bridge converter 

cell has been proposed based on a new gating scheme. Due to the discontinuous current 

mode (DCM) operation o f the boost inductor, natural power factor correction and low 

THD are ensured. The single-stage ac-to-dc multiphase converter is realized based on this 

bridge converter cell to reduce HF harmonic components in the line current.

The steady-state operation o f the single-stage bridge converter is explained for all 

operating modes. Intervals o f operation in these modes are identified and analyzed. The 

steady-state solutions are presented. Based on these solutions, design curves are obtained. 

Design example o f a 1.7 kW converter is presented to illustrate the design procedure. 

Operational characteristics are obtained for different line and load conditions. PSPICE 

simulation results for the designed converter are presented. An experimental prototype is 

built to verify the operation and performance o f the converter. All four switches in the 

fixed frequency bridge converter undergo soft switching (common switch requires an 

auxiliary circuit) for a  wide line and load range.

A single-stage HF transformer isolated ac-to-dc multiphase converter is proposed. The 

analyses o f  the single-stage bridge converter cell are extended to the multiphase 

converter. It is shown that # = 3  is near the optimum number o f cells to reduce the input 

current HF harmonic components. A design example o f a 166 to 260 V (rms) input, 420 

V output, 5 kW converter switching at 50 kHz is presented. PSPICE simulation results 

are obtained for the designed converter to study its performance for varying load and line 

conditions. A 3-cell 1.5 kW experimental prototype is built and experimental results are 

obtained. All the results show that HF harmonics in the line current are reduced and
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output voltage ripple frequency is increased. Each cell handles equal power and all 

bridge-switches are soft switched. As a result, uniform thermal distribution is obtained.

Small-signal analysis o f  the single-stage ac-to-dc bridge converter cell is presented for 

all operating modes using state-space averaging technique. Based on this analysis, small 

signal transfer functions are obtained. Frequency response o f  the transfer functions are 

plotted using MATLAB program and verified by PSPICE simulation results. A closed 

loop control system is designed and frequency response o f the overall loop gain is 

presented. Large-signal transient behavior o f the converter cell is studied with open loop 

using PSPICE simulation program for step change in line and load conditions. The 

simulation results show that the closed loop system is required to improve the converter 

performance during step increase in line voltage.
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= Cs3 = Cj4 = 1 nF, C,2  = 2.2 nF. « = 1.12. = I pF. Lr = 20 pH.jS = 50
kHz. ......................................................................................  151

Fig. 3.25 Experimental results (a-i) for the 3-cell multiphase converter at 50%
load (750 Watts. D = 0.31). Converter details are given in Fig. 3.24. ... 154

Fig. 3.26 Experimental results (a-i) for the 3-cell multiphase converter at 9.4%
load (141 Watts, D = 0.14). Converter details are given in Fig. 3.24. ... 157

Fig. 4.1 Operationally equivalent circuit o f the ac-to-dc single-stage converter
cell o f Fig. 2.1   160

Fig. 4.2(a) Equivalent circuits during different operating interv als of ^-th HF cycle
o f  boost section of the operationally equivalent circuit of Fig. 4.1   162

Fig. 4.2(b) Equivalent circuits during different operating intervals o f  ̂ -th HF cycle 
o f the DC-to-DC section o f the operationally equivalent circuit o f Fig.
4.1 for TICCM. ..............................................................................  162

Fig. 4.2(c) Equivalent circuits during different operating intervals of k-th HF cycle 
o f the DC-to-DC section o f the operationally equivalent circuit o f Fig.
4.1 for r/£>CM.............  ' ............................................  163

Fig. 4.3(a) Operating waveforms o f the operationally equivalent circuit o f Fig. 4.1 
for TICCM  at minimum input voltage and full load during ^-th HF 
cycle. ...................................................................................................... 164

Fig. 4.3(b) Operating waveforms o f the operationally equivalent circuit of Fig. 4.1
for nZ)CA/(the most general case) during ^-th HF cycle. ...............  165



XVIU

Fig. 4.4 Frequency response (magnitude in dB and phase angle in degree) o f the 
output voltage to duty ratio transfer function for different line and load 
conditions (a-j). PSPICE simulation results at some discrete frequencies 
are marked by 'x'................................................................................................ 186

Fig. 4.5 Frequency response o f the output to input voltage transfer function at
full load for different input voltage conditions.   188

Fig. 4.6 Closed loop control system for ac-to-dc converter cell................... 189

Fig. 4.7 Frequency responses of the overall loop gain of the compensated
system.   192

Fig. 4.8(a) PSPICE simulation results (boost inductor current, tank inductor
current, ip\ resonant inductor current, iu  and primary referred output 
voltage, Vo) for a step change in load from full load to 10% load at 
rated input voltage. = 208 V rms. Simulated converter details: fs =
10 kHz. L,n = 324.4 pH. L, = 625.5 pH. « = 1. C/, = 982 pF. Co' = 5.6
pF. Lr= 32 pH, Csi= 15.7 nF. Q , = C ,3  = C,4 = 4.25 nF.............  195

Fig. 4.8(b) PSPICE simulation results (switch S2 current, isï- bus voltage. v& and 
primary referred output current, ià) for a step change in load from full 
load to 10% load at rated input voltage. C. = 208 V rms. Simulated 
converter details are given in Fig. 4.8(a).   196

Fig. 4.9(a) PSPICE simulation results (boost inductor current, tank inductor
current, ip\ resonant inductor current, iu  and primary referred output 
voltage, Vo') for a step change in load from 10% load to full load at 
rated input voltage, F, = 208 V rms. Simulated converter details are 
given in Fig. 4.8(a).   197

Fig. 4.9(b) PSPICE simulation results (switch S2 current, isi'. bus voltage, v* and 
primary referred output current. tV) for a step change in load from 
10% load to full load at rated input voltage. I = 208 V rms. Simulated 
converter details are given in Fig. 4.8(a).     198

Fig. 4.10(a) PSPICE simulation results (boost inductor current, i,„: tank inductor 
current, ip; resonant inductor current, iu  and primary referred output 
voltage, Vo) for a step change in load from 100% load to 10% load 
with minimum input voltage. = 166.4 V rms. Simulated converter 
details are given in Fig. 4.8(a).     199

Fig. 4-10(b) PSPICE simulation results (switch S2 current, isi: bus voltage, and 
primary referred output current, /V) for a step change in load from



XIX

100% load to 10% load with minimum input voltage, f'j = 166.4 V 
rms. Simulated converter details are given in Fig. 4.8(a).   200

Fig. 4.11(a) PSPICE simulation results (boost inductor current. tank inductor 
current, ip, resonant inductor current, iu- and primary referred output 
voltage, Vo') for a step change in load from 10% load to 100% load 
with minimum input voltage, V;= 166.4 V rms. Simulated converter 
details are given in Fig. 4.8(a).   201

Fig. 4 .11(b) PSPICE simulation results (switch S2 current, isz', bus voltage, v* and 
primary referred output current, ia) for a step change in load from 
10% load to 100% load with minimum input voltage. Fj = 166.4 V 
rms. Simulated converter details are given in Fig. 4.8(a)........................  202

Fig. 4.12(a) PSPICE simulation results (input line voltage v„ boost inductor current 
i,„, tank inductor current ip and resonant inductor current iu) for a step 
change in input voltage from 208 V to 166.4 V rms at rated load. 
Simulated converter details are given in Fig. 4.8(a). 205

Fig. 4.12(b) PSPICE simulation results (bus voltage, switch S2 current, isi, 
primary referred output voltage, Vo and primary referred output 
current, /V) for a step change in input voltage from 208 V to 166.4 V 
at rated load. Simulated converter details are given in Fig. 4.8(a). ... 206

Fig. 4.13(a) PSPICE simulation results (input line voltage, y,; boost inductor
current, i,„; tank inductor current, ip and resonant inductor current, iu) 
for a step change in input voltage from 208 to 260 V rms at rated 
load. Simulated converter details are given in Fig. 4.8(a). 207

Fig. 4.13(b) PSPICE simulation results (bus voltage. switch S2 current, isi;
primary referred output voltage. Vo and primar> referred output 
current, io) for a step change in input voltage from 208 V to 260 V at 
rated load. Simulated converter details are given in Fig. 4.8(a). 208

Fig. 4.14(a) PSPICE simulation results (input line voltage, v̂ ; boost inductor
current, tank inductor current, ip and resonant inductor current, iu) 
for a step change in input voltage from 260 V to 166.4 V rms at rated 
load. Simulated converter details are given in Fig. 4.8(a).......................  209

Fig. 4.14(b) PSPICE simulation results (bus voltage, i/,: switch S2 current, isz', 
primary referred output voltage, Vq' and primarv  ̂ referred output 
cturent, /<,’) for a step change in input voltage from 260 V to 166.4 V 
at rated load. Simulated converter details are given in Fig. 4.8(a).........  210



XX

List of Abbreviations

1-0 Single Phase
3 -0  Three Phase
AC Alternating Current
CCM Continuous Current Mode
DC Direct Current
DCM Discontinuous Current Mode 
HF High Frequency
Hz Hertz
JCCM Just Continuous Current Mode
KCL K irchhoffs Current Law
KVL K irchhoffs Voltage Law
LF Line Frequency
MRC Multi-Resonant Converter
PRC Parallel Resonant Converter
PWM Pulse Width Modulation
QRC Quasi Resonant Converter
QSW Quasi Square Wave
RMS Root Mean Square
SRC Series Resonant Converter
SPRC Series-Parallel Resonant Converter
STC Soft Transition Converter
TICCM Tank Inductor Continuous Current Mode
TIDCM Tank Inductor Discontinuous Current Mode
THD Total Harmonic Distortion
ZCS Zero Current Switching
ZCT Zero Current Transition
ZVS Zero Voltage Switching
TN T  Zero Voltage Transition



XXI

List of Symbols

Cb Bus capacitor
Co Output filter capacitor
Co' Output capacitor referred to primary
Csu Ci2 , Cs3 , Cs4 Snubber capacitor across SI, S2, S3, S4
C s s  Effective resonant capacitance
D Duty ratio
^Vo Output ripple voltage
F o p i Optimum function
f i  Line firequency in cycle/sec
fo  Gain crossover fi-equency in cycle/sec
f p  Compensator pole in cycle/sec
f s  Switching frequency in cycle/sec
fz  Compensator zero in cycle/sec
G Open loop gain
Gc Compensator gain
Geo Compensator gain at zero frequency
H  Feedback network gain
Iai Positive peak tank inductor current
Ia2 Negative peak tank inductor current
hose Base current
icoi, icoi, ico3 Output capacitor current o f  cell-1, cell-2, cell-3
h \ ,  h i ,  ÎD3, ÎD4 Current tlurough diode D l , D2, D3, D4
ioa, ioau iDai Current through auxiliary diode Da, D al, Da2
is  Source crûrent
fji, isi, is3, '54, isa CuiTent th rough S I, S2, S3, S4, Sa
ii„ Boost inductor current
ii. Resonant inductor current
ip Tank inductor current
irec Output current o f  output rectifier
loi Maximum load current
K  Boost stage gain
L b a se  Base inductance
L,„ Boost inductance
Li Tank inductance
Lr Resonant inductance
Mmax Maximum converter gain
n HP transformer tiuns ratio
N  Number o f  cells
Phase Base power
Pceii Output power o f one cell
Po Converter output power
Por Rated output power



xxu

Q Inductor quality factor
Rl Load resistance
Ri ' Load resistance referred to primary
t Time variable in HF cycle
tbase Base time
tp HF period
T Time variable in line cycle
Vgei, Vge2, Vge3 , Vge4 Gate to emitter voltage for SI, S2, S3, S4
Vcei, Vce2, Vce3 , Vce4 Collector to emitter voltage for SI, S2, S3, S4
Vf Source or input voltage
Vb Bus voltage
Vbase Base voltage
V4  Voltage at terminal A
vab Voltage across terminal A and B
Vm Peak value o f input voltage
Vo Output voltage
Vo Output voltage referred to primary
(I); Line frequency in radian/sec
cOr Resonant frequency in radian/sec
Zbax Base impedance



XXIU

Acknowledgements

I would like to thank my supervisor. Prof. Ashoka Bhat, for his guidance during the 

course o f this research work and preparation o f the thesis. I am grateful for his financial 

support through Kaiser Foundation. I thank the members o f my supervisory committee 

for their valuable suggestions.

I am grateful to the International Council for Canadian Studies for awarding me 

Commonwealth Scholarship for doctoral study. I thank the authority o f Bangladesh 

University o f Engineering & Technology for granting me study leave to do my research. 

My sincere thanks are to my professors and colleagues at BUET for building my basic 

concepts.

I thank the technical staffs and office staffs in the faculty o f  engineering at the 

University o f Victoria for their kind help. Robert Fichtner deserves special ±anks.

No word is adequate to acknowledge the support o f  my wife, Dina, who has sacrificed 

some o f her best years o f  life, so that I could successfully complete my research work. I 

am deeply indebted to my parents for their love and sacrifice. I owe to my brothers, 

sisters and relatives for their support and encouragement.



XXIV

Dedicated
to

My parents



Chapter 1 

Introduction

This thesis presents the operation, analysis, simulation and experimental results o f a 

single-phase (1 -0) single-stage soft-switched high frequency (HF) transformer isolated 

ac-to-dc bridge converter and its extension to a multiphase ac-to-dc converter.

In recent decades, power electronics has consistently enjoyed rapid progress. With the 

development o f  semiconductor microelectronics technology, the electronic system size 

has been reduced. To meet the reduced system size requirement the power converter size 

should also be reduced. As a  result, power conversion should be at HF and with high 

power density. As the switching frequency and the power density are to be increased, the 

thermal management and efficiency are o f great importance. So, it is desirable to reduce 

converter losses and distribute those losses. One approach is to distribute multiple 

converters to the load eliminating a single power system concept. Another approach is to 

retain the single power system concept while the system will consist o f  multiple 

paralleled power converters. Moreover, the switching losses, which increase linearly with 

the switching frequency, are to be reduced.

AC-to-DC converters convert ac supply to a suitable dc output, which may have 

single-stage or two-stage HF conversion. Various configurations o f these converters have 

been proposed so far. These HF converters can be classified into two major categories:

1. Hard switched Converters.

2. Soft switched Converters.

This chapter begins with Section 1.1 dealing with a  brief introduction to hard-switched 

PWM converters. Section 1.2 discusses various soft-switched converters briefly. A brief 

introduction on single-stage ac-to-dc converters is given in Section 1.3. Section 1.4 deals 

with multiphase technique. A literature survey on multiphase topology is given in Section



1.5. Section 1.6 deals with the motivation behind the work o f  this thesis. The thesis 

layout is presented in Section 1.7.

1.1 Hard Switched Converters
The hard switched converters are those in which the switch carries non-zero current while 

the voltage across it is also non-zero during the tum-on and ttum-off transitions o f the 

switch. This type o f converter suffers from some drawbacks including the following:

a) High switching stress on the switches,

b) High tum-on and turn-off switching loss,

c) High Electro-Magnetic Interference (EMI) produced due to large di/dt 

and dv/dt during turn on and turn off.

As the switching frequency is increased, the above-mentioned shortcomings become 

more pronoimced and larger heat sink is required. However, the desirable gain is that the 

size o f magnetic components like the HF transformer and filter components is reduced.

1.2 Soft-Switched Converters
Soft-switched converters offer a novel solution to the aforementioned problems o f the 

hard-switched converters. The tum-on and tum-off switching transitions occur either at 

zero-voltage or at zero-current or at both. The soft-switched converters can be divided 

into the following two subgroups namely:

a) Resonant Converters and

b) Soft-Transition Converters.

1.2.1 Resonant Converters
Resonant converters offer zero-current switching (ZCS) or zero-voltage switching (ZVS) 

operation o f the switches reducing the switching power loss. So, the frequency of 

conversion can be high resulting in light, efficient and less costly converters. The 

resonant converters operating at variable frequency and fixed frequency are well 

documented and found in the literature [1-15,75-77,82-86,95]. There are mainly three 

types o f double-ended resonant converters, namely, series resonant converter (SRC),



parallel resonant converter (PRC) and the series-parallel resonant converter (SPRC). The 

characteristics o f these converters are well documented in the literature. As the resonant 

elements are in the main power path, the current stress on the switches and voltage or 

current stress on the passive elements are high.

In order to reduce the switching losses in the single-ended PWM converters, quasi­

resonant converters (QRCs) are developed [16-18] by replacing the PWM switch with a 

resonant switch network consisting o f a semiconductor switch, an inductor and a 

capacitor. QRCs are of two types: zero-current switching QRC (ZCS-QRC) and zero- 

voltage switching QRC (ZVS-QRC). ZCS-QRC reduces the turn off loss but peak switch 

current is increased and this converter suffers increased conduction loss. ZVS-QRC 

reduces tum-on loss and switch peak current is identical to PWM switch. However, it 

faces two major limitations: i) excessive voltage stress and conduction loss in the switch 

and ii) the converter regulation characteristics and stability are adversely affected by the 

oscillation o f resonant inductor and rectifier diode junction capacitor. To overcome the 

aforementioned drawbacks o f QRCs, multi-resonant converters (MRCs) have been 

developed [18-21]. The arrangements o f MRC result in absorption of all parasitic 

components including switch output capacitance, diode junction capacitance and 

transformer leakage inductance in the resonant circuit. The shortcoming of MRC is that 

the peak switch voltage and current are increased. Hence, conduction loss is higher than 

in an equivalent PWM switch. Another class of resonant switch network is the quasi­

square wave (QSW) converters [22-24]. There are two types o f QSW converters: ZCS- 

QSW and ZVS-QSW. In ZCS-QSW converter, the peak switch current is identical to 

PWM but peak voltage is increased while in ZVS-QSW, converter switch voltage is 

identical but current increases relative to an equivalent PWM switch.

1.2.2 Soft Transition Converters (STCs)
If the soft switching (ZVS and ZCS) is achieved with the assistance o f an active auxiliary 

circuit, which becomes active only during the switching (tum-on or tum-off) transitions, 

then it is called the soft transition converter. Soft transition converters are mainly o f  two 

types: zero-voltage transition (2WT) and zero-current transition (ZCT). The ZVT circuit



forces the voltage across the switch to go to zero before turn on pulse is applied. Hence, it 

reduces the turn on loss. If the switch voltage is not zero before it is turned on then the 

switch capacitor and the snubber capacitor will discharge through the switch as current 

spike. The ZCT circuit forces the current through the switch to go to zero before the gate 

pulse is removed. If the current is not zero then due to the overlap o f the rising voltage 

with the falling current, tum-off loss will occur. If the switch is turned off with non-zero 

current then the stored energy in the parasitic inductance o f the switching device will 

cause tum -off voltage spike across the switch. Various ZVT and ZCT converters [25-39] 

have been proposed to reduce switching losses, switch current and voltage spikes and the 

circulating energy.

1.3 Single-Stage AC-to-DC Converters
Recently, much attention has been paid to the research on ac-to-dc converter with high 

power factor and low line-current total harmonic distortion [15,39-92]. This is due to the 

enforcement o f strict harmonic standards such as lEC 1000-3-2, ANSl/IEEE-519 etc. As a 

result, a pre-conditioning stage called power factor correction (PFC) stage is required. 

This PFC stage is controlled to draw near sinusoidal input current from the utility line. 

Various PFC converters are available in the literature [39-47]. The output voltage of the 

PFC stage acts as the input voltage o f the dc-to-dc converter stage to provide regulated 

output to the load. This additional stage for PFC calls for additional components, 

increased converter size and cost and reduced overall conversion efficiency.

To overcome the drawbacks o f  two-stage converters, single-stage ac-to-dc converters 

were developed. These converters integrate the input PFC stage with the dc-to-dc 

converter stage to provide regulated output and HF transformer isolation. Various single- 

stage ac-to-dc converter topologies are available in the literature [15,48-92].

1.4 Multiphase Converter
Parallel operation o f power converters is a well-established technique in high power 

applications to achieve required high power using transformers, switching devices and



inductors of lower rating. In this technique, low power rated converters are paralleled to 

obtain high power output. In addition to physically distributing the magnetics, their 

power losses and thermal stresses, paralleling also distributes power loss and thermal 

stress o f semiconductor devices due to a smaller power processed through each small 

unit. Basically, multiphase converter [93-118] is a variation o f paralleling technique 

where the switching instants are phase-staggered over a switching period. As a result the 

effective switching frequency is increased without increasing the switching losses. 

Moreover, lower power and faster semiconductor switches can be used in implementing 

the paralleled power stages. At first glance, the multiphase converter seemed to be less 

worthy based on the increased part count and added complexity but further consideration 

reveals significant advantages o f multiphase converters. The followings are a few o f the 

many advantages o f a multiphase converter:

a) Lower input and output current ripple [93,94,101,102,107,108].

b) Reduced requirement o f input filter due to ripple cancellation effect [93,94,96,102].

c) Smaller output filter capacitor because of increased effective frequency [93,94,96].

d) Lower rating power components [93,94,98,101,107].

e) Easier extension for higher power levels.

f) Distributed thermal dissipation system reducing hot spot temperature [93,107].

g) High power density without the penalty o f reduced power conversion efficiency 

[93,108].

h) Higher reliability because lower power ratings and smaller die sizes are inherently 

higher reliability devices [97,108].

i) Smaller, lighter and more efGcient EMI filter [94,97,10 1 ].

j)  Lower overall component costs for large-scale production [97,108]. 

k) Greater packaging flexibility [93,97].

There are some obvious disadvantages to be mentioned o f  this approach as:

a) A higher part counts [97].

b) More complex control scheme [97].



1.5 Literature Survey
The concept o f multiphase technology is not new though a wide range o f terminology is 

used to describe the phenomenon o f multiphase power conversion. Several authors 

[93,96,99,104,107] described the phenomenon interleaving, phase-shifted-parallel (PSP), 

staggered phase conversion, poly-phase chopping, phased-synchronous conversion etc. 

But this technique was originally used as a method for overcoming the limitations of 

ordinary power conversion techniques and device technologies [93,121]. Recognition of 

the general merits o f  multiphase conversion has lead to diverse variety o f research. Basic 

idea o f multiphase technique is to obtain required output power using multiple low power 

HF sub-converters in parallel. Two consecutive sub-converters are phase-shifted by 2idN  

in the HF cycle where N  is the number sub-converters. This leads to better thermal 

management and higher reliability along with the reduction in input and output ripple 

components.

In [93] a new multiphase architecture of four dc-to-dc fly-back converters was 

presented. Each stage was a  150 W power converter operating in a constant frequency 

mode, which are operated in phase-shifted parallel (PSP). The currents in each stage are 

ensured of being balanced using current injected control. The use o f four smaller power 

stages enables each stage to be mounted on one printed circuit card because of improved 

thermal management. This work also reported the previously mentioned advantages of 

multiphase technique including the reduced effective input and output ripple current o f 

the dc-dc converter and the effective frequency was 80 kHz (4 times switching 

frequency). This allowed the input and second-stage output filters o f  power supply to be 

much smaller. This work used HF isolation but it is a single switch low power hard- 

switched converter.

In [94] Dhyanchand et al. presented the use o f multiphase topology in dc-to-dc series 

resonant converter (SRC). This new topology showed some superior characteristics over 

all previous converters such as having the low ripple input and output currents. This work 

reported the disadvantage o f device derating but advantage could be obtained by using 

low power, faster devices without using parallel devices for high power converter. This



work also reports the high reliability o f the total system in the case o f  the failure o f  a sub­

converter. The authors recommended the extension o f the idea to parallel resonant 

converter (PRC) but instead o f paralleling the rectified outputs they should be connected 

in series resulting low conversion efficiency. But the work reported by Steigerwald et.al. 

[95] supports the parallel connection o f output from two sub-converters leading to the 

validity o f multiphase topology with series-parallel resonant (LCC-type) converter with 

high efficiency o f about 95%. The work o f Kiaassens et.al. [96] reported the 

improvement o f  the input and output ripple using multiphase technique justified by 

Fourier Series analysis o f the current waveforms for both the continuous and 

discontinuous resonant current mode. This analysis demonstrated that the trivial phase 

angle (j> = In lm  for m phase is not the optimal solution for the elimination of harmonics in 

the external waveforms o f a conversion system for any mode o f operation. For w = 2, 

even harmonic components are not reduced for <(» = n whereas odd harmonics are 

reduced. This presentation was supported by experimentally acquired waveforms but the 

converter system was not optimized and the converter efficiency was not reported.

In [97] Wittenbreder et.al. described the multiphase, parallel converter approach with 

the emphasis on some new, low parts count, resonant transition topologies that achieve 

ZVS. This work presented a detailed analysis o f the new topology, which introduces a 

small magnetic circuit element to ensure ZVS operation without reversing magnetic 

fields in the coupled inductor each cycle. The authors in [98] also predicted a problem in 

the multiphase interleaved approach, the complexity and parts count of the system 

controller. But due to the development o f integrated circuit (IC) technology the 

significance o f  this problem can be reduced by fabricating application specific ICs and 

monolithic devices in the near future.

In [99] F.C. Lee et. al. presented the analysis, design and evaluation o f different 

interleaving technique for forward converters. Because o f the lower tum-on switching 

losses resulting in high efficiency and better thermal management, the two-choke 

approach has been recommended to interleave two converters instead of one choke 

approach. However, use o f one choke contributes better power density. So, the use o f soft



switching to reduce tum-on loss along with the one choke approach can be suggested for 

HF and high efficiency operation.

For high performance and high power density operation o f  converter at increased 

frequency with traditional hard switching pulse width modulation (PWM), the switching 

(tum-on and tum-off) losses increase along with the diode reverse recovery losses. In 

[100] Tsai et. al. identified the tum-off loss in the switches o f HF interleaved single­

ended converter during the resonant reset o f the isolation transformer. The authors 

outlined an active primary switch voltage-clamp circuit to properly reset the transformer. 

Use o f this active clamp circuit permits the utilization o f lower rating switching devices 

contributing less conduction loss. To avoid very high voltage build up across one o f the 

clamp circuit capacitors during asymmetrical duty ratios for consecutive cycles a single 

capacitor implementation has been recommended.

In [101] Chang et. al. showed the improvement in the input and output ripple for 

interleaved dc-to-dc module using time domain geometric approach. The results provide 

the upper bounds on the current ripple amplitude produced by N  interleaved modules. 

This work also developed efGcient numerical algorithms for predicting the net ripple 

amplitude in interleaved power modules.

To achieve higher dynamic performance and high power density both ZVT and 

multiphase conversion techniques can be combined. Simply combining ZVT converters 

to construct ZVT multiphase converter makes it so complex since it requires n auxiliary 

circuit for n phase ZVT converters. In [102] Cho eL al. proposed a novel ZVT PWM 

buck multiphase converter which uses a new auxiliary circuit consisting o f only one 

switch which provides ZVS condition to all the main switches and diodes o f all phases. 

This work also suggested the extension o f the idea to boost, buck-boost and Cuk 

converters. This work presented the operation o f the converter for wide duty ratio and 

mentioned better operation for D > 0.5. However, this is limited to the applications 

requiring a voltage conversion ratio higher than 0.5. Although this configuration provides



soft switching to the main switches, the auxiliary switch is still hard-switched and there is 

no HF isolation.

All the above multiphase converters [93-102] are for dc-to-dc power conversion. Ac- 

to-dc converters based on multiphase technique are also available in the literature. The 

improvement in ripple current, efficiency and power factor is attainable using this 

technique. However, it is not a linear function o f the number o f stages interleaved. Chan 

et.al. [103] has proved that the effect of interleaving technique is more pronounced only 

for 2 or 3 phase although the potential to reduce filter and line inductor continues to rise. 

In this work o f interleaved boost converters in discontinuous current mode (DCM) a 

detailed analysis of the input current has been given using numerical method and verified 

with experimental results. Though analysis was done for both fixed and variable 

frequency operations, considering the ripple attenuation and complexity of the controller, 

fixed frequency operation was recommended to adopt in the interleaved power factor 

correction unless the dead time distortion is intolerable.

In [104] Schlecht et.al. addressed the multiphase technique for high efficiency power 

factor correction. This work interleaved eight boost-switching cells operating at low 

frequency (25 kHz) to minimize the switching losses and in DCM to eliminate the diode 

reverse recovery losses. A method for analyzing interleaved converters to predict ripple 

amplitudes has been demonstrated and applied as a design tool to optimize the efficiency. 

A control algorithm was used to improve converter transient response and output voltage 

regulation in the experiment. Although analysis was done for both continuous current 

mode (CCM) and DCM, DCM was suggested, but for high current converter DCM 

introduces higher ripple. Moreover, high efficiency requires that interleaved stages 

operate in CCM [105]. Multiphase boost converters in CCM and with average current 

control face the potential problem o f asymmetrical current sharing. This work 

recommended a simple practical solution to this problem. This work also discouraged the 

confinement to DCM and low switching frequency o f [104], as presently high-speed 

switches are available.
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In [106] Barbi et. al. presented a new parallel connection o f  boost converter in CCM 

with power factor correction. By means o f an extra small inductor two cells are 

associated in parallel leading to an improved performance. The boost diode reverse 

recovery problem was reduced and efficiency was increased. Complex control system 

was simplified as both switches used same gating pulses.

The advantages o f  multiphase topology have previously been applied to l-O power 

converter [103-106] with DCM and CCM operation. Robinson et. al. [107] reported the 

use o f interleaving technique for 3-d> single switch converters for power factor correction 

using boost topology. This work reported interleaving of input and output ripple with a 

substantial improvement in line power factor, line current ripple and output voltage 

ripple. The improvement was investigated by using circuit state equations and is verified 

by experimental result. Based on this work, a cellular rectifier system has recently been 

proposed by Kassakian et. al. [108,109]. This parallel power converter system 

implements both distributed load sharing and distributed ripple cancellations. By 

employing this cellular architecture, it is possible to construct a family o f systems with a 

wide range o f ratings using a single cell design. As a result, the system is hot-swap 

capable leading to a high level o f reliability. However, in order to parallel the single­

switch rectifiers, each rectifier must have an additional diode in its return path to prevent 

cross-conduction causing power loss and a decrease in efficiency.

Multiphase converters operating in CCM require an explicit current-sharing 

mechanism to ensure even distribution o f current and thermal stresses among the modules 

and to prevent operation o f one or more modules in a current limiting mode. Without this 

current control even a small imbalances in module output voltages can cause the output 

currents to be unbalanced. In [110-118], various current-sharing techniques along with 

the small-signal analyses have been proposed.

1.6 Motivation for work
The literature survey presented in Section 1.5 reveals that multiphase topology is a well- 

established technique to achieve required high power using multiple low power cells
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consisting o f lower rating transformers, inductors and switching devices. This survey 

leads to the following points behind the motivation for this thesis:

•  The efficiency o f a low power converter is relatively more affected by the losses and 

as the converter power level increases, the thermal management becomes more difficult. 

Hence, a wise choice should be made for the power level of the cell to be used in 

realizing the multiphase system. Almost all the works so far reported used single switch, 

low power sub-converters for multiphase system. The realization o f ac-to-dc multiphase 

system based on full bridge converter cell is not available in the literature.

•  As mentioned earlier the converters used for multiphase ac-to-dc conversion are 

single-switch [103-109] boost converters without isolation and these switches are hard- 

switched. According to author's knowledge, no work has been done on soft-switched HF 

transformer isolated ac-to-dc converters using multiphase technique.

• Most o f  the work done on ac-to-dc converter is with double stage. Work [15,48-92] 

has been done on single-stage ac-to-dc converters with HF transformer isolation. An ac- 

to-dc multiphase converter based on these single-stage ac-to-dc cells can deliver higher 

output power with low THD while maintaining the converter efficiency and thermal 

distribution intact.

• In [38], a new fixed edge complementary PWM control scheme suitable for single- 

stage operation o f ac-to-dc converter is proposed. Based on this scheme, work [57,58] has 

been done on 3-0  single-stage ac-to-dc converter. But the behavior o f this gating scheme 

for 1-0 single-stage ac-to-dc bridge converter is not known.

• HF ripple cancellation on the line side of the multiphase converter, based on single- 

stage ac-to-dc converter cells operating in DCM, can reduce the line current EMI filter 

requirements.
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•  For a reliable uninterruptible power supply system, the output o f the ac-to-dc 

converter should be with an isolation transformer. So far, no work has been done on ac- 

to-dc transformer isolated multiphase converter using ac-to-dc full bridge converter.

•  No work has so far been done on the small-signal and large-signal behavior o f the 

single-stage ac-to-dc bridge converter using new [38] gating scheme. This study is very 

important to identify the transient stress on the switches and to verify transient stability 

due to step change in line and load conditions.

AC-to-DC Power supplies o f the order o f 5 kW output, using 1-0 system, are being 

considered by industries. As an example, following is the specification of a single-phase 

ac-to-dc converter required by an industry to be used for uninterruptible power supply 

(UPS) system.

Input voltage, F, = 208 V rms with variation o f +25%, -20%.

Output voltage, F, = 420 V.

Output power, P o ~ 5  kW.

Output voltage ripple, AFo = 5% (peak to peak).

Possibilities o f  extension to higher power levels.

Because o f the advantages mentioned earlier, the multiphase technique is used to 

develop the required power converter. Possible approaches for the ac-to-dc multiphase 

converter are mentioned in Fig. 1.1 to Fig. 1.3. Fig. 1.1 shows a two-stage ac-to-dc 

multiphase converter consisting o f multiple ac-to-dc soft-switched boost converters 

cascaded by a soft-switched HF transformer isolated dc-to-dc bridge converter. A two- 

stage configuration consisting o f multiple soft-switched ac-to-dc and multiple soft- 

switched HF transformer isolated dc-to-dc converters is shown in Fig. 1.2. Fig. 1.3 shows 

a single-stage configuration based on multiple single-stage soft-switched HF transformer 

isolated ac-to-dc bridge converters termed as cells.
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Supply Regulated output

A C /D C -N

AC/DC-2

AC/DC Boost Cotiverter 
with DC M/soft-switching. 

[AC/DC-1]

DC/DC soft-switched HF 
transformer isolated 
converter

Fig. 1.1 Two-stage multiphase converter with multiple AC-to-DC boost sub- 
converters and single DC-to-DC sub-converter.

Supply

DC/DC-2

DC/DC soft-switched HF 
transformer isolated 
converter. [DC/DC-1]

AC/DC-2

DC/DC-AT

AC/DC Boost Converter 
with DCM/soft-switching. 

[AC/DC-1]

Fig. 1.2 Two-stage multiphase converter with multiple boost and DC-to-DC
sub-converters.
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Supply Regulated Output

Single-stage transformer isolated 
AC/DC converter. [Ce//-1]

Cell-N

Cell-2

Fig.1.3 Single-stage AC-to-DC multiphase converter with multiple single-stage cells.

As the single-stage [48-91] ac-to-dc converter has many advantages over the two-stage 

converter, the configuration shown in Fig. 1.3 is preferred. Each cell o f the converter is a 

single-stage soft-switched full-bridge ac-to-dc converter with HF transformer isolation. In 

the soft-switched single-stage cell the power factor correction boost stage is integrated in 

the dc-to-dc full bridge stage. Because of natural power factor correction, simple control 

and enough cooling time available, the PFC stage boost inductor is chosen to operate in 

DCM.

1.7 Thesis layout
This section presents the layout o f this thesis as follows.

In Chapter 2, a soft-switched l-<t> single-stage HF transformer isolated ac-to-dc 

bridge converter using new gating scheme [38] is proposed. The work done on this 

converter includes;

a) Identification o f different operating modes and intervzds in these modes.

b) Complete steady-state analysis o f  the converter for all modes o f operation 

is given.
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c) Based on the analysis, design curves and operating characteristics are 

obtained.

d) A design example is presented to illustrate the design procedure.

e) Performance of the designed converter is predicted theoretically and all 

device ratings are estimated.

f) PSPICE simulation results are given to verify the operation and 

performance of the converter.

g) Prototype experimental results confirming the analysis and performance 

are presented.

In C hap ter 3, a single-stage soft-switched ac-to-dc multiphase converter is proposed. 

This converter is realized by using the single-stage soft-switched HF transformer isolated 

ac-to-dc bridge converter of Chapter 2 as cells. The work done in this chapter includes 

the following;

a) Operation and steady state analysis o f the single-cell o f Chapter 2 is 

extended to multiphase converter.

b) A study to determine the optimum number o f cells, N  to reduce HF 

harmonics in the line current is presented.

c) A design example is presented with explanation on the design constraints.

d) PSPICE simulation results are provided to verify the analysis and 

operation of the converter.

e) Prototype experimental results are presented to confirm the analysis and 

operation of the converter.

In C hap ter 4, the small-signal analysis o f the single-stage cell proposed in Chapter 2 

is presented for all operating modes. Frequency response o f the small-signal transfer 

functions are given and verified by PSPICE simulation results. A closed loop control 

system is designed based on the frequency response and its performance is studied. 

Large-signal transient behavior o f the converter cell for open loop operation obtained 

from PSPICE simulation is also presented in this chapter.
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In C hap ter 5, the summary o f this thesis work is presented and major contributions 

are indicated. Future research on this area is also suggested in this chapter.
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Chapter 2 
A Single-Phase Single-Stage High -Frequency 
Transformer Isolated AC-to-DC Bridge Converter

In this chapter, a I-O single-stage high frequency (HF) transformer isolated ac-to-dc 

bridge converter to be used as a cell o f the multiphase system mentioned earlier in 

Chapter I is presented. The converter configuration, principle o f operation and detailed 

analysis o f  the converter are given. A design example is presented with discussion on 

design considerations. PSPICE simulation results are obtained to verify the operation and 

the analysis. Due to the input boost inductor operating in discontinuous current mode 

(DCM), natural power factor correction is obtained. The converter is soft switched for 

entire line and load range with the help o f a single switch auxiliary circuit.

The layout o f  this chapter is as follows: Section 2.1 gives a brief introduction on this 

chapter. Section 2.2 presents the assumptions made to simplify the analyses o f the 

converter cell. Converter diagram and principle of operation are given in Section 2.3. 

Different modes o f operation are explained in Section 2.4. Section 2.5 presents detailed 

analysis o f  the converter. The design o f the converter is presented in Section 2.6 with a 

design example. Theoretically predicted performance o f the designed converter is also 

presented in Section 2.6. Simulation and experimental verifications are given in Section 

2.7 and Section 2.8, respectively. Section 2.9 states the conclusion o f this chapter.

2.1 Introduction

As mentioned in Chapter 1, much attention has been paid on the research [15, 39-92] on 

ac-to-dc converter with high power factor and low line-current total harmonic distortion 

(THD). This is due to the enforcement o f strict harmonic standards such as lE C l000-3-2,
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ANSI/IEEE-519, etc. As a result, a  preconditioning stage called power factor correction 

(PFC) stage is required. An additional stage for PFC calls for additional components, 

increased size and cost and reduced efficiency. Single-stage ac-to-dc converters [15,48- 

92] overcome some o f these drawbacks. In [38] a new fixed edge complementary PWM 

control scheme suitable for single-stage operation o f ac-to-dc converter is proposed. 

Based on this scheme, work [57,58] has been done on 3-(D single-stage ac-to-dc 

converter. But behavior o f this gating scheme for l-O  single-stage ac-to-dc converter is 

not known. Operation, analysis, simulation and experimental verifications o f this scheme 

on l-O converter are also unavailable in the literature. For l-<h single-stage ac-to-dc 

bridge converter, together with an optimum design, it provides ZVS for three switches at 

all loads and line conditions. The common switch (S2 in Fig. 2.1) undergoes ZVS 

operation at full-load but at reduced loads it requires auxiliary circuit assistance for ZVT 

operation while its complementary switch (S 1 ) undergoes zero-current tum-off. Based on 

this gating scheme, this work proposes a 1-0 single-stage ac-to-dc converter with HF 

transformer isolation and soft switching to be used as a cell o f the proposed multiphase 

converter shown in Fig. 1.3 for industrial UPS applications. Operation, analysis, a design 

example, theoretical, simulation and experimental results are presented.

2.2 Assumptions
The assumptions made while dealing with the operation and analysis o f a 1 - 0  single- 

stage ac-to-dc converter are as follows:

a) The input 1 -0  supply is purely sinusoidal.

b) The switching firequency o f the converter is much higher than the line frequency so 

that during each HF switching period (tp), input voltage can be assumed constant.

c) Load voltage is constant during tp.

d) All circuit components are ideal.

e) The effect o f HF transformer magnetizing inductance is neglected and the leakage 

inductance is considered as a  part o f  the tank inductor, L i .

f) The DC bus capacitor is large enough to hold constant bus voltage.
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2.3 Converter diagram and principle of operation

The schematic o f the proposed single-phase single-stage ac-to-dc converter with an 

auxiliary circuit is shown in Fig. 2.1. Fig. 2.2 gives the new [38] gating scheme to be used 

for the control o f  the switches. The dc-to-dc bridge converter is integrated to the input 

stage through S2 and D l . The input boost inductor, Lm operates in DCM to ensure natural 

power factor correction. An optimum design along with the gating scheme ensures ZVS 

for the switches S I, S3 and S4 at all line and load conditions. But switch S2 loses ZVS at 

reduced load. To assist the ZVT tum-on o f the common switch S2 at reduced load, an 

auxiliary transition circuit [29, 35-37,39] is required. The auxiliary ZVT circuit proposed 

in [35] consists o f  a single switch (Sa), a  resonant inductor, Lr and two auxiliary diodes 

(D al and Da2). It requires a simple control circuit. However, the auxiliary switch is hard 

switched and ringing between Lr and output capacitance o f Sa calls for a saturable 

inductor. The two-switch auxiliary circuit o f  [39] overcomes some o f these problems but 

one (top) switch current rating is high (has a  long conduction time) and requires complex 

control circuitry. The auxiliary commutation cell proposed in [36] offers an improved 

efficiency over [35] but uses an extra feedback inductor and a diode leading to increased 

size and weight. The improved ZVT converter o f  [29], based on [36], provides less tum- 

off loss o f main and auxiliary switch by using a flying capacitor and an extra diode. 

Compared to [35] this auxiliary circuit has higher parts count, increased size and weight 

and increased cost. Therefore, based on the above discussions, the auxiliary ZVT circuit 

o f  [35] is used in the proposed single-stage ac-to-dc converter shown in Fig. 2.1. The 

detailed circuit operation is given while identifying different operating modes in the 

following section.
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Dl

f  C,
Dai

S2
D3

ZVT Circuit

Fig. 2.1 Proposed single-phase single-stage soft-switching ac-to-dc converter cell diagram.

2.4 Modes of Operation

Different independent modes o f operation for the main converter section and the auxiliary 

circuit are discussed in Section 2.4.1 and Section 2.4.2, respectively.

2.4.1 Operating modes for ac-to-dc converter
In order to ensure natural power factor correction the boost inductor o f the converter must 

operate in DCM. However, to ensure D CM  operation at all line and load conditions, the 

boost inductor operation should be in the just continuous current mode (JCCM) at the 

peak o f  the minimum input line voltage at full load and in DCM  at other part o f  the line 

frequency half cycle. The typical waveform for the boost inductor current, //„ is shown in 

Fig. 2.2, Fig. 2.3 and Fig. 2.4 for three different operating conditions. As marked in Fig. 

2.2, the time variables in the line frequency and HF cycle are denoted by r  and t, 

respectively. The boost inductor, Li„ is charging through any o f the two diagonal pair of 

the input rectifier diodes depending on the position (ti)  o f  the HF switching cycle along 

the line frequency scale (time variable, t) when S2 is turned ON. As shown in Fig. 2.2 to
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Fig. 2.4, duration o f this charging is Dtp. When S2 is off, the boost inductor current starts 

decreasing to zero. The duration for this time is, Dductp.

Depending on the line and load conditions, the tank inductor (L/) current, ip can be in 

continuous or discontinuous mode called tank inductor continuous current mode (TICCM) 

or tank inductor discontinuous current mode (TIDCM), respectively. At the design point 

(at minimum input voltage and full load) the voltage across terminal A and B. vba will be 

a square wave and the operation will be in TICCM  as shown in Fig. 2.2. However, as the 

load current decreases the tank voltage starts having dead gap in the square wave as 

shown in Fig. 2.3 with operation still in TICCM. Below certain load, the tank current 

becomes discontinuous as shown in Fig. 2.4. This load can be named as transition load 

and it depends on the design point. The TIDCM  operation is shown together with the 

operating waveforms o f the auxiliary circuit for the most general case in Fig. 2.4. In the 

TIDCM  mode the tank current in one HF cycle can be divided into eight intervals as 

shown in Fig. 2.4 and the corresponding equivalent circuits are given in Fig. 2.5. The 

TICCM  operation can be identified as a special case of the TIDCM operation. Operating 

waveforms for TICCM  at full load and part load are shown in Fig. 2.2 and Fig. 2.3, 

respectively. Intervals 2 to 6 are present at all loads. At the transition load, interval 8 

vanishes and at the end of interval 7. ip comes to zero. At this load (also at lower load), 

the tank inductor does not have energy to discharge the capacitor across S2. Therefore, 

ZVS tum-on operation of S2 is lost here but SI is undergoing ZCS tum-off. During 

interval 1, the auxiliary switch Sa is tumed on as shown in Fig. 2.4. The resonant current 

discharges the capacitor across S2 and 0 2  conducts ensuring ZVS tum-on for S2. 

Detailed operation of the auxiliary circuit is given in Section 2.4.2.

2.4.2 Operating Modes of Auxiliary Circuit

The operating waveforms of the auxiliary circuit are shown in Fig. 2.4 along with the 

TIDCM  waveforms. These waveforms explain the ZVT operation for the most general 

case. At r = to, auxiliary switch Sa is tumed on. As Sa is tumed on, resonance between Lr 

and C »=  Cji+Cji brings the voltage across to zero and at the same time voltage
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Fig. 2.2 Gating signals and operating waveforms for TICCM  at full load with minimum 

input voltage for the configuration shown in Fig. 2 .1.
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Fig. 2.3 Gating signals and operating waveforms for TICCM  at part load for the

configuration shown in Fig. 2.1.
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Fig. 2.4 Gating signals and typical operating waveforms for TIDCM  for the configuration
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Fig. 2.5 Equivalent circuits [(a) to (m)] during different operating intervals for the

waveforms shown in Fig. 2.4 (TIDCM).

across C,i increases to bus voltage K*. The time required for this is one-fourth o f the 

resonant period. At r = to, the resonant inductor current tLr= /* and vs2 = 0. As the voltage 

across diode, D2 reaches zero, D2 starts conducting at r = to', im and ip also start
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increasing linearly. So, the summation o f  the currents through D2, Lm and Li flows 

through D al and Sa. At r = to". Sa is turned off and Lr starts discharging the stored energy 

to the bus voltage through D al and Da2. Immediately after Sa is tinned off, S2 is turned 

on with ZVS before D2 current goes to zero at t = t\. The energy still available in the 

resonant inductor Lr continues to discharge to the bus capacitor Cb until /£,= 0 at t = ti'.

2.5 Analysis

Based on the simplified assumptions made in Section 2.2, analysis is presented for both 

TIDCM  and TICCM operation o f the converter. The time variable during each HF 

switching period is represented by t, in the line frequency scale by t  and the HF period is 

by tp as marked in Fig. 2.2. Section 2.5.1 gives the general solutions for TIDCM  and 

TICCM. Steady state solutions are derived from the general solutions and are presented in 

Section 2.5.2.

2.5.1 General solutions

2.5.1.1 General solutions for TIDCM {Fig. 2.4)

There are eight operating intervals in this mode.

Interval 1 (fo-^i): This ZVT interval is in between to and t\. This interval has three sub­

intervals as follows:

Sub-interval la  (ro-fol: The equivalent circuit during this sub-interval is given in Fig. 

2.5(a). Vba = 0, ip = 0, but S4 is gated. Sa is turned on at r = to. As shown in Fig. 2.4, 

resonant inductor current iu  through Sa and Dal brings down the voltage Vjj =  to zero 

at the end o f this sub-interval. The resonant current during this sub-interval can be 

represented by:

tiitr , I 
dt C„

where Q i+ Q z (2.1a)
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Vb = voltage across bus capacitor C&. 

The solution for iu  with iiA.to) =  0 is.

/V 4 /C »  ]s in w ,(r-/o ) ^ 2  2 )

where (2.3)

The voltage across S2 can be represented as:

v,2 = ^ iC o s(o ,( /-ro )  (2.4)

At the end o f this sub-interval, at r = to, iu- -  and Vj? = 0.

Sub-interval lb  (fo'-fo"): The equivalent circuit during this sub-interval is given in Fig. 

2.5(b). As the capacitor across S2 is discharged to zero. D2 conducts during this interval

so that S2 can be turned on with ZVS. The current through D2 is h  as shown in Fig. 2.4.

As D2 is conducting, current through L,„ and Li increase linearly.

The differential equation for tank current is,

L ,{ d i j d i ) = y , - K ’ O S )
where Vo'= Vg/n = output voltage referred to primary.

With the initial condition, ^(fo3=0, the solution for current ip is:

= (2.6)
Assuming input voltage is constant during the HF period (ti to xi+tp) at v,„= P^fn(oi)/ri), 

the boost inductor current i,„ is given by:

L  (0  =  sin <0,1, ) /  i ,  ]((-/„■ ) 0 .7 )

where co; = line frequency in rad /sec.

As D2 is conducting, the current through the resonant inductor Lr. auxiliary switch Sa and

diode Dal during this sub-interval is the summation of 4 . i,„ and ip as follows:

iu iO  =  ha{t) =  Ib^ip{t)-^imit) (2 .8)

At the end o f this interval at r =  to",

(2.9)
Wfo") = l(Jm sinm/T,)/Z^](to"-fo )
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i p W ' )  = iV i ,-V ^ ') i to " - to ') /L i

Sub-interval Ic The equivalent circuit for this sub-interval is given in Fig. 2.5(c).

This sub-interval begins at r = Iq" when Sa is turned off. The resonant inductor current 

now discharges its energy to the bus capacitor Q  through diode Dal and Da2. Tank

inductor current ip and boost inductor current i,„ keep on increasing linearly according to

(2.6) and (2.7), respectively. The current through Lr during this sub-interval is given by, 

iiAt) = W o ")-Vb it-io")/Lr (2.12)

During this sub-interval, common switch anti-parallel diode (D2) current ioz is related to 

iir, ip and i,„ as follows:

(D2(f-fo") = ilA.t-tQ") - ip(t-to) - iinil-to) (2.13)

82 should be gated during this sub-interval before D2 current goes to zero at the end of 

this sub-interval dXt = t\.

Interval 2a (f|-rf): The equivalent circuit for this interval is shown in Fig. 2.5(d). 82 is

turned on v/ith ZV8. vba = Vb, switches 82 and 84 are conducting. As the boost inductor

L,„ is now shorted through the rectifier diodes and 82. current i,„ increases linearly 

according to (2.7) until 82 is turned off at r = ti- At the same time. 82 and 84 also work in 

the inverter bridge to supply energy to the load. The tank current ip keeps on increasing 

linearly according to (2.6). Inductor current iu- keeps on decreasing and is related to ip, 

and is2 as given in (2.14).

The current through the switch 82 is:
= hn iO + lpO )-ÎLr iO  (2.14)

The current through the switch 84 is same as the tank current:

44 M  = -  K. ' ) / 4  ]( ' -  '0 ')  ( ^ '5 )
At the end o f this interval, zW  ~ ^i') =  0.

Interval 2b (fi'-fz): The equivalent circuit for this interval is given in Fig. 2.5(e). This 

interval starts when iu  reaches zero. 82 and 84 are conducting. 82 and 84 currents are 

given by (2.14) and (2.15), respectively with i u ~ ^ -  

At the end o f  this interval, ip(j = ti )= Ia \.
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Interval 3 (fz-6): The equivalent circuit for this interval is given in Fig. 2.5(f). A tf = t̂ , 
S2 and S4 are turned off. The current Ia\ = ipit = ti) discharges the capacitors across SI

and S3 and charges those across S2 and S4. Consequently Dl and D3 will turn on

facilitating the zero voltage tum-on of SI and S3. As this discharge occurs at constant 

current dining this interval, the equation for ip and is:

ip{t)=lA\  and U„it) = Ii„p (2.16)

where Iinp= peak value o f

Vba changes polarity during this interval and at the end o f this interval, vba = ~Vb- 

Interval 4 (/3-/4>: The operational equivalent circuit for this interval is shown in Fig. 

2.5(g). Diodes D l and D3 are conducting and tlie tank current ip starts deceasing from Iai 

towards zero, vba = - ̂ b- The differential equation governing this interval is:

= P .i7 )

The solution for ip during this interval is:

= (2.18)

The current through D3 is:

( ')  = t, ( ')  = - [Cn + K . ) / 4 ] « - r , )

The boost inductor current is also decreasing linearly with a different slope through the 

diode D l in this interval. The differential equation for this current is:

L i n i ^ i i n  /(* ) = - ( V b  -  sm  tO/Ti ) (2.20)

The solution for the input boost inductor current is:
ûn ( 0  =  înp -  [(^6 -  s in  © /T1 ) /  !,>, ](r - 13 ) (2 .21)

So the current in D 1 will be:

= //II - [ %  Li](t-t2) + Ii„p -[(T^ -P'ot sin© /Ti)/I,„](r-/3)

(2.22)

At the end o f this interval ip(ti) = 0, but the current through D l is not zero.

Interval 5 (/4-/s): As Dl and D3 were conducting 81 and S3 can be turned on with ZVS 

but D l is still conducting. So there are two sub-intervals as follows:
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Interval 5a itA-t '̂)'- The equivalent circuit is given in Fig. 2.5(h). S3 is turned on with 

ZVS. D l and S3 are conducting. Tank current ip starts deceasing towards Iai- The 

differential equation describing this decrease o f current is;

(2.23)

The solution of ip for this interval is:

(f) == -- f-.lC ) /f:, ( 2  241)

The current through S3 is given by:

/s3(0 = - '„ ( 0  = [(k; - F j / I J C r - f J  (2.25)
The current through Z.,„ continues to decrease according to (2.21). At the end of this 

interval, D l current reaches zero but S3 is conducting and SI should be gated on before 

that.

Interval 5b {tÀ-h)’- The equivalent circuit for this interval is shown in Fig. 2.5(i). As SI is 

turned on with ZVS, now SI and S3 are conducting, ip will keep on decreasing (towards 

negative maximum) with the same slope as described in (2.24) and i,„ will decrease 

according to (2.21). At the end o f  this interval, ipits) = Iai- 

Interval 6 (/s-Zg): The equivalent circuit for this interval is shown in Fig. 2.5(j). S3 is 

turned off, ip = Iai will discharge and charge the capacitors across S4 and S3, 

respectively, with constant current. The equation for ip during this interval is:

ip{t) = Ia2 (2-26)

At the end o f this interval, voltage across S4 is zero and vab ~  0. The current through L,„ 

continues to decrease according to (2.21 ).

Interval 7 (le-Z?): As SI and D4 are conducting, vab = 0. ip starts increasing towards zero 

from initial value Iai and at i = tj, ip = 0. The differential equation for current ip during 

this interval is:

L M i p l d t )  = V„' (2.27)

The solution for ip at this interval is:

The current through Li„ continues to decrease according to (2.21) and reaches zero
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sometime at t = te, during this interval. Therefore, this interval has two sub-intervals: 7a 

and 7b.

Sub-interval 7a {te-te')'- The equivalent circuit for this sub-interval is shown in Fig. 

2.5(k). SI and D4 are conducting. The current through SI is: isi(0 = imiO + 'p(0 but the 

current through D4 is: z0 4 (f) = fpCO where i,„ is zero at the end of this sub-interval.

Sub-interval 7b (Jè-ti)'. The equivalent circuit for this sub-interval is shown Fig. 2.5(/). 

/,„= 0 during this subinterval, ip is flowing through SI and D4 and is given by (2.28). D4 

current reaches zero and SI turns off with ZCS at the end o f this sub-interval.

Interval 8 The equivalent circuit for this interval is shown in Fig. 2.5(m). During

this interval ip = 0, i,„ = 0 and v^b = 0. But S4 is ready for ZVS turn on. Gating signal for 

SI is removed during this interval. The tank inductor doesn't have any energy to 

discharge capacitor across S2 to ensure its ZVS turn on and voltage across SI also stays 

at zero since the voltage across S2 is Vi,. This situation prevails until the end o f this 

interval.

At the end o f this interval, ZVT operation is required for the tum-on of S2 and operation 

of interval 1 repeats.

2.5.1.2 General solutions for TICCM at part load {Fig. 2.3)
There are seven operating intervals in this mode.

Interval 1 (tvtd- For TICCM  of Fig. 2.3, this interval can be divided into three sub­

intervals as follows:

Sub-interval la  (fo-fo')' The equivalent circuit is shown in Fig. 2.6(a). At the beginning of 

this sub-interval, SI is turned off, 0 4  is conducting and Zp= Uz- Constant current I  at, will

charge the capacitor across SI and discharge that across S2.

At the end o f this interval v,2  = 0, vba = F& and vs\ = V(,.

Sub-interval lb  (fo'-fo")‘ The equivalent circuit for this sub-interval is shown in Fig.

2.6(b). During this sub-interval, D2 and D4 are conducting, vba = F& and the tank current 

ip ramps toward zero. The differential equation for this interval is:
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L[{dip Id t) = yè+f^o' (2.29)

Using the initial condition /p(0) = 7̂ 3, solution o f ip during this interval is:

As D2 is conducting the boost inductor current i/„ starts increasing linearly according to

(2.7).

So the diode D4 current is given by:

/ D 4 ( 0  = / p ( 0  = /^3  + i y b + W - l o ) I J ^ l  

The current through D2 is given by, ioiiO = /p(^)+/m(0- S2 should be gated when D2 is

conducting for ZVS turn on. At the end o f this sub-interval D2 current becomes zero.

Sub-interval Ic (fo"-fi): The equivalent circuit for this sub-interval is shown in Fig. 2.6(c).

S2 is turned on with ZVS. So, S2 and D4 are conducting, ip continues to ramp towards

zero according to (2.30) and i,„ continues to increase according to (2.7). Current through

S2 also starts increasing linearly according to,

/s2(0 = ip{t)+Ut) (2.32)

At the end o f this interval, current through D4 becomes zero.

In tervab  2 to Interval 7 are the same as described for TIDCM  with the same equations

valid except that sub-intervals 2a and 7a are absent and at the end o f Interval 7, ipity) =

7x3. Also at f = f?, S 1 is forced turn-off (not with ZCS o f Fig. 2.4) and D4 current does not

reach zero. Equivalent circuits during these intervals (and sub-intervals) are given in Fig.

2.6(d to k).

Interval 8 is absent in this mode and at the end o f interval 7, operation with interval 1 

repeats.

2.5.1.3 General solutions fo r TICCM at fu ll load {Fig. 2.2)

As shown in Fig. 2.2, there are six intervals in this mode.

Interval 1 to Interval 6 is same as described in Section 2.5.1.2 except that interval la  is 

absent (part o f  interval 6). In this mode, all the analyses in Section 2.5.1.2 are valid with 

7x3 replaced by 7x2-
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For full load, at the peak of the minimum input voltage boost inductor current is in 

JCCM. So, for this particular case interval 5c is absent.

Interval 7 o f  Fig. 2.3 is absent.

: T  ^  'p n
;..... i ̂ 1 1 +

A y Ÿ "  0 ^ “

W  - T - i J -
(a) Sub-interval la  (to-^o')

D4

(b) Sub-interval 16 {to-to”)

D4

(c) Sub-interval Ic {to”-ti)

S2

(d) Interval 2 {tHz)

T c ,

(e) Interval 3 {tz-tj,)

Dl
+

iK'

(g) Interval 5a {t4-tA)

03

(f) Interval 4 (̂ 3-̂ 4)

K .’

S i f
+

(h) Interval 5b (^4 -̂ 4")

Fig. 2.6 continued
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(i) Interval 5c iu"-ts)

+
K.'

Ci) Interval 6 {ts-te)

D4

(k) Interval 7 (te-h)

+

Fig. 2.6 Equivalent circuits [(a)-(k)] during different intervals for operation in TICCM zX

part load shown in Fig. 2.3.

2.5.2 Steady-State Analysis

Based on the general solutions presented in Section 2.5.1 steady state solutions are 

derived. In order to generalize the design and the converter operational characteristics, all 

the steady state relations are normalized as follows.

Norm alization: Followings are the base quantities to normalize the steady state equations 

for the proposed single-stage converter:

Base voltage, Vtase = F'm.mm (minimum input peak voltage)

Base power, Phase = Par (rated output power)
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Base current, I  base = Phase/Vba 

Base impedance, Zbase = Vbase'/Pba 

Base time, those = tp (HF period)

Base inductance, Lbase thaseVhase/Zbase

As peak value o f the minimum input voltage is the base voltage, the output voltage 

referred to the HF transformer primary, Vo' = Vo/n when normalized is defined as 

converter gain, Mmax = Vo'/Vm̂ „,„. To present the steady-state equations, the per unit value 

o f different time durations can be defined as follows:

too pu -  { to '-to ) / tp ,  t\Q pu~  ( t l- ^ 0 * )  / tp ,  t\Qpu =  ( f l - f o )  / tp , t'jOpu — ( j l - t 'o V tp ,  tiXpu ~  (.t2- t \ ) / tp ,  

tn p u  -  ( f 3 - W  / tp ,  t$4pu =  ( ts - t^ )  / tp ,  IbSpu — (.tb-ts) / tp ,  t-Jbpu =  { t l - tb )  / tp ,  ti-jpu =  ( f g - f ? )  /tp

In the analysis the snubber capacitors charging and discharging times (Interval 3 and 6 

o f all modes and la  o f TICCM dX part load) are neglected. The steady state relations for 

the single-stage converter are presented as follows:

A) Steady-state solution fo r  TIDCM {Fig. 2.4)

a) As the boost inductor L,„ is operating in DCM, the input power, Pmpu is given [53] by:

(2.33)

where V„pu = Peak input voltage in p.u.

K=Vbpu/V„,pu (2.34)

D = Boost duty ratio in p.u.

b) Voltage equations for Li during different intervals:

Interval la  : ZVT interval

Interval Ib, Ic and 2 . I*ipuÎ A\pu/{t7.ipu~̂ tiQpa) Vbpu ~ ^̂ mccc (2.35)

Interval 3 : ippuCti) = ippuits) = Dtpu (2.36)

Interval 4 T/pulAipu/t43pu '~{Vhpu ^^mox) (2.27)

Interval 5 T(pul.4ipi/t$4pu {̂Vbpu ~ ^Imax) (2.38)

Interval 6 : ippu{ts) =  tppuite) =  D ipu  (2.39)
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Interval 7 . Lipnî Î 'i.pù) ̂ î(>pu ^^max (^ 40)

Intervals ; ip=0  (2.41)

c) Ampere-second balance equation o f ip in each switching period:

Â\puÇ.l\Opu *̂ 2̂1pu ”̂ 4̂3pu) Â2pui.̂ 5Apu~̂ 1̂6pti) (2.42)

d) Average rectified tank current is the average load current reflected to the primary of 

HF transformer. Hence,

fA \p u ( .h O p u  ’̂ ^ 2 \ p u  "*"f43pu) ^ A 2 p u i.^ 5 4 p u ~ ^h 6 p u )  ~  2/*o p u ^ ^ m a x  (2.4j )

e) Time-Duty relationship:

D  = t\Qpu*h\pu (2.44)

D = Uipu' t̂sApu (2.45)

1-2D = too pu +h(,pu+t%Tpu (2.46)

B) Steady-state solution fo r  TICCM at part load {Fig. 2.3)

a) Voltage equations for Z/during different intervals:

Interval la  : ippu{to) = ippu{to) = Ia3pu (2.47a)

TlpulASpu î 10 pu Ff)pu Mmax (2.47b)

I’lpulAlpu t̂2lpu ~ Fhpu - Mmax (2 48)

ippÂh) = ippu{h) = Ia \pu (2.49)

L lp u lA lp u ^ ^ 4 3 p u  ~  ~ { F b p u  M m a x )  (2.50)

T lp u lA 2 p u ^ t s 4 p u  ~  - { F b p u  -  M m a x )  (2.51)

ippu{ts) lppu{tà) Ia2pu (2.52)

Z/pu(f/l2pu"Z/l3pu)/t76pu — M m a x  (25 j)

b) Ampere-second balance equation o f ip in each switching period:

lAlpu{̂ 2lpu~̂ 4̂3pu) lA2put5Apu~̂ iA3putlO pu'̂ {I.42pu'̂ ^A3pu)t76pu (2.^4)

c) Average rectified tank current is the average load current reflected to the primary of 

HF transformer. Hence,

lAlpu{^2\pu' t̂43pu) lA2put5Apu~̂ ^A3putlOpu~̂ {lA2pu'̂ ^A3pu)t76pu

= 2 P o p u / M m a x  (2.55)

d) Time-Duty relationship:

D — tiopu"  ̂t2ipu (2.56)

Interval Ib and Ic 

Interval 2 

Interval 3 

Interval 4 

Interval 5 

Interval 6 

Interval 7



4̂3pu"̂  5̂4pu

\-1D  = ti6pu

C) Steady-State Solutions fo r  TICCM at fu ll load {Fig. 2.2) 

a) Voltage equations for Z,/during different intervals:

(2.57)

(2.58)

Interval 1 I ’lp u lA 2 p u I t[0 p u  ^ b p u  M m a x (2.59)

Interval 2 L l p u lA \p u / t2 \p u  Ffjpfi -  M m a x (2.60)

Interval 3 ip p i i{ i2 )  ~  Ip p u O i')  ~  IaXpu (2.61)

Interval 4 Z./pwZ/|lpii/̂ 43pu ~  ~ { F b p u  M m a x ) (2.62)

Interval 5 T lp u lA 2 p u I i$ 4 p u  ~  ~ { F b p u  * M m a x ) (2.63)

Interval 6 i p p u { i s )  ip p u { ib )  ~  Ia2pu (2.64)

b) Ampere-second balance equation o f ip in each switching period:

^A lp u{i2 \pu '^ i43pu ) ~  ^A2pu{lS4pu'^il0pu)

c) Average rectified tank current is the average load current reflected to 

HF transformer. Hence,

lA \p u { t2 lp u ~ ^ t4 '} p u ')  lA 2 p u { iS 4 p u ~ ^ t[Q p u )  2/ * o p u ^ M ^ a x

d) Time-Duty relationship:

D 2̂ lpt1

D  t4^pu~!~ t$ 4 p u

I-2D = 0

D) Steady-State Solutions fo r  Auxiliary Circuit 

Referring to Fig. 2.5(a), following relations can be written:

0̂0 ~ lÇ->j^r^ss

2.5.3 Transition from TICCM to TIDCM

(2.65) 

the primary of

(2.66)

(2.67)

(2.68) 

(2.69)

(2.70)

(2.71)

The boundary firom TICCM  to TIDCM  is obtained using the following conditions in the 
steady-state solutions for TICCM  at part load:

Ia2 ~ 0, ip{tf)) = ip{ti) = 0.
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2.6 Design

Based on the steady-state analysis presented in Section 2.5, the design procedure is 

explained in this section. An optimization function is defined to obtain optimum design 

point to ensure soft-switching and to reduce peak switch currents. Operational 

characteristics for different line and load conditions are presented. Based on optimum 

design different component ratings are presented along with a design example to show the 

design procedure.

2.6.1 Design Curves and Optimum Function

The input line-current THD of boost converter can be minimized by increasing the bus 

voltage Bus voltage can be increased by increasing the duty ratio D. But in the 

proposed single-stage ac-to-dc converter duty ratio D  is limited by the maximum duty 

ratio of the bridge converter which is 0.5 for the gating scheme used. So the design is 

done at full-load with minimum input voltage and maximum possible duty ratio, D = 0.5. 

At this design point the tank input is a complete square wave and the converter operates 

in TICCM. As the boost inductor operates in JCCM  at the peak o f minimum input 

voltage, for D = 0.5 we get AT = 2. Then from (2.33), using Vmpu = 1 p.u., D = 0.5, AT = 2, 

and tp = \,  value of boost inductor is L,„pu = 0.111 p.u. Nine normalized steady-state 

equations (2.59-60), (2.62-2.63) and (2.65-2.69) are solved (noting that 2.67-2.69 can be 

treated as one equation), by using MATHCAD software to obtain seven design 

parameters: Iaipu, Iatpu, fiopu, fzipm t̂ -ipu, ts4pu and L/pu keeping the load, Popu = I and duty 

ratio, D = 0.5 constant while the converter gain, Mmax varies from 0.2 to 2. These design 

parameters as function o f converter gain, Mmax are presented in Table 2.1 and in Fig. 2.7. 

These results correspond to the 3-phase case o f [58]. It is evident that the normalized 

values o f Iaipu, Iatçu, hopu and decrease with the increasing value o f M„ax while t2 \pu 

and ts4pu show an increasing trend. The value of tank inductance, Lipu increases initially 

and then decreases after a maximum value. Our design goal is to reduce the peak current 

o f  the switching components while the soft-switching is ensured. Therefore an optimum
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Table 2.1 Design values in per unit at full load and minimum input voltage with L,„pu =

Mmax Lipu I  A \pu ~1a2pu riopu ^1\pu lA'ipu lS4pu

0.2 0.050 10.00 10.00 0.225 0.275 0.225 0.275

0.4 0.096 5.00 5.00 0.200 0.300 0.200 0.300

0.6 0.136 3.33 3.33 0.175 0.325 0.175 0.325

0.8 0.168 2.50 2.50 0.150 0.350 0.150 0.350

1.0 0.188 2.00 2.00 0.125 0.375 0.125 0.375

1.2 0.192 1.67 1.67 0.100 0.400 0.100 0.400

1.4 0.179 1.43 1.43 0.075 0.425 0.075 0.425

1.6 0.144 1.25 1.25 0.050 0.450 0.050 0.450

1.8 0.086 1.11 1.11 0.025 0.475 0.025 0.475

2.0 0 1.00 1.00 0 0.500 0 0.500

function is to be defined.

From the operating principle o f this converter, switches SI and 84 undergo ZVS at all 

line and load conditions. Switch S2 requires ZVT circuit for zero-voltage tum-on at low 

load. So, to fulfill the design goal, with minimum possible tank energy {O.SLJa i ') at full­

load, the duration (̂ 43) o f  Interval 4 (D3 conduction time) should be made as high as 

possible to ensure ZVS operation of S3. So, the optimum function can be defined as 

follows:

_  ^■^^‘Âlpu^lpu (2.72)

^43 p u

So, the minimum value of the function Fopt will keep the switch peak current low and 

ensure ZVS switching of S3. Fig. 2.8 is a presentation of the variation of Fopi as a 

function of the converter gain, Mmax- This optimization curve shows that lower value of 

the optimum function occurs for higher value o f Mmax (from 0 . 8  to 1 . 2  its variation is very 

small). It is evident from Table 2.1 that higher value o f Mmax corresponds to lower value 

o f  switch peak current Iai- So, Mmax=l-2 is chosen as the design point. For the worst case 

line and load condition (maximum input voltage, 10% load) variation of D3 conduction

^opt =
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time (/43pu) with gain, Mmax is studied and presented in Fig. 2.9. This study shows that 

Mmax= I -2 gives enough time for D3 conduction to ensure ZVS tum-on of S3.

2.6.2 Performance Prediction
The steady-state equations presented in Section 2.5.2 are used to predict the performance 

o f the ac-to-dc converter at different load and line conditions using MATHCAD software. 

For this study gain o f the converter is kept constant at Mmax ~ 1.2 while the output power 

Popu is varied from 5% to 100%. The operating characteristics o f different parameters of 

the dc-to-dc section of single-stage single-phase converter for output power variation 

from 5% to 100% are given in Fig. 2.10. Fig. 2.10 shows that the transition between 

TICCM  and TIDCM  occurs at 69.7% load for minimum input voltage. This can also be 

found by solving the TICCM  steady-state equations (2.47-2.58) for part load with: /x3 = 0, 

ipih) = ip(Ji) = 0. But for rated and maximum input it occurs at a load higher than the 

rated load. So, for rated and maximum input the converter operates in TIDCM  for the 

complete specified load range. The theoretical values o f different parameters in per unit 

for three input voltages (minimum, rated and maximum) at three different loads (100%, 

50% and 10%) are given in Table 2.2.
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Table 2.2 Theoretical performance parameters in per unit at different line and load 

conditions {Mmax= 12, 0.111 p.u., Li= 0.192 p.u.)

Input

Voltage

V„= 1.0 pu 

(Min. input)

V„ = 1.25 pu 

(Rated input)

V„ = 1.56 pu 

(Max. input)

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%

D 0.50 0.336 0.15 0.369 0.261 0.117 0.291 0.206 0.092

Vb pu 2.0 1.788 1.788 2.114 2.114 2.114 2.576 2.576 2.576

Ia i  pu 1.66 1.03 0.461 1.759 1.244 0.556 2.087 1.476 0.660

Ia 3 pu -1.66 -0.923 -0.413 -1.497 -1.059 -0.473 -1.664 -1.177 -0.526

Ia 3 pu -1.66 0 0 0 0 0 0 0 0

f 20 pu 0.5 0.336 0.15 0.369 0.261 0.117 0.291 0.206 0.092

f43 pu 0.1 0.066 0.030 0.102 0.072 0.032 0.106 0.075 0.034

f54 pu 0.4 0.301 0.135 0.314 0.222 0.099 0.232 0.164 0.073

h t  pu - 0.148 0.066 0.240 0.169 0.076 0.266 0.188 0.084

t i l  pu - 0.148 0.619 0.002 0.275 0.676 0.104 0.367 0.717

Mode TICCM TIDCM
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2.6.3 Design Example

A design example is presented for an ac-to-dc converter with following specifications to 

show the design procedure:

Input voltage, y,„ = 208 V (rms) with variation o f + 25%, -20%, 60 Hz 

Output voltage, K  = 420 V, Output power, Po~ 17  kW,

Switching frequency,/j=  50 kHz,

Output voltage ripple, AVo= 5% (peak to peak).

Possibilities o f extension to higher power levels.

A. Selection o f  AC-to-DC Converter Components
The converter is designed at full-load and minimum input voltage with 50% duty ratio. 

From the specifications: Vm.mm- 208*0.8*V2 = 235.33 V, Vm.max= 208*1.25*V2 = 367.7 

V. As explained in Section 2.6.1, the design value o f Mmax is chosen to be Mmax= 12. 

Hence, for Vo= 420 V and = 235.33 V, the HF transformer turns ratio, 

n = V o/iV m .m m *M „ ax) = 1-49.

Now from the design Table 2.1, corresponding to M max=^ 1.2, following per unit values 

are read:

L,npu~0.\ 11, Lipu — 0.192, Ia\pu~  1.67, Ia2pu~  -1.67 

l\Qpu~ 0.1, hipu — 0.4, i43pu~ 0.1 and ts4pu~ 0.4.

The base values are:

Vbase= 235.33 V, Pbase= 1-7 kW, Ibase= Pbase/Vbase= 7.22 A,

tbase= 1/^= 1/50000 = 20 pS and Lbase= Vbase*tbase/Ibase= 651.53 pH.

Load resistance at 100% load, R i=  103.76 O.

The maximum output load current, /o(max) = 1700/420 = 4.05 A.

In calculating the snubber capacitors, it is assumed that the International 

Rectifier IGBTs, 1RG4PF50W(D) (900 V, 28 A) are used. From the data sheet, this 

device has a fall time o f f/=  170 as.

Snubber capacitor, Csi — 0.25lAi*tf/Vi, = 0.S5 nF

Cs2= 0.25*Is2aurc*tf/Vb=5.l3  uF.
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Çi3 — Cji — 0.85 nF.

Cs4 =  025*lM2*t//Vb =1.1 nF.

Therefore, using the base values the actual parameters are:

Li„= Li„pu*Lbase= 0.111*651.53 = 72.3 pH 

Li=Lipu*Lbase=0-\92*65l.52 = 125.1 pH 

Iai= l A \ p u * h a s e =  1.67*7.22 = 12.06 A 

Ia2 ~ lA 2 p u * Ib a se  ~  "1 67*7.22 = -12.06 A 

1̂ 0= fiopi/*W= 0.1*20 = 2 ps 

fzo = O lO pu  +  t2 lp u )* tb a s e =  0.5*20 = 10 pS 

f43 = tA3pu*tbase=̂  0.1*20 = 2 pS

= t54pu*̂ éa»e= 0.4*20 = 8 pS 

Output filter capacitor [58],

Co = 7o(max)/(8/,AF„) = 4.05/(8*50000*0.05*420) = 0.5 pF.

Bus capacitor is given [53] by,

Cb=2PAt)max/{Vb AVb) = 982 pF. 

w h e r e , 1.6*10'^ for /T= 2 at 60 Hz and using Po= 1700 W, Ffi= 470.7 V and AFb 

= 2.5% o f Vb (peak to peak).

The worst-case values (in the range of study) for some important parameters obtained 

from Table 2.2 are listed as follows:

lA\(jnax) = lA\pJjnax) *4oie = 2.087*7.22 = 15.1 A (occurs at full load) 

lA2(jnin) =  lAipJjnin) *Ibase= -1.67*7.22 = -12.06 A (occurs at V„,„, full load) 

Fi,(max) = Vbpui.max)*Vbase- 2.576*235.33 = 606 V (occurs at full load) 

Ujimin) = U3puimin)*tbase= 0.034*20 = 680 ns (occurs at Vmax, 10% load)

B. Selection o f  auxiliary components
Usually the resonant frequency o f  the auxiliary circuit is 20 to 25 times the switching 

frequency. For this converter, it is assumed 1.0 MHz. Therefore, resonant time too' which 

is one-fourth o f  the resonant period is, too ' = 250 ns.

Now using (2.1a) and (2.70-2.71), 1^= 6.4 pH and h  = 15.2 A (using maximum value of 

Vb = 606 V).
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Table 2.3 summarizes different component values.

C  Component ratings
The current and voltage ratings o f all the components used for the converter are estimated 

as follows;

1. Input rectifier diodes:

The average rectifier input current, I,„avg is given by

2 2 q „  (2.73)

Neglecting losses, I,„av g= 9.2 A. So, the average current in each diode is I,„avg /2 = 4.6 A. 

The peak current is equal to the peak value o f boost inductor current given by

(2-74)
m

The maximum value o f boost inductor current, l,„p = 32.64 A is at minimum input voltage 

peak (235.33 V) and maximum load (D = 0.5). So, the peak current o f any input diode is 

32.64 A which is higher than the actual peak current that has been reduced due to input 

HF ripple filtering.

2. Switch SI:

The peak current in switch SI occurs at minimum input voltage and full load current and 

is given by, /ji(peak) =/^i=12.06 A. The current in SI as well as its conduction time 

varies along the line frequency half cycle. An approximate expression is obtained at full 

load with minimum input voltage by assuming that the current in S 1 is due to the dc-to-dc 

section current in interval 5 o f Fig. 2.2. The duration o f this interval is approximately 

0.4fp (neglecting time t/U for interval 5a). Hence,

/e ,  « 7 0 3 4 ^  = 4.4/1 (^-75)

The average current in SI is obtained based on the same assumption. The average 

current is:

= 2.41^4 (2.76)51
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The voltage rating o f  the switch is determined by the maximum bus voltage that occurs at 

full load with maximum input voltage. So, the switch voltage rating is 606 V.

3. Switch S2:

Switch S2 carries the sum of currents in L,„ and Li. So, the peak current is the maximum 

value o f the sum o f two peak currents. This occurs at full load with minimum input 

voltage. Therefore, /n(peak) = Ux-^Imp =12.06+32.64= 44.7 A. The current in S2 is right- 

triangular in nature as shown in Fig. 2.2 and its peak varies along the line frequency 

cycle. The rms current can be determined by the method described in [71]. This current is 

determined by averaging in two steps; first in the ^-th HF cycle and then in the line 

frequency cycle. By neglecting the conduction time o f D2,

D U ai + Lp sin(0),^f )]- 
= ----------------   (2.77)

As the switching frequency is large compared to the line frequency rms value can be 

determined by integrating over the line frequency period with iûiktp replaced by 0. Now 

integrating over the line frequency half cycle.

0

Now the maximum value o f rms current o f  switch S2 is at minimum input voltage and 

maximum load current for D = 0.5, 1a\ = 12.06 A and I,„p= 32.64 A. From (2.78), 

/ s 2 r i f u ~ l2 .4 5  A.

The average current of S2 is also determined as follows:

^ l ° - f  

t ,  ;  D t,
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— + Anp sinicù,kfp)] (2.79)

Integrating over the line frequency half-cycle:

"  It  ̂ 2
= D[lAiJ2+I,„p/Tt] (2.80)

Now as the maximum average current is for D = 0.5, Iai = 12.06 A and I,„p = 32.64 A, 

from (2.80), Is2avg= 8.2 A.

The voltage rating of S2 is 606 V.

4. Switches S3 and S4:

The peak current of S3 is /^(peak) = /x2(max) = 12.06 A at the minimum input voltage 

and maximum load. And peak current through S4 is /j4(peak) = /^i(max) = 15.1 A 

which occurs at maximum input voltage and maximum load. The conduction time for 

S3 and S4 is approximately 0.4tp at the minimum input voltage and maximum load for 

which rms and average current is maximum. So, the rms value of S3 and S4 current is:

V f r 4 .^ = 4 .4  A.

The average current of S3 and S4 is, /s3(avg) = /j4(avg) = 0.4(/xi)/2 = 2.41 A.

The switch voltage rating for S3 and S4 is 606 V.

5. Diode D l:

This diode mainly carries the boost inductor current. The peak current is maximum at 

the minimum input voltage and maximum load current. As Dl takes over the current from 

S2, its peak current /^[(peak) = /s2 (peak) = 44.7 A. The current through D l also varies 

along the line frequency half cycle. The average value o f  this current is calculated using 

MATLAB program. The value is /oiavg= 2.1 A. Dl voltage rating is 606 V.
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6. Diodes D 2 ,0 3  and 04 :

The peak currents o f 0 2  and 0 4  occur at the minimum input and maximum load (and 

at this line and load their conduction times are equal). For 0 3  it occurs at maximum input 

voltage. They are given as follows:

/o2(peak) = /o3(peak) = 7^i, /o4(peak) = 7̂ 2 

So, the peak current ratings are as follows:

7o2(peak) = 7x2(max) = 12.06 A 

7o3(peak) = 7xi(max) = 15.1 A 

7o4(peak) = 7x2(max) = 12.06 A 

The average current ratings are calculated (approximately) as follows:

7o2(avg) = 7m(avg) = 0.l(7ji)/2 = 0.6 A.

7o4(avg) = 0.266(7^2)/2 = 0.266(12.06)72 = 1.6 A.

The diodes voltage rating is 606 V.

Table 2.3 Different component values

Param eters Values

Input boost inductance, L,„ 72.3 pH

HF transformer turns ratio, n 1.49

Tank inductance, Li 125.10 pH

Resonant inductor of auxiliary circuit, Lr 6.4 pH

Snubber capacitor, 0.85 nF
C.2 3.13 nF
Cj4 l.lO nF

Full load resistance. Re 103.76 Q

Output filter capacitor, Co 0.5 pF

Bus capacitor, C& 982 pF
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7. Auxiliary switch Sa, diodes Dal and Da2:

The peak current of the auxiliary switch Sa is 15.2 A. The average current is calculated 

to be 0.2 A and rms current is 1.72 A. The average current through diode Dal is 0.3 A 

and that through Da2 is 0.1 A.

Table 2.4 presents a summary o f the component ratings.

Table 2.4 Different Component ratings.

Com ponents Ratings

Boost inductor, L,„ lun -  12.54 A (rms), 32.64 A (peak)

Tank inductor, Lt 15.1 A (peak), 7.4 A (rms)

S2 12.45 A (rms), 8.2 A (avg), 44.7 \  (peak)

S3 4.4 A (rms), 2.41 A (avg), 12.06 A (peak)

S4 4.4 A (rms), 2.41 A (avg), 15.1 A (peak)

SI 4.4 A (rms), 2.41 A (avg), 12.06 A (peak)

Dl 2.1 A (avg.), 44.7 A (peak)

D2 0.60 A (avg), 12.06 A (peak)

D3 0.60 A (avg), 15.1 A (peak)

D4 1.6 A (avg), 12.1 A (peak)

Sa 15.2 A (peak), 0.2 A (avg), 1.72 A (rms)

Dal 15.2 A (peak), 0.3 A (avg)

Da2 15.2 A (peak), 0.1 A (avg)

Output rectifier diodes 9.1 A (peak), 2.02 A (avg), 431 V

Input rectifier diodes 32.64 A (peak), 4.6 A (avg), 368 V

All other diodes and all switches 606 V
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Now with the component values obtained in the design example the operating 

performance o f the ac-to-dc converter is predicted. Converting Table 2.2 using the proper 

base values can easily do this. The converted form o f the performance table is shown in 

Table 2.5.

Table 2.5 Theoretical performance parameters at different line and load conditions for the 
design example o f Section 2.6.3 (Derived from Table 2.2 using f̂ base= 235.33 V, /base =

7.22 A and tbase = 20 ps).

Input

Voltage

235.33 V 

(Min. input)

2SW.16 

(Rated input)

V„ = 367.7 V 

(Max. input)

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%

D 0.50 0.336 0.15 0.369 0.261 0.117 0.291 0.206 0.092

Vb V 471 421 421 498 498 498 606 606 606

h i  A 12.06 7.44 3.33 12.70 8.98 4.01 15.07 10.66 4.77

Ia2 a -12.06 -6.66 -2.98 -10.81 -7.65 -3.42 -12.01 -8.50 -3.80

Ia3 a -12.06 0 0 0 0 0 0 0 0

t 20 ps 10.0 6.72 3.00 7.38 5.22 2.34 5.82 4.12 1.84

/43 ps 2.0 1.32 0.60 2.04 1.44 0.64 2.12 1.50 0.680

tS4 ps 8.0 6.02 2.70 6.28 4.44 1.98 4.64 3.28 1.46

hb ps - 2.96 1.32 4.80 3.38 1.52 5.32 3.76 1.68

8̂7 ps - 2.96 12.38 0.04 5.50 13.52 2.08 7.34 14.34

Mode TICCM TIDCM

D. Loss and Efficiency Calculations

The analyses and calculations o f all the losses involved in the proposed converter are 

given in Appendix A. Using these analyses different loss components o f the ac-to-dc 

converter were calculated. Following IGBT, MOSFET and diode parameters were used 

for these calculations:

The devices are:
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IGBT; IRG4PF50W(D) (900 V, 28 A with internal fast anti-parallel diode) with 

parameters:

Fall time, t/=  170 ns.

Antiparallel diode forward drop, Vyy = 2.5 V.

IGBT on-state drop, VcEfon) = 2.25 V.

Input rectifier: Lab module (forward drop, Vjur = 2.5 V).

Output rectifier diodes: RHRP 8100 (1000 V, 8 A hyper-fast diode).

Rectifier diode forward drop, V/dr = 2.5 V.

Auxiliary circuit MOSFET: 1RFPF40 (900 V, 4.7 A, Rdon=^-5 Q).

The inductors are assumed to have a quality factor, Q = 100

The calculated loss was used to find the converter efficiency using equation (A.9). 

Summary o f all the loss components and converter efficiency calculated for different load 

and line conditions are presented in Table 2.6 to Table 2.10 as follows:

Table 2.6 Converter loss components and efficiency for minimum 
input voltage (166.4 V rms) and full-load (1.7 kW)

Loss components Power loss (W)
Switch tum-on loss 0
Switch turn-off loss 26.9
Anti-parallel diode loss 9.8
Switch conduction loss 34.6
Gate drive loss 2.0
Q loss o f 35.7
Q loss o f Li 19.2
Transformer loss 17.0
Input rectifier loss 51.1
Output rectifier loss 20.2
Auxiliary circuit losses 2.0
Total loss 218.5
Efficiency 88.61%
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Table 2.7 Converter loss components and efficiency for minimum 
input voltage (166.4 V rms) and 10% load (170 W)

Loss components Power loss (W)
Switch tum-on loss 0
Switch turn-off loss 5.8
Anti-parallel diode loss 2.0
Switch conduction loss 3.1
Gate drive loss 2.0
Q loss of L,n 0.3
Q loss of Li 0.5
Transformer loss 1.7
Input rectifier loss 5.1
Output rectifier loss 2.0
Auxiliary circuit losses 6.0
Total loss 28.5
Efficiency 85.64%

le 2.8 Converter loss components and efficiency for maxim
input voltage (260 V rms) and full-load (1.7 kW)

Loss components Power loss (W)
Switch tum-on loss 0
Switch tum-off loss 30.8
Anti-parallel diode loss 11.9
Switch conduction loss 24.9
Gate drive loss 2.0
Q loss o f L,n 11.9
Q loss o f Li 21.2
Transformer loss 17.0
Input rectifier loss 32.7
Output rectifier loss 20.2
Auxiliary circuit losses 11.3
Total loss 184.82
Efficiency 90.24%
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Table 2.9 Converter loss components and efficiency for maximum 
input voltage (260 V rms) and 10% load (170 W)

Loss components Power loss (W)
Switch tum-on loss 0
Switch tum-off loss 9.8
Anti-p.a’allel diode loss 2.5
Conduction loss 2.5
Gate drive loss 2.0
Q loss o f Lin O.l
Q loss o f Li 0.6
Transformer loss 1.7
Input rectifier loss 3.3
Output rectifier loss 2.0
Auxiliary circuit losses 7.0
Total loss 31.5
Efficiency 84.37%

ible 2.10 Converter loss components and efficiency for rated
input voltage (208 V rms) and rated load (1.7 kW)

Loss components Power loss (W)
Switch tum-on loss 0
Switch tum-off loss 23.4
Anti-parallel diode loss 10.9
Switch conduction loss 27.8
Gate drive loss 2.0
Q loss o f L,n 18.7
Q loss of L[ 13.7
Transformer loss 17.0
Input rectifier loss 40.9
Output rectifier loss 20.2
Auxiliary circuit losses 6.9
Total loss 181.5
Efficiency 90.36%
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2.7 PSPICE Simulation Results

The ac-to-dc converter designed in Section 2.6.3 is for 50 kHz switching frequency. To 

save simulation time and disk space the converter is redesigned at 10 kHz. The same 

design procedure is followed as the 10 kHz switching frequency is still high compared to 

the line frequency o f 60 Hz and the results will not change. The redesigned converter is 

simulated using PSPICE simulation package. Different component values (for 90% 

efficiency) o f the redesigned converter are as follows:

Z,,„= 324.4 pH, 625.5 pH, Csi= 15.7 nF, C,i = Cs-̂  = 4.25 nF, Cs4 = 5.5 nF, 

Lr= 32 pH, R ’l  = 46.71 Q, C i=  982 pF and C'„ = 5.6pF.

Simulation is done for three different line (166 V, 208 V and 260 V rms) and three 

different load (100%, 50% and 10%) conditions to keep Vg constant at 282.4 V by 

changing the duty ratio D. Summary o f the simulation results is presented in Table 2.11. 

Following simulation waveforms are also presented in Fig. 2.11 to Fig. 2.19.

(a) Line voltage v, and line current is.

(b) Line current harmonic spectrum.

(c) Tank voltage v^b and tank current ip.

(d) Boost inductor current ii„ and resonant inductor current, iu..

(e) Voltage across and current through all the bridge switches (S 1 to S4).

Following observations are made from the simulation results presented in Table 2.11 and 

Fig. 2.11 to Fig. 2.19:

(1) Throughout the entire line and load range under consideration, boost 

inductor operates in DCM. Hence, natural power factor correction is 

ensured.

(2) ZVS operation o f the switches SI, S3 and S4 is maintained at all line and 

load conditions. The common switch S2 undergoes ZVS operation at full 

load to 69.7% load with minimum input voltage and ZVT at all other line 

and load conditions.
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(3) Because of the lossless capacitive snubbers the crossover between falling 

drain current and rising switch voltage is reduced as shown in Fig. 11(b). 

Fig. 12(b) etc. Flence, tum-off losses o f all the switches are reduced.

Table 2.11 PSPICE simulation results at different line and load conditions.

Input

Voltage

V„, = 235.33 V 

(Min. input)

V„= 294.16 V 

(Rated input)

= 367.70 V 

(Max. input)

Load 100% 50% 10% 100% 50% 10% 100% 50% 10%

D 0.474 0.32 0.144 0.366 0.255 0.112 0.29 0.20 0.08

Vb V 473.3 421 424 506 500 500 620 618 606

I  AX A 12.2 7.1 3.06 13.1 8.95 3.81 15.51 10.32 4.51

I n A -12.1 -6.1 -3.06 -10.6 -7.88 -3.48 -12.4 -8.25 -4.00

Ia2 A -12.1 0 0 0 0 0 0 0 0

f  20 ps 10.0 6.7 3.1 7.28 5.14 2.26 5.84 4.18 2.00

^43 ps 2.02 1.56 0.64 1.8 1.56 0.65 2.10 1.59 0.80

^54 ps 7.95 5.54 2.7 5.5 4.07 2.18 4.40 3.18 1.32

he ps 0 3.19 1.81 4.6 3.30 1.54 5.04 4.60 2.1

h i ps 0 3.01 11.76 0.10 5.80 13.31 2.73 6.20 13.54

TH D % 12.61 14.45 16.67 15.78 17.04 17.18 16.23 17.70 17.83

(4) Resonant inductor carries a small current when the boost inductor is 

delivering energy to the bus capacitor, C*.

(5) The line current TFID is minimum (12.61%) at full load with minimum 

input voltage and goes up to 17.83% at 10% load with maximum input 

voltage neglecting the HF harmonic components.

(6) Compared to the theoretically predicted values in Table 2.5, the PSPICE 

results in Table 2.11 show good correspondences. There are some 

differences specially at reduced load. This is because o f several reasons 

such as: the theoretical prediction was for ideal conditions (Z) = 0.5,
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efficiency = 100%), dead gap between top and bottom switches signals was 

not considered in the prediction, duty cycle loss due to snubber charging 

and discharging was neglected (which is comparable to the duty ratio at 

reduced load) etc. As a result, in the simulation, specially at reduced load, 

there is some error.
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Fig. 2.11(a) PSPICE simulation results o f  the redesigned ac-to-dc converter with 
minimum input voltage 166.4 V rms and full load, 1-7 kW. (i) Line voltage, v„ 
unfiltered line current, (ii) Line-current harmonic spectrum; (iii) input boost current, 
and resonant current, t'lr and (iv) voltage, vab and tank current, fp. HF filtered line-current 
THD = 12.61%. Simulated converter details: F*' = 282.4 V ,fs  = 10 kHz, Lm = 324.4 pH, 
Li= 625.5 pH, n = 1, Q  = 982 pF, Cà =  5.6 pF, Zr= 32 pH, C a  =  15.7 nF, C^i -  Qg =
= 4.25 nF.
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Fig. 2.12(a) PSPICE simulation results o f  the redesigned ac-to-dc converter with 
minimum input voltage, Fj=  166.4 V rms and 50% load, Pq — 850 W. (i) Line voltage, v„ 
unfiltered line current, is\ (ii) Line-current harmonic spectrum; (iii) input boost current, im 
and resonant current, iu  and (iv) voltage, and tank current, ip. HF filtered line-current 
THD = 14.45%. Simulated converter details are same as in Fig. 2 .11(a).
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Fig. 2.12(b) PSPICE simulation results (voltage across and current through all the
switches) for K  = 166.4 V rms and 50% load, Fo = 850 W. Simulated converter details
are same as in Fig. 2.11(a).
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Fig. 2.13(a) PSPICE simulation results o f  the redesigned ac-to-dc converter with 
minimum input voltage, K,= 166.4 V rms and 10% load, P<,= 170 W. (i) Line voltage, v„ 
unfiltered line current, is, (ii) Line-current harmonic spectrum; (iii) input boost current, im 
and resonant current, iu- and (iv) voltage, v^a and tank current, ip. HF filtered line-current 
THD = 16.67%. Simulated converter details are same as in Fig. 2.11(a).
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Fig. 2.13(b) PSPICE simulation results (voltage across and current through all the
switches) for 166.4 V rms and 10% load, Po= 170 W. Simulated converter details
are same as in Fig. 2.11(a).
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Fig. 2.14(a) PSPICE simulation results o f  the redesigned ac-to-dc converter with rated 
input voltage, = 208 V rms and full load, Po= 1.7 kW. (i) Line voltage, v„ unfiltered
line current, (ii) Line-current harmonic spectrum; (iii) input boost current, and
resonant current, iu  and (iv) voltage, and tank current, ip. HF filtered line-current 
THD = 15.78%. Simulated converter details are same as in Fig. 2 .11(a).
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Fig. 2.14(b) PSPICE simulation results (voltage across and current through ail the
switches) for Vs = 208 V rms and full load, Pg= 1.7 kW. Simulated converter details are
same as in Fig. 2.11(a).
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Fig. 2.15(a) PSPICE simulation results o f  the redesigned ac-to-dc converter with rated 
input v o lt^ e , Vs =  208 V rms and 50% load, Fo = 850 W. (i) Line voltage, v„ unfiltered 
line current, ij-, (ii) line-current harmonic spectrum; (iii) input boost current, Zm and 
resonant current, iu  and (iv) voltage, and tank current, ip. HF filtered line-current 
THD = 17.04%. Simulated converter details are same as in Fig. 2.11(a).
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Fig. 2.15(b) PSPICE simulation results (voltage across and current through all the
switches) for F ,= 208 V rms and 50% load, Po= 850 W. Simulated converter details are
same as in Fig. 2.11(a).
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Fig. 2.16(a) PSPICE simulation results o f the redesigned ac-to-dc converter with rated 
input voltage, F, = 208 V rms and 10% load, Po = 170 W. (i) Line voltage, v„ unfiltered 
line current, 4; (ii) line-current harmonic spectrum; (iii) input boost current, and 
resonant current, iu  and (iv) voltage, v^g and tank current, ip. HF filtered line-current 
THD =  17.18%. Simulated converter details are same as in Fig. 2.11(a).
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Fig. 2.16(b) PSPICE simulation results (voltage across and current through all the
switches) for 208 V rms and 10% load, Po = 170 W. Simulated converter details are
same as in Fig. 2.11(a).
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Fig. 2.17(a) PSPICE simulation results o f the redesigned ac-to-dc converter with 
maximum input voltage, Pi = 260 V rms and fiiil load, ?«,= 1.7 kW. (i) Line voltage, v„ 
unfiltered line current, i,; (ii) line-current harmonic spectrum; (iii) input boost current, t'oi 
and resonant current, iu  and (iv) voltage, vxa and tank current, ip. HP filtered line-current 
THD = 16.23%. Simulated converter details are same as in Fig. 2 .11(a).
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Fig. 2.17(b) PSPICE simulation results (voltage across and current through all the
switches) for 260 V rms and full load, ?«= 1.7 kW. Simulated converter details are
same as in Fig. 2.11(a).
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Fig 2 18(a) PSPICE simulation results o f the redesigned ac-to-dc converter with 
maximum input voltage, Vs= 260 V rms and 50% load, Po = 850 W. (i) Line voltage, v„ 
unfiltered line current, is; (ii) line-current harmonic spectrum; (iii) input boost ctirrent, 
and resonant current, iu  and (iv) voltage, vab and tank current, (p. HP filtered line-current 
THD = 17.70%. Simulated converter details are same as in Fig. 2 .11(a).
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Fig. 2.18(b) PSPICE simulation results (voltage across and current through all the
switches) for Vs = 260 V rms and 50% load, Po = 850 W. Simulated converter details are
same as in Fig. 2.11(a).
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Fig. 2.19(a) PSPICE simulation results o f  the redesigned ac-to-dc converter with 
maximum input voltage. Vs = 260 V rms and 10% load, Po — 170 W. (i) Line voltage, v,, 
unfiltered line current, i,; (ii) line-current harmonic spectrum; (iii) input boost current, im 
and resonant current, iu- and (iv) voltage, and tank current, ip. HF filtered line-current 
THD = 17.83%. Simulated converter details are same as in Fig. 2 .11(a).
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Fig. 2.19(b) PSPICE simulation results (voltage across and current through all the
switches) for 260 V rms and 10% load, Po = 170 W. Simulated converter details are
same as in Fig. 2.11(a).
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2.8 Experimental Results
To verify the operation o f the proposed converter a laboratory prototype is built with the 

following specifications:

Input voltage, l^,= 110 V (rms), 60 Hz 

Output voltage, Vg = 210 V 

Switching frequency,7^= 50 kHz 

Output power, Pg = 500 W 

The redesigned component values (for D  = 0.45 and 90% efficiency) are:

Z,,„= 78.1 pH, Li= 151 pH, n = 1.12, Csi = 2.44 nF, Q i=  € ,3  = C,4 = 0.6 nF,

Rl = 88.2 a ,  Cb = 666 pF, Cg = 0.57 pF.

Following components are used to build the redesigned converter module:

Main switches (SI to S4) : IRG4PC40ÜD (600 V, 20 A IGBTs with internal anti­

parallel ultra-fast diode).

Auxiliary switch (Sa) : IRF840 (500 V, 5.1 A MOSFET).

Auxiliary diodes (D al, Da2) : RHRP8100 (1000 V, 8 A Hyper-fast diodes).

Input rectifier

Output rectifier diodes 

HF transformer turns ratio

Boost inductor,

Tank inductor, Li

Resonant inductor, Lr 

Input filter capacitor 

Bus capacitor, Cb

Output filter capacitor, Cg 

Snubber capacitors

: KBPC 3506 (35 A, 600 V) in series with fast 

diode U 1650 (16 A, 500 V).

: RHRP8100 (1000 V, 8 A Hyper-fast diodes).

: 15:17 (v/ound on TDK ferrite core PQ5050 H7C4,

2.5 pH leakage and 470 pH magnetizing inductance).

: 78 pH (17 turns wound on two D-927156-3 cores 

stacked).

: 151 pH including leakage inductance (20 turns wound 

on three D-927156-3 cores stacked).

: 20 pH (14 turns wound on D-269075-4 core)

: 2 pF (630 V).

: 2X2.2 pF (polypropylene, for HF filtering).

1000 pF (for low frequency energy storage).

: 1 pF (400 V).

: 2.2 nF for S2, 1 nF for SI, S3 and S4.
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R-C snubber : R = l k Q ,  C = l.5 n F  across Sa.

Gating signals of 50 kHz are realized by a digital control circuit based on two (for 8 

bits) pre-settable counters CD4029BE.

The converter is operated with open loop for a load variation o f  100% to 9.4%. 

Following waveforms are recorded using HP 54600B, 100 MHz oscilloscope for different 

load conditions. Summary of the results are given in Table 2.12. These results are used in 

per unit in Table 2.13 for comparison with theoretical and simulation results. The 

experimental waveforms are shown in Fig. 2.20 to Fig. 2.22.

(i) Input ac voltage, v, with line current i,.

(ii) Tank inductor current, ip with tank voltage vab-

(iii) Gate to emitter voltage, Vgei of SI with its collector to emitter voltage, Vcu

(iv) Gate to emitter voltage, Vĝ i o f S2 with its collector to emitter voltage, Vcei-

(v) Gate to emitter voltage, o f S3 with its collector to emitter voltage, v̂ es-

(vi) Gate to emitter voltage, Vg,4  o f S4 with its collector to emitter voltage, v̂ eA.

(vii) Resonant inductor current, iu  with v^ei-

(viii) Line current harmonic spectrum.

The following observations are made from the experimental results shown in Fig. 2.20 

to Fig. 2.22:

1. DCM operation o f the boost inductor (L,„) current, is maintained for the entire 

operating range under consideration. As a result, natural power factor correction is 

ensured.

2. Switches SI, S3 and S4 undergo ZVS operation throughout the entire line and load 

range. S2 turns on with ZVS at full load and it undergoes ZVT operation at reduced 

load.

3. Line-current THD measured is 11.3% at full load and goes up to 15.0% for 

minimum (9.4% of full load) load with 110 V rms input.
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4. At 50% and 9.4% load, the constant negative values o f tank inductor current, ip 

shown in Fig. 2.21(b) and Fig. 2.22(b), respectively, are due to the magnetizing 

current o f the transformer. As the transformer used has a small magnetizing 

inductance (470 pH), these values are large. In the theoretical waveform o f Fig. 2.4, 

for TIDCM, the magnetizing current during interval 8 was neglected. When the 

magnetizing current is considered the equivalent circuit during interval 8 for TIDCM 

shown in Fig. 2.S(m) does not exist.

Table 2.12 Experimental results at different loads. Converter details are given
in Section 2.8.

Load 100% 50% 9.4%

D 0.45 0.31 0.14

Vb V 324 298 280

Ia \ a 6 3.5 1.5

~Ia i  a 6 3.9 1.7

TH D % 11.3 12.8 15.0

r\ % 81.31 81.28 80.72

Table 2.13 Comparison o f theoretical, PSPICE simulation and experimental results for 
input peak voltage V„=\.0 p.u. with different loads. Converter details are previously

Theoretical results
(^to«=235.3 V, /to,=7.22 A)

PSPICE simulation results

(Ktoe=235.3 V, /toe=7.22 A)

Experimental results
(Kj^,=156 V,/*„,=3.2l A)

Load 100% 50% 10% 100% 50% 10% 100% 50% 9.4%

D 0.5 0.336 0.15 0.474 0.32 0.144 0.45 0.31 0.14

Vb pu 2.0 1.79 1.79 2.01 1.8 1.8 2.08 1.9 1.8

Ia \ pu 1.66 1.03 0.46 1.68 0.98 0.42 1.86 1.08 0.47

Ia2 pu -1.66 -0.92 -0.41 -1.68 -0.84 -0.42 -1.86 -1.21 -0.5

TH D% 12.43 14.25 16.45 12.6 14.45 16.67 11.3 12.8 15.0

Mode TICCM TIDCM TICCM TIDCM TICCM TIDCM
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(a) Input line voltage, Vj (100 V/div) and line current, (10 A/div).

(b) Voltage (100 V/div) and tank inductor current, ip (5 A/div).

» ........................ ' ^cel

I  • 1 • - 1 t  1 1 - 1  1 • 1

!
- I I I  1 • 1 • 1  • 1 I I

I  ̂ ' 1 i

(c) Gate to emitter voltage Vgei (10 V/div) and collector to emitter voltage, Vcei (100
V/div) of SI. (Fig. 2.20 continued)
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(d) Gate to emitter voltage Vgei (20 V/div) and collector to emitter voltage, v^ei (100
V/div) ofS2.

-------- ----------:------------------ :-------  y  ----------------------:---------:--------

:
• Vgg3 ..... ■..........‘

j
I ' i i ' l I " ' ' j Vgg3 ^

r . . .  i r _

3.

(e) Gate to emitter voltage Vgg] (20 V/div) and collector to emitter voltage, (50
V/div) o f S3.

Vce4

I

Vge4 *•1 I I  I  I I I I I I I

(f) Gate to emitter voltage Vgg4  (10 V/div) and collector to emitter voltage, Vgg4  (100 V/div)
of 84. (Fig. 2.20 continued)
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(g) Switch 82 voltage, Vc*2 (100 V/div) and resonant inductor current, iu. (2.5 A/div)
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/ O l v
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J    L.
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(h) HF filtered input line current harmonic spectrum (0.8 A/div and 100 Hz/div).

Fig. 2.20 Experimental results (a-h) obtained with 110 V rms at full load (500
W), F„= 210 V ,D  = 0.45.
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(a) Input line voltage, (100 V/div) and line current, is (5 A/div).

(b) Voltage (100 V/div) and tank inductor current ip (4 A/div).

. . .  .

I ^cel

Vgel "  '

1 i ^ j _  i :
 ̂ 2

(b) Gate to emitter voltage Vgej (10 V/div) and collector to emitter voltage, Vcei (100
V/div) of SI. (Fig. 2.21 continued)
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(d) Gate to emitter voltage Vgej (10 V/div) and collector to emitter voltage, Vcez (100
V/div) ofS2.
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(e) Gate to emitter voltage Vgg] (10 V/div) and collector to emitter voltage, Vce3 (100
V/div) of S3.
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(f) Gate to emitter voltage Vgg4  (10 V/div) and collector to emitter voltage, Vce4  (100 V/div)
ofS4. (Fig. 2.21 continued)



■VMW

Vce2

•Vr

JU —

86

(g) Switch S2 voilage v„ 2  (100 V/div) and resonant inductor current iu  (5 A/div).
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(h) HF filtered input line current harmonic spectrum (0.25 A/div and 100 Hz/div).

Fig. 2.21 Experimental results (a-h) at half load (250 W) with Fj=l 10 V rms and D
0.31. Output voltage Fg= 210 V.
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(a) Input line voltage (100 V/div) and line current is {I A/div).

(b) Tank voltage, (100 V/div) and tank current, ip (2 A/div).

Vcei

I I I I I I I I I I j I I  I I I I I I I • I I I i

(c) Gate to emitter voltage Vggi (20 V/div) and collector to emitter voltage, Vcei (100
V/div) o f SI.

Fig. 2.22 (continued)
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(d) Gate to emitter voltage Vgei (10 V/div) and collector to emitter voltage, Vcei (100
V/div) o f S2.

(e) Gate to emitter voltage Vg,3  (10 V/div) and collector to emitter voltage, v<-e3 (100
V/div) o f S3.- V

Vce4
n  ;. . . ; . . . f

1 ■ ■ ... .1.
r( , ?

: T
: : : X * ■

(f) Gate to emitter voltage Vge4 (10 V/div) and collector to emitter voltage, v„ 4  (100
V/div) o f S4.

(Fig. 2.22 continued)
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(g) Switch S2 voltage v« 2  (100 V/div) and resonant inductor current iu  (4 A/div)
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(h) HF filtered input line current harmonic spectrum (0.5 A/div and 100 Hz/div).

Fig. 2.22 Experimental results (a-h) at 9.4% load (47 W. — 210 V) with Vj— 110 V
and D = 0.14.
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2.9 Conclusions

In this chapter, a 1-<D single-stage soft-switched ac-to-dc power factor corrected converter 

with high frequency isolation is presented. The operating principle o f the converter is 

described, different modes o f operation are identified and analyzed. For optimum design, 

an optimum function is introduced to ensure 2HVS operation o f all the switches at all line 

and load conditions. A design procedure is explained by presenting a design example. 

PSPICE simulation results are provided to confirm the analysis and operation. All the 

switches undergo zero-voltage switching for the specified line and load range. To verify 

the operation of the proposed converter, a  500 W, 110 V (rms) input, 210 V output, SO 

kHz laboratory prototype was built using IGBTs. The output voltage o f  the converter is 

regulated by a fixed-edge complementary gating scheme suitable for single-stage 

operation. The experimental results confirm the operation and performance o f the 

proposed single-stage ac-to-dc bridge converter.
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Chapter 3

Single-Stage AC-to-DC Multiphase Converter with 
Soft-Switching and HF Transformer Isolation

3.1 Introduction
AC-to-DC converters using l-O systems are being used by industries for uninterruptible 

power supply (UPS) system. All the advantages o f HF isolated soft- switched ac-to-dc 

converters with low line-current harmonic distortion can be used in this application. For 

these converters, thermal distribution is one o f the major problems to be addressed 

specially when the power level goes up. As mentioned in Chapter 1, multiphase 

technique satisfies most o f the requirements o f these ac-to-dc converters including the 

desirable thermal distribution better than a single cell.

In Chapter 2, a 1-0 single-stage ac-to-dc full bridge converter was introduced. This 

converter enjoys natural power factor correction, soft switching o f  all the switches for the 

entire line and load conditions, high frequency transformer isolation and symmetric 

voltage and current waveforms. Because of these good features o f the ac-to-dc converter, 

it can be used as a cell o f  a single-stage multiphase converter.

In this chapter, the realization o f the multiphase converter based on the single-stage 

ac-to-dc bridge converter o f  previous chapter, as a cell, is discussed. Behavior of 

multiphase converter based on !-(%» single-stage ac-to-dc bridge converter cells is not 

available in the literature. Therefore, the objectives o f this chapter are:

1) To identify different operating modes and intervals with general solutions.

2) To obtain the steady state solutions.

3) To present a design example to illustrate the design procedure.
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4) To simulate the designed converter to verify its operation and performance.

5) To build a prototype laboratory model to verify the theoretical and simulation 

results.

This chapter is outlined as follows to carry out the above-mentioned objectives:

The circuit diagram and principles o f operation are explained in Section 3.2. Section 

3.3 deals with different operating modes and intervals with operating waveforms. General 

and steady state solutions are given in Section 3.4. Design curves, optimized parameters 

and design examples are presented in Section 3.5. Simulation results are presented in 

Section 3.6. Section 3.7 gives the experimental results and Section 3.8 states the 

conclusion o f Chapter 3.

Since the ac-to-dc single-stage converter presented in Chapter 2 would be used as 

the cells o f  the multiphase converter, all the assumptions made for the operation and 

analysis o f  the ac-to-dc converter in Section 2.2 o f Chapter 2 are equally valid for the 

operation and analysis o f the multiphase converter o f this chapter.

3.2 Circuit Diagram and Operation

Circuit diagram of the proposed multiphase converter based on the single-stage full 

bridge ac-to-dc converter cell discussed in Chapter 2 is shown in Fig. 3.1. In this figure, 

detailed diagram of one cell o f the multiphase converter is given. As shown in the circuit 

diagram there are N' cells connected parallel in the multiphase converter. Each ac-to-dc 

cell follows the same principle of operation as explained in Chapter 2. The gating signals 

of two consecutive cells are phased out by 2tz/N, where M is the number of cells in the 

multiphase converter. When S2 of any cell is turned ON, boost inductor stores energy and 

when it turns OFF the stored energy is transferred to the bus capacitor C*. As the gating 

signals o f  S2 in the consecutive cells are out o f  phase by a predetermined phase angle of 

2nJN rad, the input currents of consecutive cells are so as shown in Fig. 3.2. As a result, 

depending on the number o f cells used in the multiphase converter substantial amount of
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Cell -1
D 4 C . r̂ecl

D,i D|

T C ,
S2

Auxiliary circuit

Cell-2

im

Fig. 3.1 Proposed single-stage soft-switching ac-to-dc multiphase converter
with N  c e lls .

harmonic reduction (due to the cancellation o f HF harmonics) o f the source input current 

is gained resulting a low total harmonic distortion. In Fig. 3.2 this effect is shown for 

three cells. As the boost inductor operates in the DCM  mode, natural power factor 

correction is obtained for each cell. Moreover, because o f the phase shift among cells 

harmonic cancellation occurs and line current THD improves. For each cell, switches S 1 

to S4 are controlled with the gating scheme described in Chapter 2 to apply a rectangular 

voltage across the terminals A and B. An optimized design ensures zero voltage turn ON 

o f  S I, S3 and S4 at all load and line conditions for each cell. At reduced load S2 looses 

ZVS and the auxiliary circuit assists switch S2 for ZVT. The auxiliary circuit for each 

cell is the same circuit used in Chapter 2 and follows the same operating principle.
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As all the switches have gate pulses phase shifted by I tUN radian in the consecutive 

cells, the primary currents o f  the isolation transformers (tank current, ip) are also out of 

phase by the same angle and so are the secondary currents. Rectified output o f  all the 

cells are connected in parallel at the load. All the cells are operating in parallel and the 

output voltage ripple frequency is increased as shown in Fig. 3.3. Fig. 3.3 shows that the 

output voltage ripple frequency is six times the switching frequency for jV = 3. The 

detailed operation is explained while analyzing different modes o f operation in the 

following section.

iinl

tn2

h

► t

Fig. 3.2 Ripple reduction in the source current (is) by multi-phasing three single-stage 

cells. Cell input currents are denoted by i,„i, imi and w .
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► t

Fig. 3.3 Increase o f effective ripple frequency at the output o f  the multiphase converter 

of Fig. 3.1. Vo is the voltage across Co, ico is the total o f  the ac components o f rectified 

currents from all 3 cells (iVeci is rectified current from cell 1) assuming all the cells are

operating at full load.

3.3 Operating Modes and Intervals of Operation

The operating modes o f multiphase converter are basically the operating modes o f the 

single-stage cells in it and are explained here by using the operating modes o f the cells. 

As the objective o f the cells used in this converter is to provide natural power factor 

correction, the boost inductor operates in JCCM  at the peaks o f the minimum line voltage 

at full load and in DCM  elsewhere for any line and load conditions. So, the boost inductor
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current is same as explained in Section 2.4.1 o f Chapter 2. Only difference is that the high 

frequency currents in boost inductor, L,„ o f  two consecutive cells will be phase shifted by 

an angle o f lid N  radian. This type o f operation eliminates the HF harmonic components 

o f the line current and reduces the output filter capacitance required.

Depending on the line and load conditions, the tank inductor o f each cell can operate 

in TIDCM  or TICCM  as explained in Chapter 2. When all the cells are operating at the 

design point (at minimum input voltage and full load) the voltage v^g of each cell is a 

complete rectangular wave and the tank current, ip is in TICCM  as shown in Figure 3.4. 

As the load decreases the tank voltage starts having dead gap in the rectangular wave 

with operation still in TICCM as shown in Fig. 3.5. ip becomes discontinuous {TIDCM) at 

and below a load called transition load as shown in Figure 3.6. The switching frequency 

waveforms o f any two consecutive cells will have a phase shift o f 27t /N  radian as shown 

in Fig. 3.4 to Fig. 3.6 but each cell will have same operating modes and intervals as 

described in Section 2.4.2 o f Chapter 2. In Fig. 3.4 to Fig. 3.6 the gating signals, input 

boost current tank current, ip, voltage across terminal A and B, v^g etc. o f cell-1 are 

denoted by adding subscript 1 and for k-th cell by adding subscript k.
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atsc.̂ p

‘S»7k

‘SfHk

ismk ___ ^

HF time % to'Jti ti' \h \u f4" (si
Interval 1 ^ 2 4 ; 5 61
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interval k \ f ♦ ♦
Devices D2i S2, S2t D l, D it S it S I,
Conducting D4; D4, S4i D3i S3t S3t S3,

Fig. 3.4: Gating signals and operating waveforms for cell-1 and cell-Â  
o f  the proposed ac-to-dc multiphase converter in TICCM  at full load.
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D ll DlD2i S2i 82
ConductingD4iD4i D4i S4i D3i S31 S3I S3, D4i

Fig. 3.5 Gating signals and operating waveforms for Cell-1 and Cell-^ of 
the multiphase converter in TICCM  at part load.
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Fig. 3.6 Gating signals and operating waveforms for Cell-1 and C ell-itof the 
proposed ac-to-dc multiphase converter in TIDCM.
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3.4 Analysis
Based on the simplified assumptions in Section 2.2 o f  Chapter 2 the analysis o f the 

converter at TICCM  and TIDCM  are presented in this section. As mentioned in Section

2.5 o f Chapter 2, the time variable during each HF switching period is denoted by t and 

the HF period is tp. The HF switching position in the line frequency scale will be denoted 

by T. As the phase shift between two consecutive cells is 2it/N  radians, to generalize the 

analysis solutions are given for cell-1 and the Â:-th cell that has a phase shift oï2{k-\yK/N  

radian with cell-1. Section 3.4.1 deals with the general solutions while steady state 

solutions are derived from the general solutions and presented in section 3.4.2.

3.4.1 General solutions
3.4.1.1 General solutions for TIDCM {Fig. 3.6)

There are eight operating intervals for each cell in this mode. As the intervals are the 

same as described in Chapter 2, the solutions presented in Section 2.5.1.1 are used with 

proper subscript and phase shift to find the general solutions for cell-1 and cell-^ as 

follows:

Interval 1

Cell-l(fn-ti)

Sub-interval la  :

— Û b / 4 ^ r l^ s s  ]sin(0^(t tq) (31)

''^2l(0 = ^ c o s o ) r ( f - to )  Q 2)

At the end o f this sub-interval, at f = fo', iu-x = h  and v,2 i= 0.

Sub-interval lb  :

= W b  -  ‘'o' )/L l 1« -  'o ’ ) (3.3)

'■(»[(') “  lif'm sinco/T,) / -  lo' ) (3-^)
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Î L r l iO  = i s a l iO  ~  (3.5)

At the end o f this sub-interval at r =  to",

W (fo " )  = [ ( ^  sinco/Ti)/I,-„](ro”- to ’)
(3.7)

/p i(fo ") = (K 6 -P 'o 'X fo " - fo ') /4

Sub-interval Ic :

//>i(0 = i M ' )  - Vt, (t-to") /L r  (3.8)

(3.3) and (3.4) are valid.

Cell-A: K fn+g-l) t /N )  to fr,+ (t-l) t /m ^

Sub-interval 1 a :

fArt(0 = W b  / V ^ 7 0 7 ]s in  ( ù ^ [ t - { k - \ ) t p /  N - I q ] Q

Vs2A(0 =  ^b COS (Or [f -  (^  -  IX o
(3.10)

At the end o f this sub-interval, at f = to+{k-\)tf/N, iirk = k  and v,2k = 0.

Sub-interval lb :

‘p k  (0  = [(^6 -  f'o' ) / i /  )[' -  (* -  I)(p / V -  fo' 1 (3 11)

'M (') = [(K;. sin<o,T|)/ 4 . ] [ ' - ( *  - D'p ' V - 'o ' l  (3 )2)
ilrkij) -  isakiO ~ h'^ipl^O'^iinJ^t) (3.13)

At the end o f this sub-interval at r = fo"+(A:-l)r/?V,

' « ( '  = '0 + ( t  -  I ) ' .  / 'V) = [(K» sino);T| )/ 4«ICo"-'o' )'P

ipk{t = t Q " H k - l ) t p / N )  = (Vf, -V^ ' ) ( tQ' ' - to ' ) /L[ (3.15)

Sub-interval Ic :

W O  = W f  = t^'^(k-\)tp/N)-Vi, (t-to"-(k-l)r/N)/Lr (3.16)

(3.11) and (3.12) are valid.

Interval 2a, 2b 

Cell-Kfi^-f])

(3.3) to (3.5) are valid.

At the end o f sub-interval 2a, iui =  0.

At the end o f sub-interval 2b, ipi = Ia\-
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Cell-A: Utx +(k-\) t/N )  to (h+(k-U t/N )}

(3.11) to (3.13) are valid.

Interval 3 

Cell-1 (h-t-ù

ip\ (0 = ^A\ and z,„i(0 = Imp (3.17)

Cell-/r \hM k-\')t^NXo t-&(k-Vst/N\

ip/t(0 = ^.41 and ii,dt)=Imp  (3.18)

Interval 4

Cell-lffi-fal

hn l  (0  ~ ^inp  ~  [(^6 “  ̂^ in  “ 3̂ ) (3 19)

fpl(f) = ^A\ ~(Vb + ^ ) ( f - ^ 3 ) /
(3.20)

Cell-A: \h+(k-\) t /N  to f4+(^-l) t /N]

imkd) = /,.p -  [(Kf, -  V„ sino),t, )/  - / 3  -  ( i  -  l)fp / N] (3-2D

‘pkO) = /x i - ( ^  -^3 - ( ^ - O ^ p  / ^ ] /

At the end of this interval ip{t) = 0.

Interval 5a, 5b 

Cell-lif4-rs)

(3.19) is valid.

At the end o f this interval, ip{t) = Iaz- 

Cell-A: UsMk-l^ t /N io  r /M

i p k { t ) ^ - i n - K ) { t - t A - { k - \ ) t p l N V L i  (3.24)

(3.21) is valid.

Interval 6

Cell-1 (fs-ffi)

tpi(0 = Ia2 (3.25)
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(3.19) is valid.

Cell-A: t / N  to tj/N\

ipkit) = Ia2 (3.26)

(3.21) is valid.

Interval 7a, 7b 

Cell-1

= (3.27)

(3.19) is valid.

iin is zero at the end o f sub-interval 7a.

Cell-A: r^+(A:-n t^ N  to h+fAr-ll f/AH

^pkiO = IA1 + -^6 - ( ^ - ( ) f p  / Ll (3.28)

(3.21) is valid. 

Interval 8

Cell-1 (ti-tn)

ip\ = 0, i,ni=0 (3.29)

Cell-A U i+(k-\)t/N to t^+(k-l)t/M\

ipk = 0, i,„k= 0 (3.30)

3.4.1.2 General solutions fo r  TICCM at part load {Fig. 3.5)
There are seven operating intervals in this mode for each cell with cell-to-cell time delay 

oïtp/N.

Interval 1 

Cell-1 (tn-ti)

Sub-interval la

Sub-interval lb , Ic

ip\= Ia2 (3.31)

‘p l(0  = '^3  + % + r ^ X ' - 'o ) / 4  (3.32)
(3.4) is valid.

Cell-A: \ta+ (k-\)t/N to t ^ + ( k - \ ) t ^

Sub-interval la

ipk = lA3 (3.33)
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Sub-interval lb , le

ipk (0  = ‘  A-3 *  (yb *  y p ) l ' - l o - < . k - i ) l p l N ] / L i  (3.34)
(3.12) is valid.

Intervals 2 to Interval 7 the equations for TIDCM  are valid except that sub-intervals 2a 

and 7a are absent and at the end o f Interval 7, ip = 7̂ 3.

Interval 8 is absent.

3.4.1.3 General solutions for TICCM at fu ll load {Fig. 3.4)

As shown in Fig. 3.4, there are six intervals in this mode for each cell.

Interval 1 to Interval 6 is same as described in Section 3.4.1.2 except that interval la  is 

absent (part o f  interval 6). In this mode, all the equations o f Section 3.4.1.2 are valid with 

7x3 replaced by 7x2-

So far the equations for input currents and tank inductor currents for the cells of the 

multiphase converter are presented at different point o f  the HF cycle for different modes. 

So, the source current, is can be determined by,

*»1.2

And the output current of the output rectifier, irec can be determined by,

( . «

3.4.2 Steady State Solutions
From the general solutions given in the Section 3.4.1, it is obvious that the steady state 

solutions for each cell are same. So, the normalization steady-state solutions (2.33-2.71) 

o f Section 2.5.2 o f Chapter 2 are valid for each cell o f  the multiphase converter.
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3.5 Design
Based on the steady-state analysis for the multiphase converter cells described in Section 

3.4.2, design procedure for the ac-to-dc multiphase converter is explained in this section. 

A study performed to optimize the number of cells in the multiphase converter is 

presented along with the performance characteristics. Based on the study a design 

example is presented.

3.5.1 Design curves and Optimum function
It is mentioned in Section 3.1 that the multiphase converter consists o f a number o f 

identical single-stage cells in parallel with a predetermined phase shift and the converter 

presented in Chapter 2 is the cell used. Also the analysis and design curves o f the single- 

stage converter presented in Section 2.6.1 of Chapter 2 is in per unit. So the same design 

curves and optimum ftmction are used to design all the cells.

3.5.2 Optimizing Number of Ceils, N
As the converter is operating as a fixed frequency PWM converter it is intuitively known 

that the most effective way to minimize ripple current, to maximize power factor as close 

to unity as possible and to reduce the line-current total harmonic distortion, is to make the 

delay time between two cells, Tj = tp/N. With this delay time (3.12), (3.18) and (3.21) are 

used to determine the input current o f any cell and (3.35) is used to determine the total 

current from the source for any value o f N. Using MATLAB software, analysis is done 

for values o f N  from I to 5, to calculate source power factor, line-current total harmonic 

distortion and different harmonic components at the design point for a switching 

frequency to line frequency (LF) ratio o f 500. Based on this analysis source power factor 

and THD are plotted as a function o f N  and presented in Fig. 3.7 to Fig. 3.10. These 

figures reveal that using single cell power factor is low and THD is high when HF 

components are included. By increasing number o f cells both the power factor and THD 

improve significantly compared to single cell because of HF elimination. But the 

improvement is not significant by increasing number o f cells, N  above 2 or 3. 

Different harmonic components (Fourier co-efficients) are also determined and presented 

in Fig. 3.11 to Fig. 3.12 for various values o f N.  These figures also show that ripple
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reduction o f  the input source current is significant for N = 2 .  For number o f cells higher 

than 2 or 3 the ripple reduction is negligible. Different significant harmonic components 

are summarized in Table 3.1 (F, = 166.4 V) and Table 3.3 (F, = 208 V). Also the source 

power factor and line-current THD values are summarized in Table 3.2 (F, = 166.4 V) 

and Table 3.4 (Fj = 208 V). Based on this study, for the ac-to-dc multiphase converter in 

this work, number o f cells, JV = 3 is chosen. As the results are compared in per unit 

(normalized with fimdamental component) the cell designed in Chapter 2 was used for 

this study.

Table 3.1 Different dominant harmonics obtained from MATLAB analysis (F ,=  166.4 
V rms, D  = 0.5, Fp = 420 V and Pceii= 1.7 kW).

Harmonic 

number, h

% Harmonic amplitude (normalized with fundamental component)

Line frequency harmonics Switching frequency harmonics

iV=l N=1 AT=3 AT=4 N=5 N=\ N=2 iV=3 iV=5

1 100 100 100 100 100 43 5.9 4.3 4.9 5.2

2 0.05 0.05 0.05 0.05 0.06 5.3 5.1 0.9 0.8 0.7

3 14.5 14.5 14.8 13.0 14.8 6.2 2.6 5.0 1.5 1.0

4 0 0 0 0 0 2.9 2.4 0.9 2.4 0.7

5 0.6 0.6 0.55 0.20 0.50 3.2 2.1 0.9 1.4 2.2

6 0 0 0 0.10 0.10 3.2 2.1 1.4 0.8 2.2

7 0.15 0.15 0.10 0.20 0.10 2.9 2.4 1.4 0.8 0.7

8 0 0 0 0.05 0.01 6.1 2.6 0.9 1.4 1.0

9 0.20 0.15 0.10 0.24 0.7 5.3 5.1 0.95 2.4 0.7
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Table 3.2 Power factor and THD values for different iVobtained from MATLAB
analysis (F j=  166.4 V rms, D  = 0.5, Vo= Ai2 0 V an d P „//=  1.7 kW).

Number of 

cells, N

Using line frequency (LF) 
components (up to 50'*’)

Using line and switching frequency 
components (up to 10'*’ fff)

Power factor VoTHD Power factor %THD

I 0.9924 12.43 0.7711 82.56

2 0.9924 12.43 0.9771 21.80

3 0.9922 12.59 0.9853 17.33

4 0.9922 12.60 0.9875 15.99

5 0.9923 12.47 0.9887 15.16

Table 3.3 Different dominant harmonics obtained from MATLAB analysis (P^= 208 
V rms, D = 0.369, Vg = 420 V and P«//= 1.7 kW).

% Harmonic amplitude (normalized with fundamental component)

Harmonic Line frequency harmonics Switching frequency harmonics

number, h Â =l iV=2 AT=3 N=A N=5 N=\ N=1 N=7> N=A N=5

I 100 100 100 100 100 59.5 7.8 4.1 3.9 4.8

2 O.l o.l O.l O.l O.l 13.2 5.6 0.8 0.6 0.6

3 15.5 16.7 15.6 15.5 14.8 5.9 0.9 5.3 1.2 0.9

4 0 0 0 0 0 2.9 3.8 0.9 2.1 0.7

5 0.3 0.8 0.55 0.20 0.28 3.2 1.55 0.9 1.2 2.2

6 0 0 0 0 0 3.2 1.6 1.5 0.6 2.2

7 0.21 0.5 0.2 0.20 0.20 2.9 3.8 1.5 0.6 0.7

8 0 0 0 0 0 5.9 0.9 0.85 1.2 0.9

9 0.30 0.23 0.33 0.34 0.3 5.2 5.6 0.90 2.1 0.6
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Table 3.4 Power factor and THD values for different obtained from MATLAB

Number of 

cells, N

Using line frequency (LF) 
components (up to 50'*’)

Using line and switching frequency 
components (up to 10“* fff)

Power factor VoTHD Power factor %THD

1 0.9858 17.02 0.7199 96.42

2 0.9859 17.00 0.9521 32.12

3 0.9859 16.98 0.9800 20.28

4 0.9859 16.98 0.9822 19.12

5 0.9859 16.97 0.9811 19.73
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Figure 3.7 Source power factor, p.f. as a function o f number o f ceils, N  with HF ripple 

using up to 10^ HF harmonics for V, = 166.4 V and 208 V rms, Pceii = 1 .7  kW.
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Fig. 3.8 Source power factor, p.f. as a function o f number o f cells, TV without HF 

components (using up to 50* LF harmonics) for 166.4 V rms, 

Pce//=L7kW .
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Figure 3.9 Line-current total harmonic distortions, THD as a function o f number o f cells, 

N  with up to 10“* HF harmonic components for F,= 166.4 V and 208 V rms at /*ce//= 1.7

kW.
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Fig. 3.10 Line current total harmonic distortion, THD as a  function o f  number o f cells, N  

without HF harmonic components (using up to SO*** LF harmonics) for V^= 166.4 V rms,

Pcell^ 1.7 kW.
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3.5.3 Design Example

A design example is presented here for an ac-to-dc multiphase converter with the 

following specifications to illustrate the design procedure:

Input voltage. Vs = 208 V (rms) with variation o f + 25%, -20%,

Output voltage, Vo = 420 V,

Output power, /*<, = 5 kW,

Switching frequency,/j=  50 kHz,

Output voltage ripple, AVo = 5% (peak to peak).

Possibilities o f extension to higher power levels.

It was mentioned in Section 3.5.2 that the chosen value of the number o f cells is N  = 2. 

So, the output power of each cell is, Pceti = 5 kW/3 = 1.67 kW. For flexible design, each 

cell is designed as a 1.7 kW, 420 V single-stage ac-to-dc converter. As AA= 3, phase shift 

between two consecutive cells is 360°/3 = 120°. The specification for each cell is the 

same as the design example o f Chapter 2. Therefore, the same component values are 

selected for each cell. For convenience only the selected component values are presented 

(from Table 2.3) as follows:

« = 1 .4 9 , Z,,„=72.3pH, £/=  125.1 pH, Ci = 982 pF, C,z=3.13 nF,

C^3 = G i = 0.85nF,C ,4=  1.1 nF, I^=  6.4 pH an d /?'/.= 103.76 Q.

(In calculating the snubber capacitors, it is assumed that the International Rectifier 

IGBTs, IRG4PF50W(D) are used. From the data sheet, this device has a typical fall time 

o f If = 170 ns).

Maximum load current is, Io\ = Po IVo = (1700) / 420 = 4.05 A for single cell. Referring 

to Fig. 3.3, as the output voltage ripple frequency is six times the switching frequency, 

the output capacitor is given [58] by,

Co= /oi/(4*6//AFo)

= 4.05/(4*6*50000*0.05*420)

= 0.16 pF
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The full load resistance for the converter is, Ri= R'ilh  = 34.59 Q.

3.6 PSPICE Simulation Results
The single-stage ac-to-dc multiphase converter designed in Section 3.5 is for 50 kHz 

switching frequency. To save simulation time and disk space, simulation is done for 10 

kHz. So, the converter is redesigned at 10 kHz. Same design procedure is followed as the 

10 kHz switching frequency is still high compared to the line frequency o f 60 Hz and the 

results will not change. The redesigned converter is simulated using PSPICE simulation 

package. Different component values (for 90% efficiency) o f the redesigned converter 

cells are as follows:

L,n = 324.4 pH, Li= 625.5 pH, 0 ,2 = 15.7 nF, Cji = C53 = 4.25 nF, Cs^ = 5.5 nF 

Lr= 32 pH, Ci = 982 pF.

The output capacitance, C„ = 0.8 pF and full load resistance, Ri, = 34.59 Q. Ideal 

transformer (n = 1.49) was used for simulation.

Performance was studied for full-load and 10% load condition for 3 cells at three 

different line conditions F’rW  and Fmai) to maintain the output voltage constant at 

420 V by varying the duty ratio, D. The input source current waveforms show the 

improvement in source power factor and THD. Following sample simulation waveforms 

are given in Fig. 3.16 to Fig. 3.21 for different line and load conditions:

(a) Input line current,

(b) Line current harmonic spectrum.

(c) Boost inductor and resonant inductor currents for all cells.

(d) Tank inductor voltages and currents for all cells.

(e) Output capacitor current, ico and output voltage, v .̂

Improvement o f the harmonic contents o f the multiphase converter over a single cell 

converter is also presented in Table 3.5 and Table 3.6 at rated power with minimum and 

rated input voltage, respectively. Harmonic spectrums o f line currents at these operating 

points for AT = 1 and N  = 3 are also given in Fig. 3.22 and Fig. 3.23 for the sake of 

comparison. As comparison is presented in per unit (normalized with fundamental 

components) results obtained for the converter cell o f  Chapter 2 is used. These figures
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Table 3.5 Comparison o f the normalized dominant harmonics present (these results 
correspond to theoretical results o f Table 3.1) in the line current o f  a single cell converter 

and a 3-cell multiphase converter obtained from PSPICE simulation. Converter details
are given in Section 3.6.

Harmonic 

number, h

Line frequency harmonics 
(%)

Switching frequency 
harmonics (%)

N =  1 N = 3 N=  1 iV=3

1 100 100 46.43 0

2 0 0 4.4 0

3 14.3 14.29 4.9 4.9

4 0 0 0.8 0

5 1.49 1.44 1.6 0

6 0 0 0.4 0.4

7 1.6 1.54 0.9 0

8 0 0 0.2 0

9 1.03 0.9 0.51 0.4

Table 3.6 Comparison of the normalized dominant harmonics present (these results 
correspond to theoretical results of Table 3.3) in the line current o f a single cell converter 

and a 3-cell multiphase converter obtained from PSPICE simulation. Converter details
are given in Section 3.6.

( K = 2 0 8  V rms, PC, = 420 V ,/,=  10 klrtz, P„//=  1.7 kW)
Harmonic 

number, h

Line frequency harmonics 
(%)

Switching frequency 
harmonics (%)

N =  1 N = 3 1 N = 3

I 100 100 64.19 0.03

2 0.12 0.03 14.31 0

3 15.72 15.12 3.0 3.0

4 0.01 0.04 4.51 0

5 1.22 0.76 2.09 0

6 0.06 0.05 1.13 1.17

7 0.5 0.7 1.43 0

8 0.02 0.05 0.87 0

9 0.2 0.14 0.04 0.06
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show the significant improvement in the HF harmonics of line current for multiphase 

converter.

Following observations are made from the simulation results:

(1) The high frequency ripples in the line current are reduced without the use o f any 

input filter.

(2) Converter power factor is improved and the line current THD varies from 11.89% 

at minimum input and full load to 18.24% at maximum input and 10% load. These 

THDs are mainly due to the line frequency harmonics. As the high frequency 

harmonics are significantly reduced as shown in the line current spectrum, the line 

current THDs including the HF harmonics have approximately the same values.

(3) The soA-switching features for all the cells are maintained like the single-cell 

converter studied in Chapter 2.

(4) All the cells are processing equal power. Therefore, uniform thermal distribution 

is obtained.

(5) Fig. 3.16(d) to Fig. 3.21(d) shows the increase in ripple frequency in the output 

filter capacitor, Co current and voltage due to multiphase operation.

(6) Because of HF isolation transformer, as a bonus, the inter-cell cross conduction 

problem [108] is eliminated without any additional circuitry.



120

l.OA

0 . 5A THD=11.89%

OHz 5 KHz 10f(Hz
a i(vl7)/49.85S

15KHZ 20KHZ 25KHZ
Frequency

70A

OA

-70A + -1
108ms

c i(vl7)
112ms 116ms

Time
120ms 124ms

3.16(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter 
with minimum input voltage 166.4 V rms at full load, Pceu~ 1-7 kW. (i) Line-current 
harmonic spectrum and (ii) unfiltered line current, /j. HF filtered line-current THD = 
11.89%. Simulated converter details: Vo = 420 V, fs  -  10 kHz, L„ = 324.4 pH, £ /=  625.5 
pH, n = 1.49, Cb = 982 pF, Co = 0.8 pF, I r  = 32 pH, Csi = 15.7 nF, C,i = C ,3  =  Cj4 = 4.25 
nF, W =3.
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Fig. 3.16(b) PSPICE simulation results (voltage across terminals A and B, vab and tank
current, fp) for each cell with F, = 166.4 V rms at 100% load, Po = 1.7 kW, Vo = 420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.16(c) PSPICE simulation results (boost current, W  for each cell with T ,- 166.4 V
rms at 100% load, ?« = 1.7 kW, K  = 420 V. Simulated converter details are given in Fig.
3.16(a).
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Fig. 3.16(d) PSPICE simulation results for F j=  166.4 V rms at 100% load, Po= 1.7 kW, 
Vo =  420 V. (i) Output capacitor current, ico and (ii) output voltage, v*. Simulated 
converter details are given in Fig. 3.16(a).
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3.17(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter 
with minimum input voltage P'j= 166.4 V rms at 10% load, Pceii- 170 W, 1^=420 V. (i) 
Line-current harmonic spectrum and (ii) unfiltered line current, /j. HF filtered line-current 
THD =  13.98%. Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.17(b) PSPICE simulation results (voltage across terminals A and B, and tank
current, /p) for each cell with Vj = 166.4 V rms at 10% load, Po = 170 W, Vo = 420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fie 3 17(c) PSPICE simulation results (boost current, i», and resonant current, W  for
e^ h  ceU with Vs = 166.4 V rms at 10% load, Po = 170 W, Vo = 420 V. Simulated
converter details are given in Fig. 3.16(a).
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Fig. 3.17(d) PSPICE simulation results for F ,= 166.4 V rms at 10% load, Po= 170 W, Vo
= 420 V. (i) Output capacitor current, ico and (ii) output voltage, Vq. Simulated converter
details are given in Fig. 3.16(a).
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3.18(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter 
with rated input voltage — 208 V rms at 100% load, Pceii i 7 kW, Vo 420 V. (i) 
Line-current harmonic spectrum and (ii) unfiltered line current, is. HF filtered line-current 
THD = 15.16%. Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.18(b) PSPICE simulation results (voltage across terminals A and B, vab and tank
c urrent, ip) for each cell with F, = 208 V rms at 100% load, Po= 1.7 kW, Vo — 420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.18(d) PSPICE simulation results for 208 V rms at 100% load, Po= 1.7 kW, Vo
= 420 V. (i) Output capacitor current, Uo and (ii) output voltage, v̂ . Simulated converter
details are given in Fig. 3.16(a).
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3.19(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter 
with rated input voltage F ,=  208 V rms at 10% load, Pceii— 170 W, Vg = 420 V. (i) Line- 
current harmonic spectrum and (ii) unfiltered line current, HF filtered line-current 
THD =  13.8%. Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.19(b) PSPICE simulation results (voltage across terminais A and B, v̂ a and tank
current, /p) for each cell with Vs ~ 208 V rms at 10% load, Pg — 170 W, Vg — 420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.19(c) PSPICE simulation results (boost current, ioi and resonant current, iu) for
each cell with Vj = 208 V rms at 10% load, Po = 170 W, Fo = 420 V. Simulated converter
details are given in Fig. 3.16(a).
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details are given in Fig. 3.16(a).
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3.20(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter 
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Line-current harmonic spectrum and (ii) unfiltered line current, /,. HF filtered line-current 
THD = 14.28%. Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.20(b) PSPICE simulation results (voltage across terminals A and B, vab and tank
current, ip) for each cell with Vs — 260 V rms at 100% load, Po~  1-7 kW, Vo — 420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.20(d) PSPICE simulation results for Vj= 260 V rms at 100% load, Po= 1.1 kW, Vo
= 420 V. (i) Output capacitor current, ieo and (ii) output voltage, Vq. Simulated converter
details are given in Fig. 3.16(a).
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3.21(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter 
with maximum input voltage F, = 260 V rms at 10% load, Pceii ~  170 W, F<,=420 V. (i) 
Line-current harmonic spectrum and (ii) unfiltered line current, HF filtered line-current 
THD = 18.24%. Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.21(b) PSPICE simulation results (voltage across terminals A and B, vab and tank
current, ip) for each cell with = 260 V rms at 10% load, Po = 170 W, = 420 V.
Simulated converter details are given in Fig. 3.16(a).
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1.7 kW, Vo = 420 y ,fs =  10 kHz. Converter details are given in Fig. 3.16(a).
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Fig. 3.23 Comparison o f normalized harmonic spectrums for (i) = 1 and (ii) =  3
obtained from PSPICE simulation for rated input voltage, 208 V rms, Pceii- 1 7  kW, 
Ko=420 V ,^ =  10 kHz. Converter details are given in Fig. 3.16(a).
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3.7 Experimental Results
In order to verify the operation of the proposed single-stage multiphase converter a 

laboratory prototype is built with the following specifications:

Input voltage, K -  110 V (rms), 60 Hz.

Output voltage, Fo= 210 V DC.

Output power, Po= 1.5 kW.

Switching 6equency,^=  50 kHz.

Number o f cells, V = 3 

The output power o f each cell, Pce/i = 1.5/3 kW = 500 W. Therefore, the experimental 

prototype designed in Section 2.8 o f Chapter 2 is used as cell to build the 3-cell 

multiphase experimental prototype. The experimental results verify the operation and 

performance o f the proposed multiphase converter. Summary o f the experimental results 

is given in Table 3.7. A comparison o f the results (harmonics) obtained from theoretical 

analysis, PSPICE simulation and experimental prototype is presented in Table 3.8.

Table 3.7 Experimental results at different load conditions. Converter details are given in
Section 3.7.

Load 100% 50% 9.4%

D 0.45 0.31 0.14

Vb V 311 299 278

I a \ a 6 3.9 1.8

A 6 3.8 1.7

THD % 10.5 12.3 13.6

n % 83.26 83.30 82-44
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Table 3.8 Comparison o f harmonic amplitudes obtained from Theory, PSPICE simulation 
and Experiment at full load with minimum input voltage. Converter details are given in

Order o f 

harmonics, 

h

%  Normalized (with fundamental) harmonic 

components.

Theoretical Simulation Experimental

1 100 100 100

2 0.05 0 0

3 12.5 14.29 10.13

4 0 0 0

5 0.2 1.44 2.0

6 0.1 0 0

7 0.2 1.54 1.33

8 0.05 0 0

9 2.4 0.9 0.6

THD 12.59% 11.89% 10.5%

Following experimental waveforms are presented in Fig. 3.24 to Fig. 3.26:

a) Gating signals, o f common switch S2 for all cells.

b) Line voltage Vj and current is.

c) Voltage across A and B, vab for all cells.

d) Boost inductor current, i,„ for all cells.

e) Tank inductor current, ip for all cells.

f) Resonant inductor current, iu  for all cells.

Following observations are made from the experimental results:

a) Line voltage, Vj and current, is waveforms show that power factor correction is 

obtained. Line-current THD varies from 10.5% at full load to 13.6% at 9.4% load. 

This THD is due to the line frequency harmonics only.

b) The switching frequency harmonics in the source current, is are reduced due to 

multiphase operation. This is evident from: (i) Fig. 3.24(b) and Fig. 3.24(c) at full
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load, (ii) Fig. 3.25(b) and Fig. 3.25(c) at 50% load and (iii)) Fig. 3.26(b) and Fig. 

3.26(c) at 9.4% load. As the line currents for the cells are 120° phase-shifted in the 

HF cycle, the HF harmonic components are reduced. This reduces the HF filter 

requirements.

c) Experimental results show that all the boost inductors operate in DCM. Because of 

DCM operation of all boost inductors the natural power factor correction 

mentioned in (a) is ensured.

d) Currents through different components in the cells e.g. ip etc. are balanced. Also 

the bus voltages, Vb and output voltages, Vo are equal. So, all cells handle equal 

power.

e) Because o f balanced power distribution among the cells, a uniform thermal 

distribution in the multiphase converter is obtained. This is one o f the main 

advantages o f multiphase topology.

f) All switches are soft-switched for entire load range (full-load to 9.4% load) similar 

to the single cell of Chapter 2.

g) As a bonus to the isolation, the inter-cell cross-conduction is prevented because of 

the HF isolation transformer. This eliminates the use o f additional diodes required 

[108] to prevent the cross-conduction.
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(a) Gating signals Vggj for common switch S2 o f all cells (10 V/div).
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m

(b) Line voltage, (100 V/div.) and unfiltered input current, i,„ (20 A/div.) of one cell.

(c) Input voltage, Vj (100 V/div) and source current, is (50 A/div).

(Fig. 3.24 contd.)
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(d) Voltage across terminal A and B for cell-1, vab\ and cell-2, (200V/div).

VaBÏ

«------- ;-------- -
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r
-  . f

(e) Voltage across terminal A and B for cell-1, vab\ and cell-3, vabi (200V/div).

(f) Boost inductor current, for all cells (10 A/div) near the peak o f  input voltage.

(Fig. 3.24 contd.)
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(g) Tank inductor current, ip for all cells (10 A/div.).

(h) Resonant inductor current, iu  for all cells (I A/div.).
FIUT UIN SI_____________________26%Cvlo Hcnr>
8 0 .  o r

iO . o
/Ot V»

Mag

V

"T
I

(i) Line current (/,) harmonic spectrum (2 A/div.).

Fig. 3.24 Experimental results (a-i) for the 3-cell multiphase converter at full-load 

(Po=l ‘5 kW), £>=0.45, Vi=l 10 V rms, Fo=2lO V. Converter details; for each cell 

/»ce«=500 W, £m=78 pH, L n lS l  pH, C&=1000 pF, Q ,=Crf=C^=l nF, C,2=2.2 nF, 

/i= l.l2 , Co=lpF, £r=20 pH,y;=50 kHz.
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(a) Gating signals, Vg«2 for common switch S2 o f all cells (10 V/div.)

(b) Line voltage, (100 V/div.) and unfiltered line current, (20 A/div.) of one cell.

(c) Input voltage, Vj (100 V/div) and source current, is (20 A/div.)

(Fig. 3.25 contd.)
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(d) Voltage across terminal A and B for cell-1, and cell-2, vabi (200V/div.)
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(e) Voltage across terminal A and B for cell-2, vabi and cell-3, vab3 (200V/div).
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(f) Boost inductor current, //„ (10 A/div.) for all cells near the peak of input voltage.

(Fig. 3.25 contd.)
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(g) Tank inductor current, ip for all cells (5 A/div).

%
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(h) Resonant inductor current, iu  for all cells (2.5 A/div.).
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23%Ovla Hamn

(i) Line current (/,) harmonic spectrum (1 A/div.).

Fig. 3.25 Experimental results (a-i) for the 3-cell multiphase converter at 50% 

load (750 Watts, D = 0.31). Converter details are given in Fig. 3.24.
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(a) Gating signals, Vgei for common switch, S2 o f all cells (10 V/div.)

in

(b) Input voltage, v, (100 V/div.) and unfiltered input current, i,„ (10 A/div.) o f one cell.

(c) Input voltage, (100 V/div) and source current, is (5 A/div.)

(Fig. 3.26 contd.)
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(d) Voltage across terminal A and B for cell-1, and cell-2, v^si (200V/div).

(e) Voltage across terminal A and B for cell-2, v^bi and cell-3, vxa3 (200V/div).

(f) Boost inductor current, i/„ (10 A/div.) for ail cells near the peak of input voltage.

(Fig. 3.26 contd.)



(g) Tank inductor current, ip for all cells (2 A/div).
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(h) Resonant inductor current, iu  for all cells (2.5 A/div.).
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(i) Line current (i,) harmonic spectrum (0.25 A/div.)

Fig. 3.26 Experimental results (a-i) for the 3-cell multiphase converter at 9.4% load (141

Watts, D  = 0.14). Converter details are given in Fig. 3.24.
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3.8 Conclusions

In this chapter a single-stage soft-switched ac-to-dc multiphase converter was proposed. 

The operation and analysis o f the proposed converter were presented for all operating 

modes. A study was performed to determine the optimum number o f cells, N  = 2 for the 

converter to reduce the input current HF harmonic components. A design example was 

presented to illustrate the design procedure. PSPICE simulation results were presented to 

verify the operation and performance o f  the designed converter. A 110 V rms, 1.5 kW, 

210 V output, 50 kHz laboratory prototype was built using IGBTs to verify the operation 

and performance o f the proposed 3-cell single-stage ac-to-dc multiphase converter. The 

experimental results confirm the operation and performance o f the proposed multiphase 

converter.
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Chapter 4 
Dynamic Behavior of Single-Stage AC-to-DC 
Bridge Converter Cell

4.1 Introduction
This chapter presents the small-signal analysis and large-signal behavior o f the single- 

stage ac-to-dc bridge converter o f  Chapter 2. The small-signal analysis is performed 

using the well-established state-space averaging technique [119,122,123]. The transfer 

functions for control-to-output and line-to-output voltage are derived and their frequency 

responses are presented. Large-signal behavior obtained from PSPICE simulation is 

presented.

The chapter layout is as follows: the analysis procedure is explained in Section 4.2. 

Section 4.3 presents the operationally equivalent circuit o f the converter cell while the 

operating principle is explained in Section 4.4. State-variables are identified and averaged 

state equations are derived in Section 4.5. Section 4.6 presents the small signal transfer 

functions. Frequency responses o f the transfer functions are given in Section 4.7 with 

PSPICE verification. Section 4.8 presents the closed loop system. Large signal behavior 

o f  the converter obtained from PSPICE simulation is given in Section 4.9. Section 4.10 

states the conclusion o f this chapter.

4.2 Analysis procedure

In order to perform the small-signal analysis o f the ac-to-dc single-stage converter cell for 

TICCM  and TIDCM  the following steps are used:

1) A circuit configuration operationally equivalent to the single-stage bridge 

converter is developed.

2) All the state variables are identified and corresponding averaged state equations 

are derived.
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3) The averaged current expressions for different converter sections are obtained.

4) The state variables and other required circuit parameters are perturbed about the 

steady-state operating point.

5) The state equations are linearized and the AC terms are separated.

6 ) Control-to-output and input-to-output transfer functions are obtained by using 

Laplace transforms o f the AC equations.

4.3 Equivalent circuit configuration
The operationally equivalent circuit o f  the ac-to-dc single-stage converter cell o f Fig. 2.1 

is shown in Fig. 4.1. To arrive at this equivalent circuit following assumptions are made.

I de

'p .reel

Db
I I

hn în

W  ®  I

DI

S2

D3D2
Output
SectionBus

Section
Boost section DC-to-DC section

M

Fig. 4.1: Operationally equivalent circuit o f  the ac-to-dc single-stage converter cell
o f  Fig. 2.1.

4.3.1 Assumptions

a) The boost section and the dc-to-dc full-bridge converter section are cascaded 

while Sb and S2 (the common switch) are operating with same duty cycle. Db 

and D l are the same diode. This facilitates to visualize the bus capacitor, Q  

current clearly while keeping the converter operation unchanged.
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b) Because of a short duration o f  operation, the effect o f snubber capacitors and the 

ZVT circuit are neglected.

c) All the switches are ideal and inductors and capacitors are loss free.

d) The voltage ripples across the capacitors are very low compared to their DC 

values.

e) The effect o f HF isolation transformer magnetizing current is neglected.

4.3.2 Description of the equivalent circuit
In the equivalent circuit, |vs| represents the output o f the input rectifier. The boost section 

comprises o f the input boost inductor, boost switch, Sb and boost diode, Db. is the 

energy storage bus capacitor. The voltage across C* is the input voltage o f the dc-to-dc 

bridge converter section. S l-D l, S2-D2, S3-D3 and S4-D4 are the switch-diode pairs in 

the bridge. Li is the total o f  the tank inductance and the leakage inductance of the HF 

transformer. Co' and R ’l are effective output capacitance and load resistance, respectively 

referred to the primary.

4.4 Operating Principle

The operation of the operationally equivalent circuit o f the ac-to-dc single-stage converter 

is the same as described in Chapter 2. The equivalent circuits o f  the boost section at 

different intentai are given in Fig. 4.2(a). The equivalent circuits for the dc-to-dc section 

are given in Fig. 4.2(b) and Fig. 4.2(c) for TICCM  and TIDCM, respectively. The 

operating waveforms are shown in Fig. 4.3. To simplify the analysis following low-ripple 

approximations [53, 119] are made: (a) the bus voltage, is assumed constant for half 

the line frequency cycle and (b) the primary referred output voltage vô is assumed 

constant over two switching cycles.
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Fig. 4.2(a) Equivalent circuits during different operating intervals of Æ̂-th cycle o f the 

boost section o f the operationally equivalent circuit o f  Fig. 4 .1 .
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(iii) Interval t u S t S  t u (iv) Interval t u < t <  to(*+i)

Fig. 4.2(b) Equivalent circuits during different operating intervals o f Æ-th cycle o f the 

DC-to-DC section o f  the operationally equivalent circuit o f  Fig. 4.1 for TICCM.
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Fig. 4.2(c) Equivalent circuits during different operating intervals o f  ̂ -th cycle o f  the 

DC-to-DC section o f the operationally equivalent circuit o f Fig. 4.1 for TIDCM.



164

51 
S4 
S3
52

Id

^p. reef

D 2D 4 ^

♦  t
-►t

D1D3

lOk ‘ Ik txk tQik^l)

Fig. 4.3(a) Operating waveforms o f operationally equivalent circuit o f Fig. 4.1 for 

TICCM  at minimum input voltage and full load during t-th  cycle.
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Fig. 4.3(b) Operating waveforms o f operationally equivalent circuit o f Fig. 4.1 for 

TIDCM  (the most general case) during t-th  cycle.
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4.4.1 Boost section
As the switching frequency, fs is very high compared to the line frequency, fi, the input 

source voltage, Vj during any high frequency period can be assumed constant. Therefore, 

for the t-th  high frequency cycle, the input source voltage is given by,
=lC ,sin(o),^r) (4 .1)

where, k  = 1,2,3........N\ N  = ^ / I f i  and co/ =

Following intervals occur for both the TICCM  and TIDCM  operations o f the converter. 

For simplicity, subscript k  for //„ is dropped in the analysis.

Interval t o kS t  < i2k'- The equivalent circuit for this interval is shown in Fig. 4.2(a)(i). 

During this interval the boost switch S2 in ON and the inductor current increases with a 

slope given by the following equation.

(4.2)

Interval i2k S  t < txk- The equivalent circuit during this interval is given in Fig. 

4.2(a)(ii). During this interval, S2 is OFF and boost diode Dl conducts. The boost 

inductor current transfers the stored energy to the bus capacitor Q  as the falling current is 

governed by the following equation.

(4.3)

Interval txk S  t < to{k+i)- The equivalent circuit for this interval is shown in Fig. 

4.2(a)(iii). During this interval, the boost inductor current is zero due to DCM operation.

L = 0  (4.4)

4.4.2 DC-to-DC converter section
a) For nCCM:

Interval l(fo& S  t < tik): The equivalent circuit for this interval is shown in Fig. 

4.2(b)(i). This interval begins when SI and S3 are turned OFF simultaneously. Diode D2 

and D4 carry the current ip o f the inductor L[. This current is represented by the following 

equation.

4 ^  = ' ' . + " . '  (4 5)at
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Interval 2{t\k < t < tik)’- The equivalent circuit for this interval is given in Fig. 

4.2(b)(ii). This interval begins when the current ip reverses polarity as S2 and S4 turn on 

with ZVS and start conducting. This current is described by the following equation.

dt

Interval 3 (f2* < t < /j*): The equivalent circuit for this interval is given in Fig. 

4.2(b)(iii). This interval begins when S2 and S4 are turned OFF and Dl and D3 take over 

their currents. This interval is governed by the following equation.

L, = -(v^ + v / )  (^-^)
at

Interval A{t2k < t < tik)’ The equivalent circuit for this interval is shown in Fig. 

4.2(b)(iv). This interval begins when the current ip reverses polarity and SI and S3 turn 

on with ZVS and start conducting. This interval is represented by the following equation.

These interval-governing equations (4.1-4.8) are used to determine the averaged state 

equations.

b) For TIDCM:
Interval l(ro* 5  t  < t ik ) :  The equivalent circuit for this interval is shown in Fig. 

4.2(c)(i). This interval begins when S2 and S4 are conducting. The tank current is 

represented by the following equation.

Interval 2{t\k < t<  tu): The equivalent circuit for this interval is given in Fig. 4.2(c)(ii). 

This interval begins when the current ip reverses direction as Dl and D3 start conducting. 

This current is described by the following equation.
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Interval 3(tzk 5  t < fs*): The equivalent circuit for this interval is given in Fig. 

4.2(c)(iii). This interval begins when SI and S3 are turned ON with ZVS. This interval is 

governed by the following equation.

i , §  = - ( v . - v , )  
at

Interval 4 (f3* < t < t4k): The equivalent circuit for this interval is shown in Fig. 

4.2(c)(iv). This interval begins when the current ip reverses polarity as SI and S3 are 

turned OFF. This interval is represented by the following equation.

' dt

Interval 5(tu < t < to ip = 0 during this interval due to 77DCM operation.

These interval-governing equations (4.9-4.12) are used to determine the averaged state 

equations.

4.5 State-variable identification and averaged state 

equations

As obvious from the equivalent circuit the energy storage elements are: boost inductor, 

L,„, dc bus capacitor, C*. dc-to-dc section inductor, Li and primary referred output 

capacitor, Co'. So, the state variables to be considered are: boost inductor current, ib, dc 

bus voltage, Vb, tank inductor current, ip and the primary referred output voltage, Vo'.

As the front-end boost section is operating in DCM, the average value for rate o f 

change o f  the boost input current, //„, is always zero [119]. So, the averaged state equation 

for ii„ is

(4.13)"̂tn y
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This equation will disappear for further analysis. Again, in order to avoid HF 

transformer saturation, design was done in Chapter 2 so that the volt-sec balance is 

maintained (2.59,2.60,2.62,2.63) for the inductance, Li. So, the averaged state equation is,

= 0 (4.14)

This equation will also disappear for further analysis. So, the averaged state equations 

worth to be considered for this analysis are,

r  = , _/A a

= (4.16)

where, Uavg, idc.avg- and ip.rect.avg are the average values o f U idc and respectively. 

Now by determining these average values, the final form of the averaged state equations 

can be obtained. Determination o f these average currents is discussed in the following 

section.

4.5.1 Determination of averaged currents

Different average currents are determined as follows:

4.5.1.1 Boost diode average current, id,avg.

The average current in the boost diode, Db can be obtained using the following equation 

[119].
. ^ ( o , d r

2 nL
(4.17)

where, co/ is the line frequency in rad/s and dxk is given by the following equation.

dT^sk = ] (4.18)

Now, using equations (4.19) in (4.17) the average current equation is:



_ <ù,d^T- 
2 nL

4
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(4.20)

4.5.1.2 Average input current to the dc-to-dc section, idc,mg-

a) For r/CCM  of Fig. 4.3(a):

The average input current to the dc-to-dc converter section can be determined by 

averaging over one HF cycle. Using equation (4.5) to (4.8) and Fig. 4.3(a),

W g  = ^ [ ( > 6  -v„')t^o "(V i +v„')c/,- + ( V , - v ; ) d \  -(V* + v „ ')< /;]  (4 2 1 )

b) For TIDCM of ¥i%. 4.3(b):

The average input current to the dc-to-dc converter section can be determined by 

averaging over one HF cycle. Using equation (4.9) to (4.12) and Fig. 4.3(b),

W  = :^ [ ( V 6  -v „ ')c /o  - (V i + < ) d f  + (v ,  (4.22)

4.5.1.3 Average rectified current, ip,rea,avĝ

a) For TICCM o f Fig. 4.3(a):

The average value o f the rectified tank current for this mode can be found from equation 

(4.21) only by making all the terms positive. Therefore, this current will be given by.

 ̂p,tea,avg. 2L,
[(Vi -v /) ( fo  +(Vi + v / ) f / f  + (v , - v ^ ' ) d ;  +(Vi + v /) ( /^ ]

b) For TIDCM of Fig. 4J(b):

The average value o f  the rectified tank current for this mode is given by: 

i p ^ a ^  = : ^ [ ( V i  - v / ) 4 + ( V i  -^Vo')df +(Vi - v / ) 4
(4.24)
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4.6 Small-signal transfer functions
4.6.1 Perturbation
In order to find the converter transfer functions all the state variables and parameters of 

the averaged state equations are perturbed about their equilibrium point values. The value 

o f the perturbation is very small compared to its equilibrium value. This perturbation is 

defined by (4.25-4.36).

V&= Vb+Vb (4.25)

v 'o =  V ’o + v ’o (4.26)

Vsk= Vsk+Vs (4.27)

id.avg~ td.avg'^id.avg (4.28)

idc,avg~ Idc.avg'^idc.avg (4.29)

ip.rect.avg ~  ip.rect.avg'^ip.rect.avg (4.30)

d  =  D + 3 (4.31)

do — D q+ ^ o (4.32)

d \  ~  Di+<?i (4.33)

d j ~  D 2+<?2 (4.34)

d-i = D 3 +^3 (4.35)

d 4 ~  D a+ 3 a (4.36)

Using (4.15-4.16) and (4.25,4.26,4.28-4.30) the following equations are obtained.

d { V , ^ v , )  J  _ j
J.avg ii,avg Uc,avg dc,avg

d t

' - o  ^  ■* p j ta ,a * g  'p ,re c tjn g

(4.37)

(4.38)

Also using (4.20-4.36), the following equations are obtained.

(ù,iD + d Ÿ T '
^d ,a vg . ^d,avg.

2 tc£„

N
(4.39)
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For TICCMx

w + a . y  - c n  + ? . + k,'+v; x a  + J ,y  

+(» .̂ + v, - ^ ; ’- v/ x a + 5 i )' + 5 . + r„'+v,'xA  + ? j)’ 1

(4.40)

= & [ ( ^  -^ ^ '-v /X D o  + % ): +(k^ + V, +PC,'+^'XD, + J ,) :

+ (^^ + v . - K ' - ^ o ' X D , + d , Ÿ  +(V,  + v ,+ K ,'+ v /)(D , + J , ) 2 ]

(4.41)

For TIDCM:

- K ' - ^ o ' ) ( D , + d , y - - (K ,+ v ,+ K /+ v /) ( D ,  + d , y  

+ ( K + y , - K ' - ^ o ' ) ( D 2 +d,y-]
(4.42)

+ v . - K /_ y / ) ( D .  + +(K, + v , + k ; '+ v /)(D , + J , ) :

+ Œ. +V, - K / - v / ) ( D ,  + d , y  +(K, + V ,+ K /+ V /)(D , + d , ) : ]

(4.43)

Now from the above equations (4.37-4.43) ac terms are separated to find the small- 

signal transfer functions and DC terms disappear for further analysis. To do so, as 

mentioned at the beginning o f this section, perturbations are considered very small 

compared to the equilibrium values.

4.6.2 Linearization and ac equations
To find the ac terms equations (4.37-4.43) are linearized by taking the first order terms 

only and all the product terms are neglected.

4.6.2.1 For TICCM:

From (4.37) and (4.38):



173

dVb ~  
dt

(4.44)

c ' ^ = r  - S I
" dt « /  (4.45)

And from (4.39-4.41):

r  2 ^^  , y  iv ^ 2 o y , D r - f  V /  ~
2nL,„ % ( X . - K ^ )  h { V , - V ^ Ÿ ^ ‘ 2nL„ Ù { V , - V ^ )

2 kZ„ 6 ( ( " .+ v . - P ^ ^ - v ^ )  '

= - ^ 1V* + + Cj V, (4.46)

L ..., = : ^ [ ( v . - v ; ) Z ) .=  -(V . + v ; )D , ' +2£),(K, - k; ) ? ,  -2 o ,(K . +
- L i

+ (v , - v ; ) A /  -(V , + v „ -)A ’ + 2 A (F , - K , ' ) 4 - 2 A ( F ,  + K , ') J j

(4.47)

= : ^ t ( v ,  - v / ) D /  + (v , + v / ) D r  + 2 A ( K , - V ^ ' ) d ,  + 2 A (K . + K /)? ,
2.L,

+ (V, - v / ) A /  + (v , + v / ) A *  + 2 A ( K , - p ^ ') ^ + 2 A ( K , + p ; ' ) J j

(4.48)

In order to find the perturbed values o f do, d\, dr and dr in terms of those o f d, v& and 

Vo' we know that,

(4-49)

d ^ + d , + d . ^ d ^ = \  (4.50)

(Vft -v„ ')t/o  =(Vi +v„’)</, (4.51)
iVb-v„' )d^={Vb+vJ)d^  (4.52)

By perturbing the above equations around their respective equilibrium points,

do- i -d^=d  (4.53)

f/g + </, + 1/, + <^3 = 0 (4.54)

( ^ . - K ' ) d o - ( K + K ' K  = ( - A  + A K  + ( A  + A ) v /  (4.55)

( K - K ’K  - ( K + K ' ) ^ 3  = ( - A  + A K  + ( A  + A K '  (4.56)
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Now firom (4.53-4.56),

or.

0̂ 1 0 0 1
I 1 1 1

4 K, - K ' (K.+K,') 0 0

A . 0 0 K,, - K '  - ( K + K ' l
1 0 0 o'
0 0 0 0 v*
0 (“ A  + A  ) ( A + A ) 0 V.’
0 (-D , +Dj) ( A + A ) 0 0

'3o' 1 0 0 1 1

d, 1 I 1 I

d^ K - K' - C K + K ' ) 0 0

A . 0 0 K - K '
1 0 0 o' d
0 0 0 0 v*
0 ( - A  + A  ) ( A  + A ) 0 V.'
0 ( " A  + A ) ( A + A ) 0 0

(4.57)

(4.58)

Now a new matrix [p] can be defined in the following equation that is a simplified form 

o f the (4.58).

do 'Pn PX2 Pl3 P u ' d

d, Pii P 22 P 23 P 24 Vi (4.59)
d._ P3I Pn P 33 P 34 v„’

A . .^4. Pn P 43 P 4 4 . 0

Using equation (4.59) in equations (4.47-4.48):
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- n ' ) ( A , d  + P ,A  + p „ v . ')
ZL,

-2 D ,(K . + P ; 'X p „ 5  + P n V .  + P 2i5 , ' )  + (v. - v . ' ) D /  - ( V ,  +v,')D ,=

+ 2 D ,(F. - n ' ) ( P i . ?  + P j2V. +Pm ».')

-2 D ,(K , + K ,'X P .,?  + P « v. +P<,v ,')l (4.60)

T/? *
= 4 ^ [ { ( D J  -  Dr + D : - D f )  + 2Do(r, -2D ,(P^

ZLi
+ 2D , (F, -  ' )P 3,  -  2 ^ 3(p; + r ;  )p , ,}V, + {(-Do- -  Df -  -  D3- )
+ 2 D, (V , -V^ ' )p , ,  -2 D ,(F , +K,')P33 + 2D ,(F , -r;)/7 3 3  

- 2 D,(f^. +K,')P43}v.'+{2D.(P^ - K , ') P „ - 2 D ,( K ,+ P ; ') p „

+ 2 D ,( ( ^ -K , ') m ,- 2 D ,(P ^ + f^ ') p , ,K ]  (4.61)

= ^ v , + ^ v „ ’+ V  (4.62)

where, /41 = T/Î  ̂{(Do“-Di“+D2^-D3^)+2 Dq( Ko Op i2-2 Z)i ( K&+ Kg Opzz+ZDzC K̂ -Kg OP32

-2D3iVb+Vo')P42}/2L, (4.63)

A2=TR'L{{-Do^-D\--D2~-Di^)+2DQiV(,-V^')pii-2DiiVb+Vo')p23+2D2iVb-Vo')p3:i 

-2£>3(F6+FgOp43}/2I/ (4.64)

/13= r/î L {2Do( K&- Ko Op II -2D I ( Kô + Kg Op21 +2Dz( K),- Kg 0P31 -2£>3( Ki, + Kg Op41} !2Li

(4.65)
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And

= ^ [ ( v . - k ')D,^ + (v . + 2 A ( n  -  K'X p „3 *  a A  + A À ' )

+ 2 A ( n  + » '. ') ( A , r f +  />i,v. + P r , v / ) - ( v .  - V , ') D , -  - (5 - . + y , ' ) A "

+  2 0 j ( K ,  - ^ ; ' ) ( p , | î  +  p ,jV , + p ,jV „ ')

+ 2 A ( n  + K ,'X A |Î  + P,!À +P«V .')] (4.66)

TR '
= ^ [ { i D ^ Ô  + D f + D l + D ; )  + 2 D , ( y , - V ^ ' ) p , ^ + 2 D, (y , +V^ ' )p ^

ZL,

+  2 A ( F ,  - F „ ' ) p 3 ,  + 2 D 3 (P ;  + ^ ; - ) / 7 « } v ,  + { ( - D o -  + D ,^  - D , -  + D 3- )

+ 2Do(K, -K ;)/7,3 + 2 D , ( V , + K ’)P23-^2D,(V, -V^ ' )p, ,
+ 2 D,(F, +K')p, ,}v^'+{2 D,(V, - V^ ' )p„  + 2 D,(V,+V^' )p„

+ 2D,(y ,  - P : ) P „  +2D,(V,  + f ^ / ) p , J d ]  (4.67)

= B,v^+B,v^'+B^d (4 .6 8 )

where, 5 i=  TR'L{{Do^+Dx-+D2^+Di^)+2 DQ{Vb-Vo')px2 +2 Di(Vi,+ Vo')p22

^2D2(Vb-Vo')pn+2DiiVt+ Vo’)p^i}l2Li (4.69)

52= TR'L{i-Do^^Di^-D2‘+Di^)+2Doiyb-Vo')pi3+2Di(Vi,+ V^’)p23

+2D2(K6-r.3p33+2D3(Kt+ K«')p43}/21, (4.70)

B 3 = ^ T R 'l { 2 D q{  V b - V o ' ) p i  I + 2 D i (  V b +  V o ' ) p i x  + 2 D i (  V b - V o ' ) p 2 1

+ 2 D 3 ( ^ 6 + F o 0/741 }/2£, (4.71)

4.6.2.2 For TIDCM'.

Equations (4.44 -4.46) are also valid for this mode.

From (4.42-4.43),

4 .» ,  - v , ' ) A ' -<.% + 7 . ')0 ,"  + 2 A C n  - K ,’) 5 , - 2 D , ( K + K ' ) d ,
ZL,

+ (V. -vT ’)Z )/ + 2 D ,(F .- K ' ) d , ]

(4.72)
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+ (v , + v / ) D / + 2 D,(P^ - F ; K  + 2 A ( n  +K,'W ,

+ (v* -  Vo’) A ' + v / A '  + 2 A (J ^ .-K ,'W 2 + 2 A K , '4 ]
(4.73)

In order to find the perturbed values o f do, du d2 , d^ and d4 for TIDCM  in terms of those 

o f d, Vb and Vq' we know that.

d  ̂ d^ = d
£/(,+£/,+ c/j + c/j +  <^4 = I

da = d  (4.74)

(4.75)

(4.76)

( v .- v / ) c /o = (v ,+ v „ ') t / ,  (4.77)
(V*-v„')c/2 = v /c / 3  (4.78)

By perturbing the above equations around their respective equilibrium points and 

rearranging,

à  (4.79)

d , + d , = d  (4.80)

+ (f, + 2 + 3 + (̂ 4 = 0 (4.81)

( V b - K ' ) 3 o - ( K  + K ,'X , = ( - A  + A)v* + ( A  + A ) v /  (4.82)

( K - K ' K - K , '^ 3 = - %  + ( -D : + A ) ^ . ' (4.83)

Now from (4.79-4.83),

0̂ 1 0 0 0 o'
0 I 1 0 0
1 1 1 1 1 =

d. ( K + K ' ) 0 0 0

A . 0 0 ^ b - K '  -■K' 0

"1 0 0 0 o' ' d '
1 0 0 0 0
0 0 0 0 0 V/
0 - A  + A A  + A 0 0 0
0 - A “ A  + A 0 0 0 (4.84)
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or.

I 0 0 0 0
-I

d, 0 1 1 0 0

d 2
= 1 1 I I 1 *

d, r  ' 0 0 0

A . 0 0 v ,-V o ' - V o 0

1 0 0 0 o' d '
I 0 0 0 0 1

0 0 0 0 0 V ’
0 -  D q + D^ D q + D , 0 0 0

0 - D , “ A  + A 0 0 0

(4.85)

Now a new matrix \p\ for TIDCM  can be defined in the following equation that is a 

simplified form o f the (4.85).

^o ' 'P n Pl2 Pl3 Pl4 P 15’ ’

d , P2\ P22 P 23 P 24 P2S Vi
À = P3l P 32 P 33 P 34 P 35 V/
^3 P41 P n P43 P 44 P 45 0

/4 _ Ps. PS2 P 53 PS4 PS5. 0

(4.86)

Now using equation (4.86) in equations (4.72-4.73):

-(V . + v / ) A ’ + 2 0 ,< n  -K .'X P „ d  + P .2V. + P Â ')
J.L,

-  2 A  ( K + Vo ' ) ip .J  -K + p̂ vT, ') + ( v , - v / ) A

+ 2 A ( n  -^ ; ') (P 3 ,^  + P32V. + P 33V;)] (4.87)

T*/? '
= -  A ' + ) + 2 A ( P ^ - V o ' ) P n - 2 D,(V,+K')p._^

2 Li

+ 2 A ( n  -f;')P32}v, + { (-A ' -  A' - ^ 2 ) 
+ 2 A C n - ^ ' ) A 3  - 2 A ( n  +^p’);̂ 23 + 2 A (^ ;-K , ' )A 3 }v ;
+ { 2 A (P ^ -P ; ')p „  - 2 A ( n  + f^ ’)P 2. + 2 A (F ,  - r / ) p 3,W ] (4.88)

= + 4 ^ ' + 4 ^  (4.89)
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where XI, A 2 and /I3 for TIDCMdx^ defined as follows;

And

A\ — TR'i{(^D{^-D\~-^D2)-^2Do{yb-VQ')px2-2D\(yb'^Vo')p22

+lD2iVi,-Vo')p22}l2Li (4.90)

A 2 = TR'L{(.-Do~-Di^-D2^)+2Do(Vb-Vo')pi3-^-Di(_Vi,+ Vo')P23
+2D2(^Vb-Vo')p32}l2L, (4.91)

A2=TR'L{2DoiVb-Vo')pii-2Di(Vb+Vo')P2i+2D2iVb-Vo')p2x}/2Li (4.92)

= ^ [ ( 7 .  - v , ')D ,-  * 2 D , ( y , - K - ) ( . p „ a  + p„v, ' )

* l D , { y , + V : X p J  + p , , v , * p^v ^ ' ) - { v ,  -v .')D ,= + v ; d /

+  2D ^(V , -  )(/? 3 , ^  +  P 3 2 V, +  P 3 3 V .')

+ 2 D ,V ^ 'ip J  + p ,,v ,  + P ,3V /)] (4.93)

77? '
= ^ [ { { D 0̂ + D; + Dl )  + 2 D,{V, -  V J ) p , , + 2 D,{V, + V„')p._,

ÀL,

+ 2D ,(F ,-K ,')P32 + 2 D , V : p , ^ ) % ^ { { - D I ^ D I - D \ ^ D I )
+ 2 Do(F, -K ,')P ,3  + 2 D , ( V , ^ K ' ) P 2 3 + 2 D , ( V , - ( ^ : ) p ,,
+ 2 D,{^:p,,}v^'+{2 D , ( K - K ' ) P u  + 2 A ( n  + K ,')P 2,

+ 2D,(I>; - r ; ) p 3, + 2 D 3 K /p „ K ] (4.94)

= B\Vb+B2v'o'^B2â  (4.95)

where B\, B2  and B3 for TIDCM  as follows:

Bx=TR’L{{D^^^Dx-+D2^)^ 2 Doiyb-V^')px2 ^ 2 Dx(yb^Vo^P22.

+2D2iVb-Vo')p22-^2D2 V’̂ pn}/2Li (4.96)

8 2 = TR’L{(-DQ^-^Dx^-Di^+Di^)+2DQ(Vb-Vo')px3+2Dx(Vb+ Volpn

+2D2(Vb-Vo')p33+2D3Vo'p43V2Li (4.97)

B3=TR'a2DQiVb-V^')pu-2Dx{Vb-^Vo')p2i+2D2iVb-V,')p3i

+2IhVo'pAi}/2Li (4.98)
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Now substituting (4.46), (4.62 or 4.89) and (4.68 or 4.95) in (4.44-4.45):

dt
+ ( R , ' C , + A , ) v , + A , v ^ ' = R , ’C,v, + ( R , ' Q - A , ) d  

d v '
-  5 , V, +  T„ +  (1 -  fl, )v„ ' =  B ,d

dt

(4.99)

(4.100)

where Xb = Rt'Cb and Zo = Rl'Co' .

Now, taking Laplace transforms o f (4.99-4.100) and rearranging:

5T,, + ^ , ^ 'C ,  + / 1 ,  X , Vi X ' Q - ^ 3

— B , 5 T 0 - B 2 + I .V o '. 0

From (4.101):

(4.101)

Vi 5Tj + B '̂CT, + i4, .4,
-1 B 1 C 3 -^ 3 Ï v/

.Vo'. — B, 5Tq — B, +1 .  0

where

jTq — 5, +1 —
+ A

0,5* +0,5 + 0 0

5% ='^b'^o
Ô, = t j  — + .4,Tq + Ri^CyXQ
ô o = ( / Î I C , + ^ , ) ( l - 5 , )  + ^ ,5 ,

'R'lC :
V, +

B'lC  ̂ -  X3
0 .  B , .

(4.102)

Now from (4.102): 

Using 3 = 0 ,

V, 8 ; 5  +  5 , 5  +  Ô q

where. Go =

and using Vj = 0 ,

Vq

d  8 2 5  ̂ +  8 , 5  +  8 g

(4.103)

(4.104)
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where, H\ = B2ib

Ho =  B i(C2R'l-A3)+B2{C iR 'l+ A 0

4.7 Frequency response
The 1.7 kW, 420 V output single-stage ac-to-dc bridge converter cell designed in Chapter 

2  has the component values:

! ,„ =  72.3 pH, Cè = 982 pF, I /=  125.1 pH, Co = 0.5 pF and Rl = 103.76 O. 

Referred to the primary o f the HF isolation transformer, R'l = 46.74 O and C o = 1.11 pF. 

The output voltage to duty ratio and input voltage transfer functions are obtained for this 

converter and the frequency response is presented in the following sections for different 

line and load conditions.

4.7.1 Output to duty ratio response

The frequency response o f the output voltage to duty ratio transfer function given by 

(4.104) is studied for different line (minimum, rated and maximum voltage) and load (full 

load, 50% load and 10% load) conditions. The bode plots obtained from MATLAB 

analysis are presented in Fig. 4.4(a) to Fig. 4.4(j). Following observations are made from 

the frequency response o f the output to control transfer function.

The frequency response for TICCM  operation (at full load and minimum input 

voltage) for D = 0.49 is plotted in Fig. 4.4(a). For TICCM, a zero occurs in between the 

two poles o f  the transfer function. As a result, the magnitude response has two constant 

gain (slope = 0 dB/decade) frequency regions. The low frequency flat region starts at zero 

frequency. With the input voltage fixed, the bus voltage, v* changes due to the change in 

duty ratio, d  but the output voltage, và changes due to the change in d  and va. As the 

frequency o f  à  is increased from zero, the magnitude o f va decreases because of high 

value o f Ca and v'o decreases showing the end o f  the low frequency flat region. If 

frequency is further increased, the change in bus voltage becomes negligible va = 0  and
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the higher frequency flat region begins. If  the frequency is further increased, v'o 

decreases because of the effect o f the output filter capacitor, C'o.

The frequency responses for TIDCM  are shown in Fig. 4.4(b) to Fig. 4.4(i) for 

different line and load conditions. In this mode the zero o f the transfer function always 

occur after the two poles and hence, the magnitude plot has constant gain only in the low 

frequency region that starts at zero frequency. As the frequency of 3. is increased, the gain 

and phase decreases with different slopes depending on the poles and zero.

4C^

20 L p1=l3 rad/s
Gain margirp6 dB I

a; r=1k rad/s
X

X
^  : ' - . X  I

^  p2i^0Rrad/si
I

4C :

Phase margir¥=61 degree |

CL

TO UT 10'

Frequency, raa/s

(a) Fj=166.4 V, Z>=0.49, /*<,=1.7 kW (T/CCM operation) 
(Fig. 4.4 continued)



183

IOC

p2=15.47 krad/s:CD

^36:64 krad/sT3

Gain margin=9 db

ICC

Phase margiti=35 deg
-20C h

-50;
10  10 '  10  10 '  10  10 ‘

Frequency, rad/s
10' 10'

(b) Vs= 166.4 V, D = 0.32, 50% load {TIDCM)

- 1 0 0 '

100
pi =1.8 rad/s p2=3.41 krad/s z=6.74 krad/s

catca
5 Gain

a -100

Phase maigin=55 deg■200

1010
F'ecue.ncv rac.'s

(c) Vs= 166.4 V ,D  = 0.15,10% load {TIDCM)
(Fig. 4.4 continued)
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p1=1!0 rad/s

p2=24.14k rad/s 
ic r=35L:4k.cad/s-..-05

Gain mafgin=12.5dB

0

u -100

X

Phase margin=62 deg.

- 300 '
10

Frequency, rad/s 

(d) K  = 208 V, D = 0.366, Po= 1.7 kW {TIDCM)

IQ

10 10' 10 '  10 

Frequency, rad/s
10

(e) V,= 208 V, D = 0.24, 50% load {TIDCM)
(Fig. 4.4 continued)

100
p1=5 rad/s p2=12.37 krad/s

2=23.46 krad/s
CQ
d

Gainm»gin=12 dB

0*

Ï  -100

Phase margin=G5deg.
2  -200

-300
10'



185

jfrt=1i4rad  ̂ p2=2 39 krad/s z=9i,59; krad/s

X

Gam margin=10 dB •

e -IOC

■20C Phase margtn=53deg

to 10 10' to toto to 1 0 -

Frequency rad/s

(f) Kt= 208 V, D = O.l, 10% load {TIDCM)

pi =10 rad/s
cc p2=20.61 krad/s

^104.5 krad/s i

Gain margin=23 dB
:G

0)

(D“O

Phase ma^in=75 deg

-3C0
to10 u‘

Frequency rsd;s

(g) Vs = 260 V, D = 0.29, = 1.7 kW {TIDCM)
(Fig. 4.4 continued)
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IQQ

pt=10fad/s p2=20.61 kradfem
2=104.53 krad/s

05

Gain margiiT=24 fSB

0 ^

-2C0

■3C0 I

Phase margin=7Q deg.

10 10' 10- 
Frequency, rad/s

X-

10' 10

(h) Vs = 260 V, D = 0.18, 50% load {TIDCM)

pi =4 rad/s p2=l 9.44 krad/s
z=30.31 krad/sCD"O

Gam margin=41 dB

IOC

3 r

-100

Phase=margin=90 deg.

10 10“ 10 10“ 10-
Frequency. rad/s

10'

(i) Vs= 260 V, D = 0.09,10%  load {TIDCM)
Fig. 4.4 Frequency response (magnitude in dB and phase angle in degree) o f the output 

voltage to duty ratio transfer function for different line and load conditions. PSPICE 
simulation results at some discrete frequencies are marked by 'x'.
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4.7.2 Input to Output voltage transfer function

The frequency response o f the input voltage to output voltage transfer function given by 

(4.103) is presented in Fig. 4.5(a) to Fig. 4.5(c). It is observed from these figures that the 

perturbation in the input voltage v, is attenuated for the audio frequency range (20Hz to 

20 kHz) due to a low frequency pole corresponding to the bus capacitor.

= -50

05

-150

ro

-50 L

30 t-

~  '5 0  i

Frequency 'ac/s

(a) V, = 166.4 V, D = 0.49, = 1 -7 kW.

Fig. 4.5 continued.
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CQ
T5

0>■a

O)

50

0

■50

oo>
03
ro

2C0 '
10 10 10' 

Frequency, rad/s
10 '

(b) 208 V, D = 0.366, P o = \J  kW.

50 ;

CD•a

'C O  k

- ' S O  '

0 ,

g '=0'
oia>

-1Q0
mCOra

-2C0 L
10 1G' 1 0 '

Frequency, rad/s
10'

(c) K  = 260 V ,D  = 0.29, 1.7 kW
Fig. 4.5 Frequency response of the output to input voltage transfer function at full 

load for different input voltage conditions.
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4.7.3 PSPICE Verification

The output voltage to duty ratio transfer function is simulated using PSPICE for few 

discrete frequencies to verify the theoretical analysis. The results obtained from 

simulation are plotted along with the MATLAB results in Fig. 4.4. For the low frequency, 

the results obtained from steady-state analysis in Chapter 2 are presented. The simulation 

results show a good correspondence with the theoretical results for Fig. 4.4(b) to (i). For 

TICCM  as the duty ratio is close to the critical duty ratio (D = Dmax ~  0.5), the 

discrepancy is significant as shown in Fig. 4.4(a).

4.8 Closed Loop System
Based on the open loop analysis and frequency response, a closed loop system is 

designed in this section. The design is performed with following specifications:

a) To maintain the high steady-state gain o f the open loop system.

b) To provide a gain-crossover frequency o f 1.5 kHz.

c) To provide a phase margin o f at least 65°.

As the system behavior depends on the line a load conditions, design is done so that these 

specifications are fulfilled for full load at rated input voltage. At this operating point, the 

phase margin is approximately 180° at 1.5 kHz. The block diagram of the closed loop 

system is shown in Fig. 4.6. The reference voltage, V^f is chosen 3 V. The transfer 

function, H(s) for the feedback network is.

His)

Fig. 4.6 Closed loop control system for ac-to-dc converter cell.
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His) = KaK\+XaS) (4.105)

where the feedback attenuation, Ka = V n f^o  = 3/420 = 0.007. As the ripple frequency at 

the output is 100 kHz, the cut-off frequency, o f  the low pass filter is chosen 5 kHz. So, 

the value o f Xa can be obtained as follows:

Xa = 1 f(2n fc) = 31.83 ps (4.106)

The ratio o f duty cycle to the control voltage is assumed linear neglecting the linearity 

error, which is a function of the reference voltage Vr for A/D converter. So, the transfer 

function for 3  /vc is given by \!Vr where Vr = 5 W for ADC0801 to be used for duty 

conversion.

For the operating condition under consideration, a phase lead compensator is used to

obtain the specified phase margin at 1.5 kHz. The transfer function for the compensator

is,

1 +  —

1 + £_ (4.107)

where Geo = compensator gain

(ûz=lTrfz rad/s 

tûp = l%fp rad/s

For gain-crossover frequency yô(= 1.5 kHz) and phase margin O (= 65°), fz and fp are 

determined as follows [123]:

So, CO; = 2.1 krad/s and <0p = 42.54 krad/s. To obtain unity gain at fo  the compensator gain 

is determined to be Geo = 218.

The overall loop gain o f the control system is given by.



G{s)His) = G , i s ) ^ ^ n H { s )
Vc d

191

(4.110)

The frequency response o f the overall loop gain is shown in Fig. 4.7(a). This is 

obtained for rated input o f 208 V rms at full load with D = 0.366. Bode diagram o f this 

figure shows a phase margin o f 93° at the gain crossover frequency o f 1.39 kHz which 

satisfies the design specifications. The frequency responses for two extreme conditions 

are also given in Fig. 4.7(b) and Fig. 4.7(c). These responses show the stable operations 

as the gain-crossovers occur with large phase margins.

a"O

Gain-crossover frequency-1.39 kHz

o
cnZ)

u)

-:00 k

■ZOO  L

-400  '

Phase margin=93 degrees:

! C  ‘ C

f r e q u e n c y  r ad ' s
I C '

Fig. 4.7(a) 208 V ,D  = 0.366, /»„ = 1.7 kW

Fig. 4.7 (contd.)
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Fig. 4.7(b) V,= 166.4 V, D = 0.49, Po= 1.7 kW
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F r e q u e n c y  raG/s

Fig. 4.7(c) V,= 260 V, D = 0.09, 170 W

Fig. 4.7 Frequency response o f  the overall loop gain o f the compensated system.
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4.9 Large Signal behavior

Large signal behavior o f the converter cell, proposed in Chapter 2, is studied in this 

section using PSPICE simulation program. The study is performed with open loop for 

both the line and load changes and results are presented as follows:

4.9.1 Step change of load

The transient responses o f the converter due to the step changes in load are studied with 

open loop operation for rated and minimum input voltage.

Fig. 4.8 shows the PSPICE simulation results for a step decrease in load from full load 

to 10% load with rated input voltage of 208 V rms. Fig. 4.8(a) shows the boost inductor 

current, i)„, tank inductor current, ip, resonant inductor current, iu  and the primary 

referred output voltage, Vo'. As the input voltage and boost duty ratio are unchanged and 

dc bus voltage changes slowly (as Cp is very large), the boost inductor current also 

changes very slowly. As v& is relatively constant, resonant inductor current, iu  is also 

unchanged and follows the change in v&. But as the load is decreased to 10%, the tank 

inductor current, ip decreases and primary referred output voltage, Vo increases. It takes 4- 

5 HF cycle to reach new steady-state values o f ip and Vq'. The current through switch S2, 

is2, bus voltage, and the primary referred load current, / „ are also shown in Fig. 4.8(b). 

The decrease in isi follows the decrease in /p as i,„ is relatively unchanged, i^i and zV settle 

to new steady-state values with 4 to 5 HF cycle while the bus voltage takes few (2 to 3) 

line frequency cycles to reach increased steady-state value. All these results show that the 

ZVT o f  S2 is maintained during this step decrease o f load as diode D2 was conducting 

before S2 is on.

Fig. 4.9 shows the PSPICE simulation results for a step increase in load from 10%

load to full load with rated input voltage of 208 V rms. Fig. 4.9(a) shows the boost
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inductor current, //„, tank inductor current, ip, resonant inductor current, iu- and the 

primary referred output voltage, và. As the input voltage and boost duty ratio are 

unchanged and dc bus voltage changes slowly (as C& is very large), the boost inductor 

current, /,>, also changes very slowly. As bus voltage, Vf, is relatively constant, resonant 

inductor current, iu  is also unchanged and follows the change in v&. But as the load is 

increased to 100%, the tank inductor current, ip increases and primary referred output 

voltage, Vo decreases. It takes 4-5 HF cycle to reach new steady-state values o f ip and v<,'. 

The current through switch S2, t,2, bus voltage, v& and the primary referred load current i'o 

are also shown in Fig. 4.9(b). The increase in is2 follows the increase in /p as ii„ is 

relatively unchanged, isi and io settle to new steady-state values with 4 to 5 HF cycle 

while the bus voltage takes few (2 to 3) line frequency cycles to reach new steady-state 

value. All these results also show that the ZVT o f S2 is maintained during this step 

increase o f  load as diode D2 was conducting before S2 is on.

Simulation results obtained for a change in load from full load to 10% load and from 

10% load to full load with the minimum input voltage o f 166.4 V rms are given in Fig. 

4.10 and Fig. 4 .11, respectively. These results correspond to those in Fig. 4.8 and Fig. 

4.9, respectively. In Fig. 4.10(a) the change in resonant current, iu  is as follows: referring 

to Fig. 2.1 o f Chapter 2, iu  has two components, namely, current through Sa, /„  and 

current through Da2, ioai and iu~ isa^ioai- These components are marked in Fig. 4.8(a) to 

Fig. 4 .11(a). At full load with minimum input there is no current in the auxiliary switch 

Sa ( isa = 0 and S2 undergoes ZVS) but when load is decreased to 10%, ip decreases, ZVS 

o f S2 is lost and Sa conducts to ensure ZVT operation o f S2.
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Fig. 4.8(a) PSPICE simulation results (boost inductor current, /'ô,; tank inductor current, 
ip'j resonant inductor current, iu  and primary referred output voltage, Vg) for a step change 
in load from frill load to 10% load at rated input voltage, Pi = 208 V rms. Simulated 
converter details:_/i= 10 kHz, = 324.4 pH, Li=  625.5 pH, n = 1, C* = 982 pF, Co =  5.6 
pF, £ r=  32 pH, Cr2 = 15.7 nF, = C,a = Crf = 4.25 nF.
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Fig. 4.8(b) PSPICE simulation results (switch S2 current, iszi bus voltage, and primary
referred output current, io') for a step change in load from full load to 10% load at rated
input voltage. Vs =208 V rms. Simulated converter details are given in Fig. 4.8(a).
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Fig. 4.9(a) PSPICE simulation results (boost inductor current, (»,; tank inductor current, 
ipl resonant inductor current, iu  and primary referred output voltage, Vo*) for a  step change 
in load from 10% load to full load at rated input voltage, = 208 V rms. Simulated 
converter details are given in Fig. 4.8(a).
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Fig. 4.9(b) PSPICE simulatioii results (switch S2 current, isi; bus voltage, v* and primary
referred output current, /o’) for a step change in load from 10% load to full load at rated
input voltage, Pi = 208 V rms. Simulated converter details are given in Fig. 4.8(a).
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Fig. 4.10(a) PSPICE simulation results (boost inductor current, f,„; tank inductor current, 
ip-, resonant inductor current, iu  and primary referred output voltage, v,,’) for a  step change 
in load from 100% load to 10% load with minimum input voltage, = 166.4 V rms. 
Simulated converter details are given in Fig. 4.8(a).
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Fig. 4.10(b) PSPICE simulation results (switch S2 current, isii bus voltage, v& and 
primary referred output current, io') for a step change in load from 100% load to 10% load 
with minimum input voltage, 166.4 V rms. Simulated converter details are given in 
Fig. 4.8(a).
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Fig. 4.11(a) PSPICE simulation results (boost inductor current, it„; tank inductor current, 
ip; resonant inductor current, iu  and primary referred output voltage, Vo*) for a  step change 
in load from 10% load to 100% load with minimum input voltage, = 166.4 V rms. 
Simulated converter details are given in Fig. 4.8(a).
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Fig. 4.11(b) PSPICE simulation results (switch S2 current, isi; bus voltage, v* and 
primary referred output current, /V) for a step change in load from 10% load to 100% load 
with minimum input voltage, Vs= 166.4 V rms. Simulated converter details are given in 
Fig. 4.8(a).
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4.9.2 Step change in input voltage

The behavior o f  the converter due to step change in input line voltage is studied using 

PSPICE simulation program. This study is done at full load with open loop operation.

Fig. 4.12 shows the PSPICE simulation results at full load for a step decrease in the 

input line voltage from 208 V to 166.4 V rms. Input line voltage, v̂ , boost inductor 

current, ii„, tank inductor current, ip and resonant inductor current, io- are shown in Fig. 

4.12(a). As V, is decreased and bus voltage decreases slowly (due to large value o f Ci), 

the boost inductor current decreases. Tank current, ip follows the bus voltage change and 

response is slow. Due to the step decrease in v„ the resonant inductor current, iu  during 

the conduction o f Da2 (current, ioai recycled back to Ci) is decreased. Fig. 4.12(b) shows 

the common switch (S2) current, isi along with Vi, /V and Vo'. isj is decreased as i,„ is 

decreased and change in ip is relatively slow. The change in and Vg, follow the change 

in bus voltage as load resistance is unchanged. These results show that during this input 

voltage transient, input current is in DCM and ZVT tum-on o f S2 is maintained.

Fig. 4.13 shows the PSPICE simulation results at full load for a step increase in the 

input line voltage from 208 V to 260 V rms. Input line voltage, v̂ , boost inductor current, 

i,„, tank inductor current, ip and resonant inductor current, iu  are shown in Fig. 4.13(a). 

With duty ratio unchanged, as v, is increased and bus voltage increases slowly (due to 

large value o f C&), the boost inductor current increases and enters CCM near the peak o f 

V,.  Tank current follows the bus voltage change and response is slow (few line frequency 

cycle). Due to the step increase in v,, the resonant inductor current, iu  is increased 

(follows Vft) and shows peak current o f  35 A when enters CCM. This situation can be 

avoided using closed loop operation. Fig. 4.13(b) shows the common switch (S2) current, 

isi along with v&, iV and Vg. isz is increased as //„ is increased and change in ip is relatively 

slow. The increase in isi shows that during the step increase in input voltage, closed loop 

operation is very important. The change in /V and Vq', follow the change in bus voltage as 

load resistance is unchanged.
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Fig. 4.14 shows the PSPICE simulation results at full load for a step decrease in the 

input line voltage from 260 V to 166.4 V rms. Input line voltage, v,, boost inductor 

current, Û, tank inductor current, ip and resonant inductor current, iu  are shown in Fig. 

4.14(a). As Vf is decreased and bus voltage decreases slowly (due to large value o f C b ) ,  

the boost inductor current decreases, ip follows the bus voltage change and response is 

slow. Due to the step decrease in v„ the resonant inductor current during the conduction 

o f  Da2 (current recycled back to Cb) is decreased. Fig. 4.14(b) shows the common switch 

(S2) current, isi along with v&, /V and Vo'. / ,2  is decreased as is decreased and change in 

ip is relatively slow. The change in /<,' and Vo, follow the change in bus voltage as load 

resistance is unchanged. These results show that during this input voltage transient, input 

current is in DCM and ZVT tum-on o f  S2 is maintained.
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Fig. 4.12(a) PSPICE simulation results (input line voltage, v̂ ; boost inductor current, iu,', 
tank inductor current, ip and resonant inductor current, iu) for a  step change in input 
voltage from 208 V to 166.4 V rms at rated load. Simulated converter details are given in 
Fig. 4.8(a).
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Fig. 4.12(b) PSPICE simulation results (bus voltage, v ;̂ switch S2 current, isz', primary 
referred output voltage, Vo and primary referred output current, /V) for a step change in 
input voltage from 208 V to 166.4 V at rated load. Simulated converter details are given 
in Fig. 4.8(a).
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Fig. 4.13(a) PSPICE simulation results (input line voltage, v,; boost inductor current, 
tank inductor current, ip and resonant inductor current, iu) for a step change in input 
voltage from 208 V to 260 V rms at rated load. Simulated converter details are given in 
Fig. 4.8(a).
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Fig. 4.13(b) PSPICE simulation results (bus voltage, v*; switch S2 current, isi; primary 
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input voltage from 208 V to 260 V at rated load. Simulated converter details are given in 
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Fig. 4.14(a) PSPICE simulation results (input line voltage, v̂ ; boost inductor current, 
tank inductor current, ip and resonant inductor current, iu) for a step change in input 
voltage from 260 V to 166.4 V rms at rated load. Simulated converter details are given in 
Fig. 4.8(a).
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4.10 Conclusions

In this chapter, the small-signal analysis o f the single-stage ac-to-dc bridge converter cell 

was performed using the state averaging technique. For this purpose an operationally 

equivalent circuit consisting of cascaded boost section and dc-to-dc section was used. The 

output voltage to the duty ratio and the input voltage transfer function were derived. 

Using MATLAB analysis, the theoretical frequency response o f the transfer functions 

was obtained for different line and load conditions. PSPICE simulation results at some 

discrete frequencies were obtained and presented to verify the analysis. A closed loop 

system was designed at rated operating point based on the open loop frequency response. 

The loop was closed at 1.5 kHz for this operating point. Frequency responses of the loop 

gain for two extreme operating conditions are also given. These responses show stable 

operations at these operating conditions. The large signal behavior o f the converter cell 

was studied using PSPICE simulation program. The simulation results show that closed 

loop system is required to improve the converter response as iu  etc. increase during 

the step increase in line voltage. The dynamic behavior studied for single cell is valid for 

the multiphase converter provided the effect o f  paralleling at the line and load ends are 

taken into account. Because of paralleling at the input (line end), there is change in line 

current. The load end paralleling increases the effective output ripple frequency and the 

output filter capacitor value is changed. As a result, the analysis may be modified using 

proper value o f  effective output capacitor, C o. This value should be C'oJ3 where Com is 

the effective output filter capacitance o f the 3-cell multiphase converter. While designing 

the closed loop system, the increased output ripple frequency has to be considered.
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Chapter 5 

Conclusions

This chapter deals with the summary o f  the contributions and results o f this thesis work 

with some suggestions for future research in this area. The chapter outline is as follows; 

major contributions o f this thesis work are outlined in Section 5.1. A summary of the 

thesis work is given in Section 5.2. Section 5.3 states some suggestions for future 

research.

5.1 Major contributions

A l-O  single-stage soft-switched HF transformer isolated ac-to-dc bridge converter using 

a new gating scheme [38] was proposed and studied in this thesis. Based on this single- 

stage converter, a single-stage ac-to-dc multiphase converter was proposed and studied. 

The proposed multiphase converter consists o f three phase-shifted single-stage ac-to-dc 

cells. As the total power is handled by three cells, better thermal management is ensured. 

The proposed fixed frequency ac-to-dc multiphase converter operates with ZVS for a 

wide variation in line and load. The main contributions o f this thesis are summarized as 

follows:

1) A 1-0 single-stage soft-switched HF transformer isolated ac-to-dc bridge 

converter with a new fixed frequency gating scheme [38] using only four switches 

was proposed in Chapter 2. A complete steady-state analysis o f  the proposed 

topology was presented for fixed frequency operation. All possible operating 

modes and intervals in those modes were identified and analyzed.

2) Based on the analysis, design curves were obtained and a design example was 

presented to explain the design procedure and to predict the converter 

performance.
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3) Based on proposed single-stage ac-to-dc bridge converter (cell) o f  Chapter 2, a 

single-stage soft-switched ac-to-dc multiphase converter was proposed in Chapter

3. Analysis o f  a  cell was extended to the proposed multiphase converter.

4) It was shown that optimum number o f cells to reduce HF ripple in the line current 

was N =  3.

5) Small-signal analysis o f  a  cell was presented based on an operationally equivalent 

circuit. Frequency response o f the small-signal model was studied and a closed 

loop control system was presented.

6) Large-signal behavior o f the converter was studied using PSPICE.

7) Laboratory prototypes were built to verify the operation o f the proposed cell and 

the multiphase converter.

A detailed summary o f the work is presented in Section 5.2.

5.2 Summary of the thesis work

A detailed literature survey has been presented on the single-stage ac-to-dc converter and 

the multiphase converter.

In C hap ter 2, a 1-0 single-stage HF transformer isolated soft-switched ac-to-dc 

bridge converter cell was proposed. Various operating modes of the converter cell at 

different line and load conditions were discussed. All the operating intervals in these 

modes were identified and detailed analysis and steady-state solutions were presented. 

Based on the steady-state solutions design curves and performance characteristics were 

obtained for different line and load conditions. Optimum design point was given. A 

design example for a  1.7 kW, 420 V, 50 kHz single-stage ac-to-dc bridge cell were 

presented to illustrate the design procedure. All the components ratings were presented 

and loss distribution was given. PSPICE simulation results were presented and compared 

with the theoretical results. To verify the operation o f the proposed converter ceil, a 500 

W, 110 V rms input, 210 V output, 50 kHz (switching frequency) ac-to-dc experimental 

prototype was built using fast IGBTs and experimental results were presented. The
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theoretical, PSPICE simulation and experimental results were compared and good 

correspondence was observed. This single-stage ac-to-dc cell enjoys the following 

features:

1. As the boost inductor operates in DCM, natural power factor correction is 

obtained and no active control (complex circuitry) is required. The experimental 

THD varies from 11.3% at full load to 15% at 9.4% load.

2. The common switch (S2) undergoes ZVS operation only at TICCM  while the 

other switches enjoy ZVS operation for a wide line and load range. This was 

ensured by an optimum design presented in this chapter. At TIDCM, 82 looses 

ZVS operation but its complementary switch (SI) turns off with zero loss. In this 

mode, a simple single-switch auxiliary circuit assists S2 to undergo ZVT. 

Therefore, all the switches turn on with ZVS.

3. As the low frequency energy is stored in the bus capacitor, the low frequency 

ripple is absent at the output. So, only high frequency filter is required at the 

output.

4. The leakage inductance o f the isolation transformer is used as a part o f the tank 

inductor and switch output capacitances were used as part o f  snubber capacitors.

5. The output rectifier diodes turn off with zero current. As a result, the turn-off 

voltage spikes due to dUdt are absent. The output rectifier diodes voltage rating is 

restricted to the output voltage of the converter cell.

In C hap ter 3, a single-stage soft-switched ac-to-dc multiphase converter was 

proposed. The single-stage ac-to-dc cell presented in Chapter 2 was used to realize the 

multiphase converter. Various operating modes and intervals were identified and analysis 

was presented. Based on the analysis steady state solutions were presented. The steady 

state solutions were used in a study to determine the optimum number o f cells, Vand N  = 

3 was chosen for this work. A design example for a 5 kW, 420 V, 50 kHz ac-to-dc 

multiphase converter was presented. Two consecutive cells in this converter were phase 

shifted by 2ti/2 radians. The designed converter was simulated using PSPICE simulation 

program. The simulation results were presented and compared with the theoretical results. 

To verify the operation, laboratory prototype for a 1.5 kW, 110 V rms input, 210 V
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output, 50 kHz switching frequency 3-cell multiphase converter was built using fast 

IGBTs. The experimental results were presented. This converter has the following 

features:

1. The HF harmonics in the line current are reduced due to the ripple cancellation effect.

2. Converter power factor is improved and the line current THD is mainly due to the line 

frequency harmonics as the high frequency harmonics are significantly reduced. The 

experimental THD varies from 10.5% at full-load to 13.6% at 9.4% load.

3. The soft-switching features for all the cells are maintained like the single-cell 

converter studied in Chapter 2.

4. All the cells are processing equal power. Therefore, uniform thermal distribution is 

obtained.

5. Because o f HF isolation transformer, as a bonus, the inter-cell cross conduction 

problem is eliminated.

In Chapter 4, small-signal analysis o f the single-stage ac-to-dc converter cell was 

presented using state-space averaging technique. This analysis is based on an 

operationally equivalent circuit where a  DCM boost converter is cascaded by a dc-to-dc 

converter. The analysis was done for both TICCM  and TIDCM  modes. The control to 

output voltage and the output voltage to input voltage transfer functions were derived. 

The frequency responses of the transfer functions were plotted using MATLAB analysis. 

PSPICE simulation results at several discrete frequencies were presented for comparison. 

The frequency response shows the stable operation for all line and load conditions imder 

consideration. This small-signal analysis can be extended to the multiphase converter.

Based on the frequency response, a closed loop control system was designed and 

frequency response was presented. The loop was closed at the rated operating conditions, 

as operation was dependent on the operating point and this operating point is the 

operating point at the nominal voltage and full load. The response o f the closed loop gain 

was studied for two extreme operating conditions. These studies show the stable 

operation o f the system.
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The large-signal behavior o f the converter cell was studied with open loop using 

PSPICE simulation program. The study was done for several line and load transients 

(step change). The results were presented in this chapter. The results show that the closed 

loop system is required to improve the transient performance during the step increase in 

line voltage.

5.3 Suggestions for Future Work

Various aspects o f  the single-stage ac-to-dc bridge converter and its extension to 

multiphase converter were studied in this thesis. The future work should address the 

following topics:

a) Although all the switches in the ac-to-dc cell are soft-switched, the auxiliary 

switch is still hard-switched. Also, there are HF oscillations due to the 

resonance between resonant inductor and auxiliary switch output capacitance. 

Alternate soft switching schemes should be investigated to overcome these 

problems.

b) Practical implementation o f the closed loop system is to be done and verified.

c) Small-signal analysis and PSPICE simulation of the proposed single-stage ac- 

to-dc converter cell is to be extended for multiphase converter.

d) Large-signal behavior o f a cell was studied using PSPICE but detailed large- 

signal analysis and PSPICE simulation is to be done and extended to 

multiphase converter.

e) Study has to be performed to find the effect of line and load transients on the 

load sharing among the single-stage cells in the multiphase converter.

f) A 5 kW converter has to be built and tested for the given specifications.
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APPENDIX A 

Loss analysis and Efficiency calculation

This appendix deals with the analysis o f  different losses involved in the ac-to-dc 

converter and the prediction of converter efficiency at different load and line conditions. 

The losses obtained will be taken into account to find efficiency o f the converter o f  

Chapter 2.

A.1 Loss Analysis

All the losses associated with the single-stage ac-to-dc bridge converter can be divided 

into following categories:

(1) Losses in the single-stage (boost and bridge) section (excluding input rectifier)

(2) Losses in the high frequency transformer and

(3) Losses in the input and output rectifier.

(4) Losses in the auxiliary circuit.

A. 1.1 Losses in the single-stage section

All the losses related to the front-end boost section and the following bridge section are 

discussed with different headings as follows:

(a) Switching losses: Switching losses occurring in the single-stage section o f the 

proposed ac-to-dc converter are as follows:

•  Turn-on loss: At turn on, if  voltage across switch and current through it are 

simultaneously present, then tum-on losses occur. However, in the proposed converter all 

the switches turn on with zero voltage across them. Hence, in this converter section tum- 

on losses are negligible and will disappear in the analysis.
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•  Turn-off loss-. Although loss less capacitive snubber circuit has been used for soft turn­

off o f  the converter, it cannot eliminate the turn-off losses completely. To analyze the 

turn-off losses the switch turn-off mechanism has to be considered. In [9] a systematic 

way o f calculating turn-off losses has been presented. The equation to find the turn-off 

loss is reproduced here as follows:

12
W (A.1)

where, Vb = dc bus voltage

/o = switch current at the beginning o f the turn-off

t f  = fall time

fs  = switching frequency

(6) Conduction losses: When a switch is conducting, due to the voltage drop across it a 

certain amount o f conduction loss is occurred. However, the voltage across the switch in 

conduction depends on the type o f switch being used. The conduction loss. Pan for IGBT 

is given by,

W (A.2)

where, VcEcsaoav is the average value o f saturation voltage and Awm, is the average switch 

current.

(c) Diode loss: The anti-parallel diode loss depends on the duration of diode conduction. 

In other words, the loss is a function of the diode average current, Idav as follows:

W (A.3)

where, V/d =  diode forward voltage drop

Idav= corresponding diode average current
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(d) Q loss: The internal resistances o f  the boost inductor, and the tank inductor, Li 

cause power losses. This loss named Q-loss is given by,

p  = W (A.4)

where, Q is inductor quality factor, cot=2nfs and h  is the corresponding inductor rms 

current.

(e) Base or gate drive loss: There is some power loss to drive the base (for bipolar) and 

gate (for IGBT) o f the converter switch. For the IGBT the gate drive loss is small. As the 

efficiency is predicted for ac-to-dc converter based on IGBT, total o f this loss is taken as 

2 watts for the upcoming analysis.

A.1.2 Losses in the HF transformer

The high frequency transformer is used for isolation and voltage translation requirements. 

Losses in this transformer consist o f  the following:

• copper losses in the windings which have already been included in Q loss o f  Li

• eddy current loss in the transformer core and

• hysteresis loss in the core.

In the analysis carried in Chapter 2, total transformer loss is taken to be 1% o f  the net 

output power, Po.

A.1.3 Losses in the input and output rectifier

The loss in the input and output rectifier is due to the voltage drop across the conducting 

diodes. This loss, called diode conduction loss, is expressed as,

(A.5)

where, is the rectifier diode forward drop and Id is its average current.
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A.1.4 Losses in the auxiliary circuit
Following loss components occur in the auxiliary circuit:

(a) Tum-on loss: The turn on loss o f Sa is calculated using the following equation:

P aon  =  Vb ion tc (o n /s  /2 W (A.6)

where, ion is the on-state current o f Sa and tc<on) is the tum-on cross-over time.

(b) Conduction loss: The conduction loss o f Sa (MOSFET) is calculated as follows:

Paeon ^arms Pdona  W (A.7)

Where. 4r»u=Auxiliary switch rms current.

Rdona= On-State resistance of Sa.

(c) Tum-off loss: The tum -off loss o f Sa is calculated as follows:

Paojr^ap\Vlfs/24Coa W (A.8)

where, iap=  peak auxiliary switch current.

Coa= Auxiliary switch output capacitance.

(d) Auxiliary diodes loss: This loss is calculated using (A.3).

(e) Resonant inductor loss: This loss is calculated using (A.4).

A.2 Efficieucy Calculatiou

All the loss components and converter efficiency calculated for different load and line 

conditions are presented in tabular form in Chapter 2. The converter efficiency is 

calculated for different line and load conditions using the following equation:

Ejficiency, r\=  Power----- ^  ̂  gg % (A.9)
Output Power + Loss




