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Abstract

This thesis presents the operation, analysis, simulation and experimental results of 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 of the boost inductor, natural power factor correction and low
THD are ensured. The single-stage ac-to-dc muitiphase converter is realized based on this

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

The steady-state operation of the single-stage bridge converter is explained for all
operating modes. Intervals of operation in these modes are identified and analyzed. The
steady-state solutions are presented. Based on these solutions, design curves are obtained.
Design example of 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 of 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 of the single-stage bridge converter cell are extended to the multiphase
converter. It is shown that N =3 is near the optimum number of cells to reduce the input
current HF harmonic components. A design example of a 166 to 260 V (rms) input, 420
V output, 5 kW converter switching at 50 kHz is presented. PSPICE simulation resuits
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



iii

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 of 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 of the transfer functions are
plotted using MATLAB program and verified by PSPICE simulation results. A closed
loop control system is designed and frequency response of the overall loop gain is
presented. Large-signal transient behavior of 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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Chapter 1

Introduction

This thesis presents the operation, analysis, simulation and experimental results of a
single-phase (1-®) 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 of 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 of 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 of 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 of 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 of 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 turn-on and turn-off transitions of the
switch. This type of converter suffers from some drawbacks including the following:

a) High switching stress on the switches,

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

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

and dv/dt during turn on and turn off.
As the switching frequency is increased, the above-mentioned shortcomings become

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

size of 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 of the
hard-switched converters. The turn-on and turn-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 of 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 of double-ended resonant converters, namely, series resonant converter (SRC),



parallel resonant converter (PRC) and the series-parallel resonant converter (SPRC). The
characteristics of 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 of 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 turn-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 of resonant inductor and rectifier diode junction capacitor. To overcome the
aforementioned drawbacks of QRCs, multi-resonant converters (MRCs) have been
developed [18-21]. The arrangements of 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 of 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 of an active auxiliary
circuit, which becomes active only during the switching (turn-on or turn-off) transitions,
then it is called the soft transition converter. Soft transition converters are mainly of two

types: zero-voltage transition (ZVT) 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 of the rising voltage
with the falling current, turn-off loss will occur. If the switch is turned off with non-zero
current then the stored energy in the parasitic inductance of the switching device will
cause turn-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 of strict harmonic standards such as IEC1000-3-2, ANSI/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 of 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 of 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 singie-

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

1.4 Multiphase Converter

Parallel operation of 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 of semiconductor devices due to a smaller power processed through each small
unit. Basically, multiphase converter [93-118] is a variation of 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 of multiphase converters. The followings are a few of the

many advantages of a multiphase converter:

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

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

¢) 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 of 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 efficient EMI filter [94,97,101].

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 of this approach as:
a) A higher part counts [97].

b) More complex control scheme [97].



1.5 Literature Survey

The concept of multiphase technology is not new though a wide range of terminology is
used to describe the phenomenon of 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 of multiphase conversion has lead to diverse variety of research. Basic
idea of 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 2n/NV
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 of 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 of
the dc-dc converter and the effective frequency was 80 kHz (4 times switching
frequency). This allowed the input and second-stage output filters of 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 of 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 of 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 of the total system in the case of the failure of a sub-
converter. The authors recommended the extension of the idea to parallel resonant
converter (PRC) but instead of 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 of output from two sub-converters leading to the
validity of multiphase topology with series-parallel resonant (LCC-type) converter with
high efficiency of about 95%. The work of Klaassens etal. [96] reported the
improvement of the input and output ripple using multiphase technique justified by
Fourier Series analysis of the current waveforms for both the continuous and
discontinuous resonant current mode. This analysis demonstrated that the trivial phase
angle ¢ = 2n/m for m phase is not the optimal solution for the elimination of harmonics in
the external waveforms of a conversion system for any mode of operation. For m = 2,
even harmonic components are not reduced for ¢ = m 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 of 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 of integrated circuit (IC) technology the

significance of 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 of different
interleaving technique for forward converters. Because of 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 of one choke contributes better power density. So, the use of soft



switching to reduce turn-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 of converter at increased
frequency with traditional hard switching pulse width modulation (PWM), the switching
(turn-on and turn-off) losses increase along with the diode reverse recovery losses. In
[100] Tsai et. al. identified the turn-off loss in the switches of HF interleaved single-
ended converter during the resonant reset of the isolation transformer. The authors
outlined an active primary switch voltage-clamp circuit to properly reset the transformer.
Use of this active clamp circuit permits the utilization of lower rating switching devices
contributing less conduction loss. To avoid very high voltage build up across one of 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 M interleaved modules.
This work also developed efficient 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 et. al. proposed a novel ZVT PWM
buck multiphase converter which uses a new auxiliary circuit consisting of only one
switch which provides ZVS condition to all the main switches and diodes of all phases.
This work also suggested the extension of the idea to boost, buck-boost and Cuk
converters. This work presented the operation of 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 of the number of 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 of 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 lcsses 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 of 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 of [104], as presently high-speed
switches are available.



10

In [106] Barbi et. al. presented a new parallel connection of boost converter in CCM
with power factor correction. By means of 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 of multiphase topology have previously been applied to 1-® power
converter [103-106] with DCM and CCM operation. Robinson et. al. [107] reported the
use of interleaving technique for 3-® 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 of systems with a
wide range of ratings using a single cell design. As a result, the system is hot-swap
capable leading to a high level of 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 of current and thermal stresses among the modules
and to prevent operation of 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 of lower rating transformers, inductors and switching devices. This survey

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

¢ The efficiency of 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 of ac-to-dc multiphase

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

e 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.

e Most of 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.

e In [38], a new fixed edge complementary PWM control scheme suitable for single-
stage operation of ac-to-dc converter is proposed. Based on this scheme, work [57,58] has
been done on 3-® single-stage ac-to-dc converter. But the behavior of this gating scheme

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

e 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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e For a reliable uninterruptible power supply system, the output of 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.

e No work has so far been done on the small-signal and large-signal behavior of 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 of the order of 5 kW output, using 1-® 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, V; =208 V rms with variation of +25%, -20%.
Output voltage, V,=420 V.

Output power, P, = 5 kW.

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

Possibilities of extension to higher power levels.

Because of 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 of 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 of 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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AC/DC Boost Converter —T-T_ DC/DC soft-switched HF
- with DCM/soft-switching. transformer isolated
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Fig. 1.1 Two-stage multiphase converter with multiple AC-to-DC boost sub-
converters and single DC-to-DC sub-converter.

o»Or

AC/DC Boost Converter T DC/DC soft.-switched HF
6—?_ with DCM/soft-switching. T Cs transformer lscg;ltt)ecc:i |
- rter. -
1-¢ * [AC/DC-1] converter. [D 1
Supply
AC/DC-2 + Cs DC/DC-2
AC/DCN + Cs DC/DC-N

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



14

) Single-stage transformer isolated T c L 6
AC/DC converter. [Cell-1] S N
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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 of 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 of this thesis as follows.

In Chapter 2, a soft-switched 1-® 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 of different operating modes and intervals in these modes.

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

is given.



c)

d)

g)
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Based on the analysis, design curves and operating characteristics are
obtained.

A design example is presented to illustrate the design procedure.
Performance of the designed converter is predicted theoretically and all
device ratings are estimated.

PSPICE simulation results are given to verify the operation and
performance of the converter.

Prototype experimental results confirming the analysis and performance

are presented.

In Chapter 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)

b)

c)
d)

e)

Operation and steady state analysis of the single-cell of Chapter 2 is
extended to multiphase converter.

A study to determine the optimum number of cells, N to reduce HF
harmonics in the line current is presented.

A design example is presented with explanation on the design constraints.
PSPICE simulation results are provided to verify the analysis and
operation of the converter.

Prototype experimental results are presented to confirm the analysis and

operation of the converter.

In Chapter 4, the small-signal analysis of the single-stage cell proposed in Chapter 2

is presented for all operating modes. Frequency response of 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 of the converter cell for open loop operation obtained

from PSPICE simulation is also presented in this chapter.



16

In Chapter S, the summary of 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 1-® single-stage high frequency (HF) transformer isolated ac-to-dc
bridge converter to be used as a cell of the multiphase system mentioned earlier in
Chapter 1 is presented. The converter configuration, principle of operation and detailed
analysis of 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 of a single switch auxiliary circuit.

The layout of 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 of the
converter cell. Converter diagram and principle of operation are given in Section 2.3.
Different modes of operation are explained in Section 2.4. Section 2.5 presents detailed
analysis of the converter. The design of the converter is presented in Section 2.6 with a
design example. Theoretically predicted performance of the designed converter is also
presented in Section 2.6. Simulation and experimental verifications are given in Section

2.7 and Secticn 2.8, respectively. Section 2.9 states the conclusion of 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 of strict harmonic standards such as IEC1000-3-2,
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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 of these drawbacks. In [38] a new fixed edge complementary PWM
control scheme suitable for single-stage operation of ac-to-dc converter is proposed.
Based on this scheme, work [57,58] has been done on 3-® single-stage ac-to-dc
converter. But behavior of this gating scheme for 1-® single-stage ac-to-dc converter is
not known. Operation, analysis, simulation and experimental verifications of this scheme
on 1-® converter are also unavailable in the literature. For 1-® 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 (S1) undergoes zero-current turn-off. Based on
this gating scheme, this work proposes a 1-® single-stage ac-to-dc converter with HF
transformer isolation and soft switching to be used as a cell of the proposed multiphase
converter shown in Fig. 1.3 for industrial UPS applications. Operation, analysis, a design

example, theoretical, simulation and experimental resuits are presented.

2.2 Assumptions

The assumptions made while dealing with the operation and analysis of a 1- ® single-

stage ac-to-dc converter are as follows:

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

b) The switching frequency of the converter is much higher than the line frequency so
that during each HF switching period (¢,), input voltage can be assumed constant.

¢) Load voltage is constant during .

d) All circuit components are ideal.

e) The effect of HF transformer magnetizing inductance is neglected and the leakage
inductance is considered as a part of the tank inductor, L; .

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 of 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 of the switches. The dc-to-dc bridge converter is integrated to the input
stage through S2 and D1. The input boost inductor, L;, operates in DCM to ensure natural
power factor correction. An optimum design along with the gating scheme ensures ZVS
for the switches S1, S3 and S4 at all line and load conditions. But switch S2 loses ZVS at
reduced load. To assist the ZVT turn-on of 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 of a single switch (Sa), a resonant inductor, L, and two auxiliary diodes
(Dal and Da2). It requires a simple control circuit. However, the auxiliary switch is hard
switched and ringing between L, and output capacitance of Sa calls for a saturable
inductor. The two-switch auxiliary circuit of [39] overcomes some of 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 of [29], based on [36], provides less turn-
off loss of 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
of [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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Fig. 2.1 Proposed single-phase single-stage soft-switching ac-to-dc converter cell diagram.

2.4 Modes of Operation

Different independent modes of 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 of the converter must
operate in DCM. However, to ensure DCM operation at all line and load conditions, the
boost inductor operation should be in the just continuous current mode (JCCM) at the
peak of the minimum input line voltage at full load and in DCM at other part of the line
frequency half cycle. The typical waveform for the boost inductor current, i;, 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 t and ¢,
respectively. The boost inductor, L,, is charging through any of the two diagonal pair of
the input rectifier diodes depending on the position (z1) of the HF switching cycle along
the line frequency scale (time variable, f) when S2 is turned ON. As shown in Fig. 2.2 to
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Fig. 2.4, duration of this charging is Dt,. When S2 is off, the boost inductor current starts

decreasing to zero. The duration for this time is, Dy;sc/,.

Depending on the line and load conditions, the tank inductor (L;) current, i, can be in
continuous or discontinuous mode called tank inductor continuous current mode (T/ICCM)
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, vg4 will be
a square wave and the operation will be in 7/CCM 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 T/CCM. 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 T/IDCM operation is shown together with the
operating waveforms of 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 T/ICCM 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. i, 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 turn-on operation of S2 is lost here but S1 is undergoing ZCS turn-off. During
interval 1, the auxiliary switch S, is turned on as shown in Fig. 2.4. The resonant current
discharges the capacitor across S2 and D2 conducts ensuring ZVS tm-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 t = f;, auxiliary switch Sa is turned on. As S, is turned on, resonance between L,

and C,,= C5;+Cs; brings the voltage across C,; to zero and at the same time voltage
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Fig. 2.2 Gating signals and operating waveforms for T/CCM at full load with minimum

input voltage for the configuration shown in Fig. 2.1.
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(b) Interval 1b (#'-t¢")
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(g) Interval 4 (13-1s) (h) Interval Sa (t4-14")

Fig. 2.5 Condd...
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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; increases to bus voltage V. The time required for this is one-fourth of the
resonant period. At ¢ = fo', the resonant inductor current iz, = /; and vs; = 0. As the voltage

across diode, D2 reaches zero, D2 starts conducting at ¢ = f'. ii» and i, also start
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increasing linearly. So, the summation of the currents through D2, L;, and L, flows
through Daland Sa. At ¢ = 1,", Sa is turned off and L, starts discharging the stored energy
to the bus voltage through Dal and Da2. Immediately after Sa is turned off, S2 is turned
on with ZVS before D2 current goes to zero at ¢ = r;. The energy still available in the

resonant inductor L, continues to discharge to the bus capacitor C, until i;,=0atr=1¢,'.

2.5 Analysis

Based on the simplified assumptions made in Section 2.2, analysis is presented for both
TIDCM and TICCM operation of the converter. The time variable during each HF
switching period is represented by ¢, in the line frequency scale by t and the HF period is
by 7, as marked in Fig. 2.2. Section 2.5.1 gives the general solutions for 7/DCM 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 (to-t;): This ZVT interval is in between f and ¢;. This interval has three sub-
intervals as follows:

Sub-interval 1a (to-to"): The equivalent circuit during this sub-interval is given in Fig.
2.5(a). vga = 0, i, = 0, but S4 is gated. Sa is turned on at 1 = fo. As shown in Fig. 2.4,
resonant inductor current iz, through Sa and Dal brings down the voltage vs; = v, to zero

at the end of this sub-interval. The resonant current during this sub-interval can be
represented by:

di 1 ..
Lr—‘;i—’-'i'afludl':Vb (21)
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Vs, = voltage across bus capacitor Cp.
The solution for iz, with i, (1g) =0 is.

i, (1) =0V, /{JL,]C sinw, (t—1,) 2-2)

where o,=1/{LC, 2.3)

The voltage across S2 can be represented as:

v =V, coso,(f—1) (2.4)

At the end of this sub-interval, at ¢t = o', iz, = [ and v;2= 0.

Sub-interval 1b (ty'-ty"): 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 /, as shown in Fig. 2.4.

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

The differential equation for tank current is,

L(di,[dty=V, -V, (2.5)
where Vo' = V,/n = output voltage referred to primary.
With the initial condition, i,(#,")=0, the solution for current i, is:
i,)=[(V,-V,)/LIu-1'") (2.6)
Assuming input voltage is constant during the HF period (1) to 1i+1,) at vi,= Visin(om),

the boost inductor current i, is given by:

i, ()=[V,sinoT)/ L,Jt-1") 2.7

where oy = line frequency in rad /sec.

As D2 is conducting, the current through the resonant inductor L,. auxiliary switch Sa and
diode Dal during this sub-interval is the summation of /. i,, and i, as follows:

ilf) = isa(t) = Iy +ip(t) +lin(t) 2.8)
At the end of this interval at 1 = t;",

. N , . " v (2'9)
iin(tg"") = [(Vp sinoyty)/ Ly )19 —1g")
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in(tg")=Wp —Vo' Nto"'—10")/ L (2.10)

Sub-interval 1c (1"-t1): The equivalent circuit for this sub-interval is given in Fig. 2.5(c).
This sub-interval begins at ¢ = 7" when Sa is turned off. The resonant inductor current
now discharges its energy to the bus capacitor C, through diode Dal and Da2. Tank
inductor current i, and boost inductor current /,, keep on increasing linearly according to
(2.6) and (2.7), respectively. The current through L, during this sub-interval is given by,
i (t) =i (te™) -V (t-1") /L, (2.12)

During this sub-interval, common switch anti-parallel diode (D2) current ip; is related to
irr. ip and i,, as follows:

ipp(t-10") = i (1-10") - ip(t-10") - in(t-to") (2.13)
S2 should be gated during this sub-interval before D2 current goes to zero at the end of
this sub-interval at ¢ = ¢,.

Interval 2a (ti-1,"): The equivalent circuit for this interval is shown in Fig. 2.5(d). S2 is
turned on with ZVS. vg, = V}, switches S2 and S4 are conducting. As the boost inductor
L., is now shorted through the rectifier diodes and S2. current i,, increases linearly
according to (2.7) until S2 is turned off at ¢ = f>. At the same time. S2 and S4 also work in
the inverter bridge to supply energy to the load. The tank current i, keeps on increasing
linearly according to (2.6). Inductor current i;, keeps on decreasing and is related to iy, iin
and is; as given in (2.14).

The current through the switch S2 is:

Is2(0) = ijn () +ip (1) —ip, (1) (2.14)

The current through the switch S4 is same as the tank current:
isq () =ip(O) =V = V5" )/ L)t —1g") (2.15)
At the end of this interval, i (t = ;") =0.

Interval 2b (t,'-t2): The equivalent circuit for this interval is given in Fig. 2.5(e). This
interval starts when i;, reaches zero. S2 and S4 are conducting. S2 and S4 currents are
given by (2.14) and (2.15), respectively with i;,=0.

At the end of this interval, i, (t = t2) = 4.
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Interval 3 (12-t3): The equivalent circuit for this interval is given in Fig. 2.5(f). At¢ = ¢,
S2 and S4 are turned off. The current /,; = i (¢t = 1;) discharges the capacitors across S1
and S3 and charges those across S2 and S4. Consequently D1 and D3 will turn on
facilitating the zero voltage turn-on of S1 and S3. As this discharge occurs at constant
current during this interval, the equation for i, and i, is:

ip (8) =1 and iip(f) = Linp (2.16)
where Iinp= peak value of ijy,.
vg4 changes polarity during this interval and at the end of this interval, vg, = -V}.

Interval 4 (t;-t5): The operational equivalent circuit for this interval is shown in Fig.

2.5(g). Diodes D1 and D3 are conducting and the tank current i, starts deceasing from /,

towards zero. vg; = -V,. The differential equation governing this interval is:

Li(di, ! dr) = -V}, +V,) 2.17)
The solution for i, during this interval is:
ip(t)=1.-(l_(Vb+’/¢;)(t_t3)/[‘l (2.18)

The current through D3 is:

i (=i, =1, = [V, +V,)/ L)t = 1,) (2.19)
The boost inductor current is also decreasing linearly with a different slope through the
diode D1 in this interval. The differential equation for this current is:
Ly (diy, /dt) = —(Vy =V, sineyty) (2.20)
The solution for the input boost inductor current is:
Iin(t) = linp —[(Vp —Vipsinoyty)/ Ly (1 - 13) 2.21)
So the current in D1 will be:
ipi(r) = ip(t) +ij (¢)
=14 =(Vp +Vo' ) L)t = 13) + Liyp = (Ve — Vi sinoyty)/ Ly J(2 = 15)
(2-22)
At the end of this interval i,(14) = 0, but the current through D1 is not zero.
Interval 5 (14-ts): As D1 and D3 were conducting S1 and S3 can be tuned on with ZVS
but D1 is still conducting. So there are two sub-intervals as follows:
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Interval 5a (t4-14"): The equivalent circuit is given in Fig. 2.5(h). S3 is turned on with
ZVS. D1 and S3 are conducting. Tank current i, starts deceasing towards [s,. The
differential equation describing this decrease of current is:

L(di,ldt)y=-(V,-V,) (2:23)
The solution of i, for this interval is:

i,()==V, -V, Xt-t)/L (2.24)

The current through S3 is given by:

isy(1) = =i, (0) = [V, = V) L)t = 1,) (2.25)
The current through L,, continues to decrease according to (2.21). At the end of this
interval, D1 current reaches zero but S3 is conducting and S1 should be gated on before
that.
Interval 5b (t4'-t5): The equivalent circuit for this interval is shown in Fig. 2.5(i). As S1 is
turned on with ZVS, now S1 and S3 are conducting, i, 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 of this interval, ip(t5) = L.

Interval 6 (ts-ts): The equivalent circuit for this interval is shown in Fig. 2.5(j). S3 is
turned off, i, = I;» will discharge and charge the capacitors across S4 and S3,
respectively, with constant current. The equation for i, during this interval is:

1) = Lo (2.26)

At the end of this interval, voltage across S4 is zero and v4z= 0. The current through L,,
continues to decrease according to (2.21).

Interval 7 (t6-17): As S1 and D4 are conducting, v,z = 0. i, starts increasing towards zero
from initial value /;; and at ¢ = t4, i, = 0. The differential equation for current i, during
this interval is:

L(di,/dt)y=V, (2.27)
The solution for i, at this interval is:
ip(t)=1A2+V(;(r—16)/L[ (2.28)

The current through L, continues to decrease according to (2.21) and reaches zero



sometime at ¢t = 1¢', during this interval. Therefore, this interval has two sub-intervals: 7a
and 7b.

Sub-interval T7a (t6-t¢'): The equivalent circuit for this sub-interval is shown in Fig.
2.5(k). S1 and D4 are conducting. The current through S1 is: isi(¢f) = iin(f) + ip(f) but the
current through D4 is: ips(f) = ip(¢f) where i;, is zero at the end of this sub-interval.

Sub-interval Tb (1¢'-t7): The equivalent circuit for this sub-interval is shown Fig. 2.5(/).
in= 0 during this subinterval. i, is flowing through S1 and D4 and is given by (2.28). D4
current reaches zero and S1 turns off with ZCS at the end of this sub-interval.

Interval 8 (t--ts): The equivalent circuit for this interval is shown in Fig. 2.5(m). During
this interval i, = 0, i;,= 0 and v,p = 0. But S4 is ready for ZVS turn on. Gating signal for
S1 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 S1 also stays
at zero since the voltage across S2 is V. This situation prevails until the end of this

interval.

At the end of this interval, ZVT operation is required for the turn-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 (ty-t)): For TICCM of Fig. 2.3, this interval can be divided into three sub-
intervals as follows:
Sub-interval 1a (to-1o"): The equivalent circuit is shown in Fig. 2.6(a). At the beginning of
this sub-interval, S1 is turned off, D4 is conducting and i, = /3. Constant current ;3 will
charge the capacitor across S1 and discharge that across S2.
At the end of this interval v, =0, vg4= V; and vs; = V.
Sub-interval 1b (tg'-to"): The equivalent circuit for this sub-interval is shown in Fig.
2.6(b). During this sub-interval, D2 and D4 are conducting. vz = ¥V and the tank current

i, ramps toward zero. The differential equation for this interval is:
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Li(dip/dt) =V, +V,' (2.29)

Using the initial condition i,(0) = I3, solution of i, during this interval is:

in()=13+ +Vo Xt —tg)! Ly (2.30)

As D2 is conducting the boost inductor current i;, starts increasing linearly according to
2.7.
So the diode D4 current is given by:

ipa(8)=ip(1) =I5+ (Vs +Vo)t —10)/ L; (2.31)
The current through D2 is given by, ipa(f) = ip(t)+im(t). S2 should be gated when D2 is
conducting for ZVS turn on. At the end of this sub-interval D2 current becomes zero.
Sub-interval 1c (45"-t): 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. i, 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,

is200) = ip(O)*+in0) (2.32)

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

Intervals 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 of Interval 7, i)(¢7) =
Liz. Also at ¢ = 17, S1 is forced turn-off (not with ZCS of 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 of interval 7, operation with interval 1
repeats.

2.5.1.3 General solutions for TICCM at full load (Fig. 2.2)

As shown in Fig. 2.2, there are six intervals in this mode.
Interval 1 10 Interval 6 is same as described in Section 2.5.1.2 except that interval la is

absent (part of interval 6). In this mode, all the analyses in Section 2.5.1.2 are valid with
L4 replaced by L.
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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 Sc is absent.
Interval 7 of Fig. 2.3 is absent.

(g) Interval 5a (t4-14") (h) Interval 5b (14'-t4")

Fig. 2.6 continued
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(k) Interval 7 (t¢-t7)

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

Normalization: Followings are the base quantities to normalize the steady state equations
for the proposed single-stage converter:
Base voltage, Vigse = Vimmin (Minimumn input peak voltage)

Base power, Ppqee = P, (rated output power)
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Base current, lpase = Ppase/Viase
Base impedance, Zsase = Voase /Phase
Base time, tpqee = t; (HF period)

As peak value of the minimum input voltage is the base voltage, the output voltage
referred to the HF transformer primary, V,’ = V,/n when normalized is defined as
converter gain, Mpax = V,"/Vinmin- To present the steady-state equations, the per unit value
of different time durations can be defined as follows:

100'pu = (£0'-10) /tps 110'pu= (11-20") /tp, Nopu = (t1-00) /tps t'20pu = (L2-1'0) Ip, L21pu = (t2-01)/1p,
t32pu = (13-12) /tp, tsapu = (5-ts) /tp, lespu = (Le=15) /lps tr6pu = (17-16) /tp,  187pu = (I3-17) /1p
In the analysis the snubber capacitors charging and discharging times (Interval 3 and 6
of all modes and la of TICCM at part load) are neglected. The steady state relations for
the single-stage converter are presented as follows:
A) Steady-state solution for TIDCM (Fig. 2.4)
a) As the boost inductor L, is operating in DCM, the input power, P, is given [53] by:

2 N2 .
e R @
where Vmpu = Peak input voltage in p.u.
K= Vipu/Vmpu (2.34)
D = Boost duty ratio in p.u.
b) Voltage equations for L; during different intervals:
Interval 1a : ZVT interval
Interval 1b, Icand 2 : Lyulaipu/t210u+010'pu) = Vipu - Mimax (2.395)
Interval 3  lppu(t2) = ppu(t3) = La1pu (2.36)
Interval 4 : Lpulaipu/taspu = ~-(Vepu + Mumax) 2.37)
Interval § : Lpulazpu/tsapu = ~(Vipu = Mmax) (2.38)

Interval 6 * ippu(ts) = ippute) = Liopu (2.39)
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Interval 7 * Lipu(Li2pu) t16pu = Mmax (2.40)
Interval 8 1 =0 (2.41)
c) Ampere-second balance equation of i, in each switching period:
Liipu(110'pu 02100 Hla3pu) = Lizpu(tsapu™16pu) (2.42)
d) Average rectified tank current is the average load current reflected to the primary of

HF transformer. Hence,

IAlpu(lIO'pu +l‘.’lpu +l43pu) + 1A2pu(’54pu+t76pu) = 2Popu/Mmax (243)

¢) Time-Duty relationship:

D= llO'pu*t'llpu (2'44)
D= Lazputl54pu (2.45)
1-2D = to0'pu +t76pu+187pu (2.46)

B) Steady-state solution for TICCM at part load (Fig. 2.3)

a) Voltage equations for L, during different intervals:

Interval la D lppu(t0) = lppu(10") = Lispu (2.47a)
Interval 1band lc: Lpulizpu/tio'ou = Vepu + Mimax (2.47b)
[nterval 2 t Lipuliipu/t2100 = Vipu - Mimax (2.48)
Interval 3 D lppu(12) = lppult3) = Laipu (2.49)
Interval 4 : Lipulaipu/tsspy = ~(Vpu + Mimaz) (2.50)
Interval § t Lipulg2pu/tsspy = ~(Vipu = Mmax) (2.51)
Interval 6 Y lppu(ts) = ippu(te) = Lizpu (2.52)
Interval 7 * Lipu(Lazpu-Laspu) /t16pu = Mmax (2.53)

b) Ampere-second balance equation of i, in each switching period:

Lipu(t21putta3pn) = Lizputsapu™ La3pu 10 pu (La2pu ™ Lispu)tr6pu (2.54)
c) Average rectified tank current is the average load current reflected to the primary of
HF transformer. Hence,

Lupu(t21put1ta3pn) + Lizputsapu La3put 10 pu™ (Lazpu ™ Lispu)t16pu

= 2P opu/Mpmax (2.55)
d) Time-Duty relationship:

D= flO.pu'*' Dipu (2.56)



D = tazput tsapu 2.57)
1-2D = ts6pu (2.58)
C) Steady-State Solutions for TICCM at full load (Fig. 2.2)
a) Voltage equations for L,;during different intervals:

Interval 1 . Liplop/tiops = Vopu + Minas (2.59)
Interval 2 t Lpuliip/t21pu = Vipu - Mimax (2.60)
Interval 3 D dppu(12) = dppu(t3) = Lyipu (2.61)
Interval 4 . Lipulsspu/taspn = Vopu + Mings) 2.62)
Interval 5 . Lipwdsopu/tsipu = ~Vipu - Minas) 2.63)
Interval 6  ippult5) = ippulls) = Lizpu (2.64)

b) Ampere-second balance equation of i, in each switching period:
Lipu(t21putta3pu) = Lazpu(tsapu+tiopu) (2.65)
c) Average rectified tank current is the average load current reflected to the primary of
HF transformer. Hence,
Lopu(t21pu+ta3pu) + Lizpu(Isaputtiopn) = 2Popu/Mimax (2.66)
d) Time-Duty relationship:

D= Liopu™ D21pu (2.67)
D= Lisput sapu (2.68)
1-2D =0 (2.69)

D) Steady-State Solutions for Auxiliary Circuit

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

foo'= %t' LCg (2.70)

1,=V,/JLIC, Q.71)

2.5.3 Transition from TICCM to TIDCM

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

L13= 0, ip(to) = ipx(t7) = 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 V. 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 of minimum input
voltage, for D = 0.5 we get K =2. Then from (2.33), using Vippu = 1 p.u.,, D =0.5, K =2,
and 1, = 1, value of boost inductor is Ly = 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: [qipu, Li2pus tiopus [21pw t43pus 5apu and Ly, keeping the load, Popy = 1 and duty
ratio, D = 0.5 constant while the converter gain, M, varies from 0.2 to 2. These design
parameters as function of converter gain, M, are presented in Table 2.1 and in Fig. 2.7.
These results correspond to the 3-phase case of [58]. It is evident that the normalized
values of Liipu, L42pus t10pu and 43, decrease with the increasing value of My, while £,
and fs4p. show an increasing trend. The value of tank inductance, L, increases initially
and then decreases after a maximum value. Our design goal is to reduce the peak current

of 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, =
0.111 p.u. (D=0.5, Pyp,=1).
Mmax Llpu L lpu ‘1A2pu lopu IZIpu L43pu Isapu

0.2 | 0.050 | 10.00 | 10.00 | 0.225} 0.275 | 0.225 | 0.275
04 | 0.096| 5.00 { 5.00 |0.200 | 0.300 | 0.200 | 0.300
0.6 | 0.136 | 3.33 | 3.33 |0.175} 0.3250.175 } 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
12 [0.192| 1.67 | 1.67 | 0.100 | 0.400 | 0.100 | 0.400
14 {0.179| 143 | 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| O |{0.500

function is to be defined.

From the operating principle of this converter, switches S1 and S4 undergo ZVS at all
line and load conditions. Switch S2 requires ZVT circuit for zero-voltage turn-on at low
load. So, to fulfill the design goal, with minimum possible tank energy (0.5L:d,2%) at full-
load, the duration (43) of 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:

_0.51% pulipu 2.72)
o> (43 pu

So, the minimum value of the function F,,, will keep the switch peak current low and
ensure ZVS switching of S3. Fig. 2.8 is a presentation of the variation of F,, as a
function of the converter gain, Mpe,. This optimization curve shows that lower value of
the optimum function occurs for higher value of M (from 0.8 to 1.2 its variation is very
small). It is evident from Table 2.1 that higher value of Mpua corresponds to lower value
of switch peak current /;. So, Mmex=1.2 is chosen as the design point. For the worst case

line and load condition (maximum input voltage, 10% load) variation of D3 conduction
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time (f43p,) With gain, My, is studied and presented in Fig. 2.9. This study shows that

Mpax= 1.2 gives enough time for D3 conduction to ensure ZVS turn-on of S3.

2.6.2 Performance Prediction

The steady-state equations presented in Section 2.5.2 are used to predict the performance
of the ac-to-dc converter at different load and line conditions using MATHCAD software.
For this study gain of the converter is kept constant at M., = 1.2 while the output power
Py is varied from 5% to 100%. The operating characteristics of 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 T/CCM steady-state equations (2.47-2.58) for part load with: /,3=0,
i(to) = ip(t7) = 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 7/DCM for the
complete specified load range. The theoretical values of 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 (Mpax= 1.2, L,,= 0.111 p.u., L;= 0.192 p.u.)

Input

Ve=1.0pu Vm=125pu Vm=1.56 pu
Voltage (Min. input) (Rated input) (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
Ve pu |20 1.788 | 1.788 |2.114 |2.114 |2.114 |2.576 |[2.576 |2.576
Iy pu | 1.66 1.03 0461 |1.759 | 1244 |0.556 |[2.087 |1.476 | 0.660
Iy; pu | -1.66 -0.923 | -0.413 |-1.497 | -1.059 | -0473 | -1.664 | -1.177 | -0.526
Li; pu | -1.66 0 0 0 0 0 0 0 0
t'9 pu |05 0.336 |O0.15 0.369 | 0.261 |0.117 }0.291 |0.206 | 0.092
ta3 pu | 0.1 0.066 |0.030 |0.102 |0.072 |{0.032 {0.106 {0.075 |0.034
tss pu |04 0.301 {0.135 | 0314 |0.222 |0.099 |0.232 |0.164 |0.073
e pu |- 0.148 |0.066 |[0.240 | 0.169 {0.076 |0.266 |0.188 | 0.084
37 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, V;,= 208 V (rms) with variation of + 25%, -20%, 60 Hz
Output voltage, ¥, =420 V, Output power, P,= 1.7 kW,
Switching frequency, /.= 50 kHz,
Output voltage ripple, AV, = 5% (peak to peak),

Possibilities of extension to higher power levels.

A.Selection of AC-to-DC Converter Components
The converter is designed at full-load and minimum input voltage with 50% duty ratio.
From the specifications: Vi mn = 208*0.8*V2 = 235.33 V, Vypma = 208%1.25%V2 = 367.7
V. As explained in Section 2.6.1, the design value of My, is chosen to be M= 1.2.
Hence, for V,= 420 V and V, min= 235.33 V, the HF transformer turns ratio,

n= Vo /(Vammn*Mmax) = 1.49.

Now from the design Table 2.1, corresponding to My, = 1.2, following per unit values
are read:

Linpu=0.111, Lyp, = 0.192, Ly1pu = 1.67, L42pu=-1.67
tiopu= 0.1, t21pu = 0.4, t435,= 0.1 and t545,= 0.4.
The base values are:
Viase= 235.33 V, Ppae= 1.7 KW, Ipase= Piase /Viase= 7.22 A,
thase= L= 1/f;= 1/50000 = 20 ps and Lsase= Viase *loase /Ibase= 651.53 pH.
Load resistance at 100% load, R;= 103.76 Q.
The maximum output load current, /,(max) = 1700/420 = 4.05 A.
In calculating the snubber capacitors, it is assumed that the International
Rectifier IGBTs, IRG4PFS0W(D) (900 V, 28 A) are used. From the data sheet, this
device has a fall time of # =170 ns.
Snubber capacitor, Cs; = 0.251*t;/V; = 0.85 nF
Ca2=025*Iomax*t;/Vs=3.13 nF.
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Ci3=C5=0.85nF.
Cis=0.25*%1o*/V,=1.1 nF.
Therefore, using the base values the actual parameters are:
Lin= Linpu*Lase= 0.111*651.53 = 72.3 pH
Li= Lipu*Lpase=0.192%651.53 = 125.1 uH
L= Lipu*Ipase= 1.67*7.22 =12.06 A
L = Lippu* lpase = -1.67%7.22 =-12.06 A
110 = t10pu *thase= 0.1*20 =2 ps
t20= (t10pu + 21pu) *toase= 0.5*20 = 10 pus
143 = ta3pu*thase= 0.1¥20 =2 ps
t54 = tsapu*thase= 0.4*20 = 8 s
Output filter capacitor [58],
C,= I,(max)/(8f,AV,) = 4.05/(8*50000*0.05*420) = 0.5 pF.
Bus capacitor is given [53] by,
Cs= 2P f{)max/ (Vs AV) = 982 uF.
where, f{t)ma= 1.6*107 for K = 2 at 60 Hz and using P,= 1700 W, V= 470.7 V and AV
= 2.5% of V; (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:
Li(max) = Ljpu(max) *lpese=2.087*7.22 = 15.1 A (occurs at Vg, full load)
Lia(min) = Lop(min) *lpese=~1.67*7.22 = -12.06 A (occurs at Vi, full load)
Vi(max) = Vipu(max)*Vipase= 2.576*235.33 = 606 V (occurs at Vpa, full load)
t43(min) = ta3p(Min)* tyase= 0.034*20 = 680 ns (occurs at Viygy, 10% load)

B. Selection of auxiliary components

Usually the resonant frequency of the auxiliary circuit is 20 to 25 times the switching
frequency. For this converter, it is assumed 1.0 MHz. Therefore, resonant time £’ which
is one-fourth of the resonant period is, fg’ =250 ns.

Now using (2.1a) and (2.70-2.71), L,= 6.4 pH and I; = 15.2 A (using maximum value of
V=606 V).
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Table 2.3 summarizes different component values.
C. Component ratings
The current and voltage ratings of all the components used for the converter are estimated

as follows:

1. Input rectifier diodes:

The average rectifier input current, /,.qvg is given by

2 2p, 2.73)

T Vm,min

{ inavg =

Neglecting losses, [inav g= 9.2 A. So, the average current in each diode is /inavg /2 = 4.6 A.

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

I, = 'L/ = Dt, (2.74)

m

The maximum value of boost inductor current, /,,,= 32.64 A is at minimum input voltage
peak (235.33 V) and maximum load (D = 0.5). So, the peak current of 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 S1:

The peak current in switch S1 occurs at minimum input voltage and full load current and
is given by, Li(peak) =[;;=12.06 A. The current in S1 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 S1 is due to the dc-to-dc
section current in interval 5 of Fig. 2.2. The duration of this interval is approximately

0.41, (neglecting time #44' for interval 5a). Hence,

- Ty _ 75
IS, ~‘/0.47_3-_4.4/1 2.75)

The average current in S1 is obtained based on the same assumption. The average

current is:

I ~Jag4-2414 (2.76)
Slavg 2
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The voltage rating of 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 L,. So, the peak current is the maximum
value of the sum of two peak currents. This occurs at full load with minimum input
voltage. Therefore, Is;(peak) = [+, =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 k-th HF cycle and then in the line

frequency cycle. By neglecting the conduction time of D2,

Di

. ', . k .
= 1 I [[“ +17,, sin(w, I"):]'dt
t, 3 Dt ,
D{1, +1,, sin(o),ktp)]l
= 3 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 wkt, replaced by 6. Now

integrating over the line frequency half cycle,

. =\/_1_].(1,“ +1,:p sin B)Z.Dde
r 0

2 s 3

2

=\/§[1}n +‘%+£Iﬁ'_] (2.78)

A his

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

maximum load current for D = 0.5, I, = 12.06 A and [,,= 32.64 A. From (2.78),
Is3rms=12.45 A.

The average current of S2 is also determined as follows:

zLD]E[I'“ +[W, sin(m,ktpl']dt
I, 5 Dx,

Szm Mk
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=g[1ﬁ,l +1,,sin(o k)] (2.79)

Integrating over the line frequency haif-cycle:

(I, ,+1__sin®
Iy, =+ [0 S0 b ye)
uvg no 2

=D [1\/2+];, ITc) (2.80)
Now as the maximum average current is for D = 0.5, [;; = 12.06 A and /,,, = 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 /s3(peak) = [12(max) = 12.06 A at the minimum input voltage
and maximum load. And peak current through S4 is /u4(peak) = /y(max) = 15.1 A
which occurs at maximum input voltage and maximum load. The conduction time for
S3 and S4 is approximately 0.4¢, 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:

Joalai-s4a
)

N

The average current of S3 and S4 is, I[s;(avg) = Isa(avg) = 0.4(111)/2 =2.41 A.
The switch voltage rating for S3 and S4 is 606 V.
5. Diode D1:

This diode mainly carries the boost inductor current. The peak current is maximum at
the minimum input voltage and maximum load current. As D1 takes over the current from
S2, its peak current Ipi(peak) = Isx(peak) = 44.7 A. The current through D1 also varies
along the line frequency half cycle. The average value of this current is calculated using

MATLAB program. The value is /pisvg= 2.1 A. DI voltage rating is 606 V.
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6. Diodes D2, D3 and D4:

The peak currents of D2 and D4 occur at the minimum input and maximum load (and
at this line and load their conduction times are equal). For D3 it occurs at maximum input
voltage. They are given as follows:

Ipa(peak) = Lya, Ips(peak) = Ly, Ips(peak) =L
So, the peak current ratings are as follows:
Ipa(peak) = Lix(max) = 12.06 A
Ip3(peak) = Iy (max) = 15.1 A
Ips(peak) = [;p(max) = 12.06 A
The average current ratings are calculated (approximately) as follows:
Ipa(avg) = Ips(avg) = 0.1(141)/2 =0.6 A.
Ipa(avg) = 0.266(/2)/2 = 0.266(12.06)/2 = 1.6 A.
The diodes voltage rating is 606 V.

Table 2.3 Different component values

Parameters Values

Input boost inductance, L,, 72.3 uH
HF transformer turns ratio, n 1.49
Tank inductance, L; 125.10 uH
Resonant inductor of auxiliary circuit, L, 6.4 uH
Snubber capacitor, C;1,Ci3 0.85 nF

Cs2 3.13nF

Cu 1.10 nF
Full load resistance, R 103.76 Q2
Output filter capacitor, C, 0.5 uF

Bus capacitor, C,

982 uF




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 of the component ratings.

Table 2.4 Different Component ratings.

Components Ratings
Boost inductor, L,, I.n=12.54 A (rms), 32.64 A (peak)
Tank inductor, L, 15.1 A (peak), 7.4 A (rms)
S2 12.45 A (rms), 8.2 A (avg), 44.7 A (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)
S1 4.4 A (rms), 2.41 A (avg), 12.06 A (peak)
D1 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), 431V
Input rectifier diodes 32.64 A (peak), 4.6 A (avg), 368 V
All other diodes and all switches 606 V




Now with the component values obtained in the design example the operating
performance of the ac-to-dc converter is predicted. Converting Table 2.2 using the proper

base values can easily do this. The converted form of 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 of Section 2.6.3 (Derived from Table 2.2 using Viase= 235.33 V, lpase =
7.22 A and g5 = 20 ps).

Input Vi=235.33 V Vm=294.16 V Vn=367.7V
Voltage (Min. input) (Rated input) (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

vV 471 421 421 498 498 498 606 606 606
Ly A 1206 | 7.44 3.33 12.70 | 8.98 4.01 15.07 | 10.66 | 4.77

A

A

Ly -12.06 |-6.66 |-298 |-10.81 |-7.65 |-3.42 |-12.01 |-8.50 |-3.80
L3 -1206 |0 0 0 0 0 0 0 0

t'o us | 10.0 6.72 3.00 7.38 5.22 2.34 582 1412 1.84
53 ps | 2.0 1.32 0.60 2.04 1.44 0.64 2.12 1.50 0.680
ts¢ us | 8.0 6.02 2.70 6.28 4.44 1.98 4.64 3.28 1.46
76 US |- 2.96 1.32 14.80 3.38 1.52 32 ]3.76 1.68
fg; Us |- 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 of all the losses involved in the proposed converter are
given in Appendix A. Using these analyses different loss components of 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: IRG4PFS50W(D) (900 V, 28 A with internal fast anti-parallel diode) with
parameters:

Fall time, ;=170 ns.
Antiparallel diode forward drop, V=25 V.
IGBT on-state drop, Vcgon =2.25 V.

Input rectifier: Lab module (forward drop, V7, = 2.5 V).

Output rectifier diodes: RHRP 8100 (1000 V, 8 A hyper-fast diode).
Rectifier diode forward drop, V- =2.5 V.

Auxiliary circuit MOSFET: IRFPF40 (900 V, 4.7 A, R4on=2.5 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 of 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
inp:it voltage (166.4 V rms) and full-load (1.7 kW)

Loss components Power loss (W)
Switch turn-on loss 0
Switch turn-off loss 269
Anti-parallel diode loss 9.8
Switch conduction loss 346
Gate drive loss 2.0
Q loss of L;, 35.7
Qloss of L; 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%




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 turn-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
Qlossof L,, 0.3
Qlossof L, 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%

Table 2.8 Converter loss components and efficiency for maximum
input voltage (260 V rms) and full-load (1.7 kW)

Loss components Power loss (W)
Switch turn-on loss 0
Switch turn-off loss 30.8
Anti-parallel diode loss 119
Switch conduction loss 249
Gate drive loss 2.0
Qlossof L, 11.9
Q loss of L; 21.2
Transformer loss 17.0
Input rectifier loss 327
Output rectifier loss 20.2
Auxiliary circuit losses 11.3
Total loss 184.82

Efficiency 90.24%




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 turn-on loss 0
Switch turn-off loss 9.8
Anti-purallel diode loss 2.5
Conduction loss 2.5
Gate drive loss 2.0
Qlossof L, 0.1
Qlossof L; 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%

Table 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 turn-on loss 0
Switch turn-off loss 234
Anti-parallel diode loss 10.9
Switch conduction loss 27.8
Gate drive loss 2.0
Qlossof L, 18.7
Qloss of L; 13.7
Transformer loss 17.0
Input rectifier loss 409
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 S0 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 of 60 Hz and the results will not change. The redesigned converter is
simulated using PSPICE simulation package. Different component values (for 90%
efficiency) of the redesigned converter are as follows:

Lin=3244 pH, L;=625.5 yH, C;2=15.7 nF, C,; = Cs3=4.25 nF, Cs4 = 5.5 nF,

L,=32pH, R, =46.71 Q, C,=982 uF 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 V,' constant at 282.4 V by
changing the duty ratio D. Summary of 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 i;.

(b) Line current harmonic spectrum.

(c) Tank voltage v4s and tank current i,.

(d) Boost inductor current i;, and resonant inductor current, iz,.

(e) Voltage across and current through all the bridge switches (S1 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 L,, operates in DCM. Hence, natural power factor correction is
ensured.

(2) ZVS operation of the switches S1, 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.



58

(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. Hence, turn-off losses of all the switches are reduced.

Table 2.11 PSPICE simulation results at different line and load conditions.
Converter details are Eiven at the beginning if this section.

Input Vm=235.33V Vir=294.16 V Va=367.70V
Voltage (Min. input) (Rated input) (Max. input)

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

D 0474 | 0.32 | 0.144 | 0.366 { 0.255 | 0.112| 0.29 | 0.20 | 0.08

421 | 424 | 506 | 500 | 500 | 620 | 618 | 606

-12.1 | -6.1 | -3.06 | -10.6 | -7.88 | -3.48 | -12.4 | -8.25 | -4.00

\Y 3

Iy A} 122 7.1 | 3.06 | 13.1 | 895 | 3.81 | 15.51|10.32| 4.51
A 8
A

-12.1 0 0 0 0 0 0 0 0
t ups| 100 6.7 3.1 728 | 5.14 | 226 | 584 | 4.18 | 2.00

ts3 us| 2.

2 1 1.56 | 0.64 1.8 1.56 | 0.65 | 2.10 | 1.59 | 0.80
2

76 Us 319 | 181 | 46 | 330 | 1.54 | 5.04 | 460 | 2.1

0 5

tss pus| 795 | 5.54 | 27 55 | 4.07 A8 | 440 | 3.18 | 1.32
0
0

3
g7 Hs 3.01 {11.76 | 0.10 | 5.80 | 13.31 2.73 | 6.20 | 13.54

THD % | 12.61 | 1445 | 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 THD 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 of several reasons

such as: the theoretical prediction was for ideal conditions (D = 0.5,




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 of the redesigned ac-to-dc converter with
minimum input voltage V= 166.4 V rms and full load, P,= 1.7 kW. (i) Line voltage, v,
unfiltered line current, i;; (ii) Line-current harmonic spectrum; (iii) input boost current, i,
and resonant current, iz, and (iv) voltage, v45 and tank current, i,. HF filtered line-current
THD = 12.61%. Simulated converter details: ¥V, =282.4 V, f;= 10 kHz, L, =324.4 uH,
Li=6255uH,n=1,C;=982 uF, C,'=5.6 uF, L,=32 uH, C,=15.70F, C;;=C3=Cgu
=425 nF.
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Fig. 2.11(b) PSPICE simulation results (voltage across and current through all the
switches) for ;= 166.4 V rms and 100% load, P,= 1.7 kW. Simulated converter details
are given in Fig. 2.11(a).
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Fig. 2.12(a) PSPICE simulation results of the redesigned ac-to-dc converter with
minimum input voltage, V.= 166.4 V rms and 50% load, P,= 850 W. (i) Line voltage, v,
unfiltered line current, i;; (ii) Line-current harmonic spectrum; (iii) input boost current, i,
and resonant current, i, and (iv) voltage, v45 and tank current, i,. 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 ¥; = 166.4 V rms and 50% load, P, = 850 W. Simulated converter details

are same as in Fig. 2.11(a).
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Fig. 2.13(a) PSPICE simulation results of the redesigned ac-to-dc converter with
minimum input voltage, V;= 166.4 V rms and 10% load, P,= 170 W. (i) Line voltage, v,
unfiltered line current, i;; (ii) Line-current harmonic spectrum; (iii) input boost current, i;,
and resonant current, it and (iv) voltage, v45 and tank current, i,. 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 V; = 166.4 V rms and 10% load, P, = 170 W. Simulated converter details
are same as in Fig. 2.11(a).
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Fig. 2.14(a) PSPICE simulation results of the redesigned ac-to-dc converter with rated
input voltage, V. = 208 V rms and full load, P, = 1.7 kW. (i) Line voltage, v,, unfiltered
line current, i;; (ii) Line-current harmonic spectrum; (iii) input boost current, i, and
resonant current, ir, and (iv) voltage, vz and tank current, i,. HF filtered line-current
THD = 15.78%. Simulated converter details are same as in Fig. 2.11(a).



67

ittt -
; 3 ~ ~—S— :
' S ; | ] ' 1 :
, ke = i - \
! ) ' s1 . :

_40.L .......................................................................... =
o V(Ml:d,M1:s)/20 ID(M1)

407 ---------------------------------------------------------------- -~
: ! . - 1 . . t

S 2
o V(M2:d,M2:s) /20 ID(M2)

Y i e T S et -
] =, s3 S :
: K : . L : :
%L ‘ ‘ ‘Lh/ | ‘V/i

00 e B
o V(M4:d)/20 ID(M4)

LY il -
- \ ~ : :
: \ /¥‘ ” \ | S
' G~ . . X
X Rl : 1
! ’ 1 '

SEL>>! .

40 +-------- mmmemmm e mmmmm R memmemm - e mm e m o -

173.78ms 173.84ms 173.88ms 173.92ms 173.96éms
a Vv(M3:d)/20 - ID(M3)

Time

Fig. 2.14(b) PSPICE simulation results (voltage across and current through all the
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Fig. 2.15() PSPICE simulation results of the redesigned ac-to-dc converter with rated

_ input voltage, V;= 208 V rms and 50% load, P, = 850 W. (i) Line voitage, v;, unfiltered
line current, i; (ii) line-current harmonic spectrum; (iii) input boost current, i, and
resonant current, iz- and (iv) voltage, vz and tank current, i,. HF filtered line-current
THD = 17.04%. Simulated converter details are same as in Fig. 2.11(a).
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same as in Fig. 2.11(a).
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Fig. 2.16(a) PSPICE simulation results of the redesigned ac-to-dc converter with rated
input voltage, V; =208 V rms and 10% load, P, = 170 W. (i) Line voltage, v,, unfiltered
line current, i;; (ii) line-current harmonic spectrum; (iii) input boost current, i, and
resonant current, i.- and (iv) voltage, v45 and tank current, i,. 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 V=208 V rms and 10% load, P, = 170 W. Simulated converter details are
same as in Fig. 2.11(a).
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Fig. 2.17(a) PSPICE simulation results of the redesigned ac-to-dc converter with
maximum input voltage, V;= 260 V ms and full load, P,= 1.7 kW. (i) Line voltage, v;,
unfiltered line current, i; (ii) line-current harmonic spectrum; (iii) input boost current, iy,
and resonant current, iz, and (iv) voltage, v4g and tank current, i,. HF 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, P, = 1.7 kW. Simulated converter details are
same as in Fig. 2.11(a).



74

: T T v/10
B et - ;
'T Lt AR I T s '
MO T ‘
758ms 760ms 764ms 768ms - oms  776me |
g =V(V17:+,V17:-)/10 I(V17) 772ms 776ms
Time
L e T T ———
| | 5
0A + —- ——— "----—"'ufd"-— : A - '
OHz S5KHz 10KHz 15KH n
V1T z 20KHz 25KHz
25RA—-s---cois el
SEL>>' -
] B e

a -I(L31) I(L1l)
80 —--cmm e e

: L—T" :
; ] 1
—40 4 ~mmm e - - . = o ,
767 .42ms 767 .48ms 767.52ms 767.56ms 767.60ms

g -I(L4) -V(C4:1,C5:1)/25
Time

Fig. 2.18(a) PSPICE simulation results of the redesigned ac-to-dc converter with
maximum input voltage, V=260 V rms and 50% load, P, = 850 W. (i) Line voltage, v;,
unfiltered line current, i;; (ii) line-current harmonic spectrum; (iii) input boost current, i;,
and resonant current, iz, and (iv) voltage, v,z and tank current, i,. HF 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 ¥;= 260 V rms and 50% load, P, = 850 W. Simulated converter details are
same as in Fig. 2.11(a).
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Fig. 2.19(a) PSPICE simulation results of the redesigned ac-to-dc converter with
maximum input voltage, V; =260 V rms and 10% load, P, = 170 W. (i) Line voltage, v;,
unfiltered line current, i;; (ii) line-current harmonic-spectrum; (iii) input boost current, i;,
and resonant current, iz, and (iv) voltage, v4p and tank current, i,. HF filtered line-current
THD = 17.83%. Simulated converter details are same as in Fig. 2.11(a).
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2.8 Experimental Results

To verify the operation of the proposed converter a laboratory prototype is built with the
following specifications:

[nput voltage, V;= 110 V (rms), 60 Hz
Output voltage, V,=210V
Switching frequency, f;= 50 kHz
Output power, P,= 500 W
The redesigned component values (for D = 0.45 and 90% efficiency) are:
Li,=78.1puH, Li=151 yH,n=1.12,C;2 =244 nF, C;;= C;3=Cs4= 0.6 nF,
R, =88.2Q, Cy =666 uF, C,= 0.57 uF.
Following components are used to build the redesigned converter module:

Main switches (S1 to S4) : IRG4PC40UD (600 V, 20 A IGBTs with internal anti-

parallel ultra-fast diode).
Auxiliary switch (Sa) : IRF840 (500 V, 5.1 A MOSFET).
Auxiliary diodes (Dal, Da2) : RHRP8100 (1000 V, 8 A Hyper-fast diodes).
Input rectifier : KBPC 3506 (35 A, 600 V) in series with fast
diode U1650 (16 A, 500 V).
Output rectifter diodes : RHRP8100 (1000 V, 8 A Hyper-fast diodes).

HF transformer turns ratio : 15:17 (wound on TDK ferrite core PQ5050 H7C4,
2.5 uH leakage and 470 pH magnetizing inductance).

Boost inductor, L,, : 78 uH (17 turns wound on two D-927156-3 cores
stacked).
Tank inductor, L, : 151 uH including leakage inductance (20 turns wound
on three D-927156-3 cores stacked).
Resonant inductor, L, :20 uH (14 turns wound on D-269075-4 core)
Input filter capacitor :2 uF (630 V).
Bus capacitor, Cp 1 2X2.2 uF (polypropylene, for HF filtering).

1000 uF (for low frequency energy storage).
Output filter capacitor, C, : 1 uF (400 V).

Snubber capacitors : 2.2 nF for S2, 1 nF for S1, S3 and S4.
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R-C snubber : R=1kQ,C=1.5nF 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 of 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, i, with tank voltage v,s.

(iii) Gate to emitter voltage, vg.i of S1 with its collector to emitter voltage, vee:.
(iv) Gate to emitter voltage, vg,» of S2 with its collector to emitter voltage, v...
(v) Gate to emitter voltage, vgs3 of S3 with its collector to emitter voltage, ve.s.
(vi) Gate to emitter voltage, vg4 of S4 with its collector to emitter voltage, veea.
(vii) Resonant inductor current, iz, with v,.

(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 of the boost inductor (L,,) current, i;, is maintained for the entire
operating range under consideration. As a result, natural power factor correction is
ensured.

2. Switches S1, 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 of tank inductor current, i,
shown in Fig. 2.21(b) and Fig. 2.22(b), respectively, are due to the magnetizing
current of the transformer. As the transformer used has a small magnetizing
inductance (470 uH), these values are large. In the theoretical waveform of 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. 2.5(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

Ve V 324 298 280
Iy A 6 3.5 1.5
I A 6 3.9 1.7
THD % 11.3 12.8 15.0

n % 81.31 81.28 80.72

Table 2.13 Comparison of theoretical, PSPICE simulation and experimental results for
input peak voltage V,=1.0 p.u. with different loads. Converter details are previously
given in corresponding sections.

Theoretical results PSPICE simulation results | Experimental results

(Voase=235.3 V, Ipse=7.22 A) | (Voase=235.3 V, [p0ee=7.22 A) (Voae=156 V, [p0,.=3.21 A)
Load 100% |50% | 10% | 100% 50% | 10% 100% | 50% {9.4%
D 0.5 0.336 | 0.15 | 0474 032 |0.144 045 0.31 | 0.14
Ve pu |20 1.79 | 1.79 |2.01 1.8 1.8 2.08 1.9 1.8
Iy pu| 1.66 103 | 046 |1.68 098 042 1.86 1.08 | 047
I pu|-1.66 -092 | -041 |-1.68 -084 (-042 |-1.86 -1.21 | -0.5
THD % | 12.43 14.25 | 1645 | 12.6 1445 }16.67 {113 12.8 | 15.0
Mode | TICCM TIDCM TICCM TIDCM TICCM| TIDCM
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(¢) Gate to emitter voltage vg.; (10 V/div) and collector to emitter voltage, v (100

V/div) of S1. (Fig. 2.20 continued)
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(d) Gate to emitter voltage vg.> (20 V/div) and collector to emitter voltage, v..> (100

V/div) of S2.
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(e) Gate to emitter voltage vg,; (20 V/div) and collector to emitter voltage, vces (50

V/div) of S3.
'f 5
................... S A S
. o

(f) Gate to emitter voltage vg.4 (10 V/div) and collector to emitter voltage, v .4 (100 V/div)
of S4. (Fig. 2.20 continued)
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(g) Switch S2 voltage, v,z (100 V/div) and resonant inductor current, i;, (2.5 A/div)
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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), V,=210 V, D = 0.45.
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(b) Gate to emitter voltage vg.; (10 V/div) and collector to emitter voltage, vc.; (100
V/div) of S1. (Fig. 2.21 continued)
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(d) Gate to emitter voltage vg.> (10 V/div) and collector to emitter voltage, v, (100
V/div) of S2.
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(e) Gate to emitter voltage vg.3 (10 V/div) and collector to emitter voltage, v.3 (100
V/div) of S3.
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(f) Gate to emitter voltage vg.4 (10 V/div) and collector to emitter voltage, ves (100 V/div)
of S4. (Fig. 2.21 continued)
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(h) HF filtered input line current harmonic spe'ctmm (0.25 A/div and 100 Hz/div).

Fig. 2.21 Experimental results (a-h) at half load (250 W) with V;=110 V rms and D =
0.31. Output voltage V,=210 V.
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(c) Gate to emitter voltage vg; (20 V/div) and collector to emitter voltage, vce (100
V/div) of S1.
Fig. 2.22 (continued)
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(d) Gate to emitter voltage vge2 (10 V/div) and collector to emitter voltage, v..2 (100
V/div) of S2.
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(e) Gate to emitter voltage vg.3 (10 V/div) and collector to emitter voltage, vc.3 (100
V/div) of S3.
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(f) Gate to emitter voltage vges (10 V/div) and collector to emitter voltage, vees (100
V/div) of S4.
(Fig. 2.22 continued)
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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. V,=210 V) with /;= 110 V
and D=0.14.



2.9 Conclusions

In this chapter, a 1-® single-stage soft-switched ac-to-dc power factor corrected converter
with high frequency isolation is presented. The operating principle of the converter is
described, different modes of operation are identified and analyzed. For optimum design,
an optimum function is introduced to ensure ZVS operation of 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, 50
kHz laboratory prototype was built using IGBTs. The output voltage of the converter is
regulated by a fixed-edge complementary gating scheme suitable for single-stage
operation. The experimental results confirm the operation and performance of 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 1-® systems are being used by industries for uninterruptible
power supply (UPS) system. All the advantages of 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 of the major problems to be addressed
specially when the power level goes up. As mentioned in Chapter 1, multiphase
technique satisfies most of the requirements of these ac-to-dc converters including the
desirable thermal distribution better than a single cell.

In Chapter 2, a 1-® single-stage ac-to-dc full bridge converter was introduced. This
converter enjoys natural power factor correction, soft switching of 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 of the ac-to-dc converter,

it can be used as a cell of a single-stage multiphase converter.

In this chapter, the realization of the multiphase converter based on the single-stage
ac-to-dc bridge converter of previous chapter, as a cell, is discussed. Behavior of
multiphase converter based on 1-® single-stage ac-to-dc bridge converter cells is not

available in the literature. Therefore, the objectives of 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.



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 of 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 of Chapter 3.

Since the ac-to-dc single-stage converter presented in Chapter 2 would be used as
the cells of the multiphase converter, all the assumptions made for the operation and
analysis of the ac-to-dc converter in Section 2.2 of Chapter 2 are equally valid for the

operation and analysis of the multiphase converter of 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 of the multiphase converter is given. As shown in the circuit
diagram there are NV 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 27/N, where N 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 of S2 in the consecutive cells are out of phase by a predetermined phase angle of
27/N rad, the input currents of consecutive cells are so as shown in Fig. 3.2. As a result,

depending on the number of cells used in the multiphase converter substantial amount of
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Fig. 3.1 Proposed single-stage soft-switching ac-to-dc multiphase converter
with N cells.

harmonic reduction (due to the cancellation of HF harmonics) of 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 of the phase shift among cells
harmonic cancellation occurs and line current THD improves. For each cell, switches S1
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 voitage turn ON
of S1, 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 2a/N radian in the consecutive
cells, the primary currents of the isolation transformers (tank current, i,) are also out of
phase by the same angle and so are the secondary currents. Rectified output of 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 N = 3. The

detailed operation is explained while analyzing different modes of operation in the
following section.

- >

iin3 /\ /\-’t

s

!
o

o+,

Fig. 3.2 Ripple reduction in the source current (i;) by multi-phasing three single-stage

cells. Cell input currents are denoted by iin1, iin2 and 3.
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Fig. 3.3 Increase of effective ripple frequency at the output of the multiphase converter
of Fig. 3.1. v, is the voltage across C,, ic, is the total of the ac components of rectified
currents from all 3 cells (i, 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 of multiphase converter are basically the operating modes of the
single-stage cells in it and are explained here by using the operating modes of the cells.
As the objective of the cells used in this converter is to provide natural power factor
correction, the boost inductor operates in JCCM at the peaks of 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 of Chapter 2. Only difference is that the high
frequency currents in boost inductor, L,, of two consecutive cells will be phase shifted by
an angle of 2a/N radian. This type of operation eliminates the HF harmonic components

of the line current and reduces the output filter capacitance required.

Depending on the line and load conditions, the tank inductor of 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,5 of each cell is a
complete rectangular wave and the tank current, i, 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. i, becomes discontinuous (7/DCM) at
and below a load called transition load as shown in Figure 3.6. The switching frequency
waveforms of any two consecutive cells will have a phase shift of 2z /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 of Chapter 2. In Fig. 3.4 to Fig. 3.6 the gating signals, input
boost current i, tank current, i,, voltage across terminal A and B, v,z etc. of cell-1 are

denoted by adding subscript 1 and for k-th cell by adding subscript £.
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3.4 Analysis

Based on the simplified assumptions in Section 2.2 of Chapter 2 the analysis of the
converter at TICCM and TIDCM are presented in this section. As mentioned in Section
2.5 of Chapter 2, the time variable during each HF switching period is denoted by ¢ and
the HF period is ¢,. The HF switching position in the line frequency scale will be denoted
by 1. As the phase shift between two consecutive cells is 2n/V radians, to generalize the
analysis solutions are given for cell-1 and the k-th cell that has a phase shift of 2(k-1)w/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-k as

follows:

Interval 1

Cell-1(to-1;)

Sub-interval 1a :

i) = [Vb/\]Lr/CSSISinmr([ - 1)

3.1
vs21(f) =Vpcoso,(t — 1) (3.2)
At the end of this sub-interval, at ¢ = t¢', ir,1= I and v52;=0.
Sub-interval 1b :
ipl(f)z[(Vb—Vo')/[‘[](t_'()') (3.3)

iin1 (8) = [V sinot)/ L J(t - 1p") (4)



it (1) = isg1(8) = Ly+ip(O) +im(t)
At the end of this sub-interval at ¢t = 1",

i1 (00"") = [V sinoyty )/ Ly 1080 —tg")
ipi(tg") =y =¥, Nto'"~10")/ L;

Sub-interval 1c :

irn () = i (10") -V (t-10") /L,
(3.3) and (3.4) are valid.

Cell-k [(to +(k-1) t/N) to (¢;+(k-1) t,/N)]

Sub-interval l1a:

i (0)=[Vp /L, [CssIsino, [t = (k -1)‘p /N —1g]
vsak(f) =Vpcosw, [t - (k~1)t, /N —tg]

At the end of this sub-interval, at t = tg'+(k-1)t,/N, ik = I and v, = 0.
Sub-interval 1b :
fok (1) ={(Vp = Vo' ) L)t — k=1t /N —1g']
I (1) = [V sineyt)/ Lip e ~(k =Dt , IiN —19']
iLe(t) = isar(t) = Do+ ipr(t) +iir(£)
At the end of this sub-interval at ¢ = £y"+(k-1)t,/N,

k=g + k=1, I N) = [V sin©;7,)/ Lin](tg""~10")
p

ipp(t=t"+(k=Dt, IN)=Vp =V, Xto""t0")/ L;

Sub-interval 1c :
iL(t) = it = to"+(k-1)t/N) -V} (t-to"-(k-1)t,/N) /L,
(3.11) and (3.12) are valid.
Interval 2a, 2b
Cell-1(t;-t2)
(3.3) to (3.5) are valid.
At the end of sub-interval 2a, i;,1= 0.
At the end of sub-interval 2b, ip;= 4.

101

(3.5)
(3-6)

(3.7

(3.8)

B9

(3.10)

(3.16)



Cell-k& [(#; +(k-1) t/N) to (tr+(k-1) t;/N)]
(3.11) to (3.13) are valid.

Interval 3

Cell-1 (£-t3)

it (1) =1y and  iim(t) = [inp
Cell-k [£2+(k-Di/N to t5+(k-1)t,/N]
Ipk () =14 and i) = Iinp

Interval 4

Cell-1(£3-ts)
iin (0) = Linp = [(Vp = Vi sine 1))/ Li )t~ 15)
ip1(t) =g~V + Vo)t = 13)/ L

Cell-k [t3+(k-1) t/N to ta+(k-1) t,/N]
link () = Linp ~[(Vp —Vmsineyt))/ L}t —t5 - (k= 1)t / N]

i) =14 ~(Vp + V)t —t5—(k=1)t, I N1/ L,

At the end of this interval i,(f) = 0.
Interval 5a, Sb

Cell-1 { t‘l'_lil

ipl([) = "'(Vb _V(;)([—l“)/L[
(3-19) is valid.

At the end of this interval, i)(f) = Ls2.
Cell-k [tat+(k-1) t/N to ts+(k-1) t,/N]

ik (1) ==~(Vp =V, )t —tg —(k=1)tp / NV L;

(3.21) is valid.
Interval 6
Cell-1 (t5-t6)

in() =Ip
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(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)



(3.19) is valid.
Cell-k [ts+(k-1) t,/N_to te+(k-1) t,/N]

ipt) = L2 (3.26)
(3.21) is valid.
Interval 7a, 7b
Cell-1 (t6-t7)
i (1) =1 4 +V,(t—16)/ Ly (3.27)

(3.19) is valid.
i;n is zero at the end of sub-interval 7a.

Cell-k [te+(k-1) t/N to t7+(k-1) t,/N]

ipk() =10 +Volt—tg = (k=1 , / N1/ L, (3.28)
(3.21) is valid.
Interval 8
Cell-1 flz-_lg)

ipl =0, ;=0 (3.29)

Cell-k [t3+(k-1)t,/N_to tg+(k-1)t,/N]

ipk = 0, iyk=0 (3.30)
3.4.1.2 General solutions for TICCM at part load (Fig. 3.5)

There are seven operating intervals in this mode for each cell with cell-to-cell time delay
of t,/N.

Interval 1

Cell-1 (£o-1;)

Sub-interval 1a

ipl‘_‘ I3 (3.31)
Sub-interval 1b, 1c

i1 (1) = g3+ WV +V, Xt —19)/ Ly (3.32)
(3.4) is valid.

Cell-k [to+(k-1)t,/N to t;+(k-1)t/N]

Sub-interval 1a

ipk = 143 (3-33)
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Sub-interval 1b, lc

ipk(D) =13 +(Vy + Vo)t —tg — (k=) , I N1/ L (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 of Interval 7, i, = L.

Interval 8 is absent.

3.4.1.3 General solutions for TICCM at full 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 of interval 6). In this mode, all the equations of Section 3.4.1.2 are valid with
143 replaced by L.

So far the equations for input currents and tank inductor currents for the cells of the

multiphase converter are presented at different point of the HF cycle for different modes.

So, the source current, i; can be determined by,

(0= i@ (3.35)

k=l2.

And the output current of the output rectifier, ... can be determined by,

e & )
Im(l)-k;.z. . (3.36)

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)

of Section 2.5.2 of Chapter 2 are valid for each cell of 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 of a number of
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 of the single-

stage converter presented in Section 2.6.1 of Chapter 2 is in per unit. So the same design

curves and optimum function are used to design all the cells.

3.5.2 Optimizing Number of Cells, NV

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, T; = t,/N. With this delay time (3.12), (3.18) and (3.21) are
used to determine the input current of any cell and (3.35) is used to determine the total
current from the source for any value of N. Using MATLAB software, analysis is done
for values of N from 1 to 3, 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 of 500. Based on this analysis source power factor
and THD are plotted as a function of ¥ 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 of 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 of 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 of N. These figures also show that ripple
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reduction of the input source current is significant for N = 2. For number of cells higher
than 2 or 3 the ripple reduction is negligible. Different significant harmonic components
are summarized in Table 3.1 (V; = 166.4 V) and Table 3.3 (V; = 208 V). Also the source
power factor and line-current THD values are summarized in Table 3.2 (V; = 166.4 V)
and Table 3.4 (V; = 208 V). Based on this study, for the ac-to-dc multiphase converter in
this work, number of cells, N = 3 is chosen. As the results are compared in per unit

(normalized with fundamental component) the cell designed in Chapter 2 was used for
this study.

Table 3.1 Different dominant harmonics obtained from MATLAB analysis (V;= 166.4
Vrms, D=0.5, V,=420 V and P..;= 1.7 kW).
% Harmonic amplitude (normalized with fundamental component)

Harmonic Line frequency harmonics Switching frequency harmonics
number,2 | N=1 | N=2 | N=3 | N=4 | N=5 | N=1 | N=2 | N=3 | N=4 | N=5
100 { 100 | 100 | 100 | 100 | 43 | S9 | 43 | 49 | 52
005(005(005{005{006( 53 |51 }{09 ]| 0807
1451451148 | 130148 ) 62 | 26 | 50 | 1.5 | 1.0

0 0 0 0 0 29 | 24 | 09 | 24 | 07
06 { 06 {055(020,050) 32 |21 |09} 14 | 22

0 0 0 |010]010]| 32 | 21 | 14 | 0.8 | 22
0.15/0.1510.10/020(0.10| 29 | 24 | 14 | 08 | 07

0 0 0 00500161} 26| 09 ) 14| 10
020(0.15}010}024| 0.7 | 53 | 5.1 {095| 24 | 0.7
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Table 3.2 Power factor and THD values for different N obtained from MATLAB

analysis (V;=166.4 V rms, D=0.5, V,=420V and P.;= 1.7 kW).

Number of Using line frequency (LF) Using line and switching frequency
cells. N components (up to 50™) components (up to 10" HF)
’ Power factor %THD Power factor %THD
1 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 (V;= 208

V s, D =0.369, V,=420 V and P..;= 1.7 kW).

% Harmonic amplitude (normalized with fundamental component)
Harmonic Line frequency harmonics Switching frequency harmonics
number,2” | N=1 | N=2 | N=3 | N=4 | N=5 | N=1 | N=2 | N=3 | N=4 | N=5
1 100 | 100 | 100 | 100 | 100 | 59.5| 7.8 | 4.1 | 39 | 48
2 01101 }01 401|011 |132;56]| 08 06| 06
3 1551167 (156 | 155|148 | 59 | 09 | 53 | 1.2 | 09
4 0 0 0 0 0 29 | 38 | 09 | 21 | 07
5 03 | 08 { 0551020028 3.2 [155]109 | 1.2} 22
6 0 0 0 0 0 32 {16 | 15| 06 | 22
7 02105 |02 (020{020{ 29 | 38 | 15| 06 | 0.7
8 0 0 0 0 0 59 { 09 |08 12 | 09
9 030023033034} 03 |52 ]| 56 [09 | 21 | 06
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Table 3.4 Power factor and THD values for different N obtained from MATLAB
analysis (V;=208 V rms, D =0.369, V,=420 V and P.;= 1.7 kW).

Number of Using line frequency (LF) Using line and switching frequency
cells. N components (up to 50" components (up to 10" HF)
’ Power factor %THD 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 of number of cells, N with HF ripple
using up to 10" HF harmonics for ¥, = 166.4 V and 208 V rms, Py = 1.7 kW.
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Fig. 3.8 Source power factor, p.f. as a function of number of cells, N without HF
components (using up to 50" LF harmonics) for ¥;= 166.4 V rms,
Pc,”: 1.7 kW.
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Figure 3.9 Line-current total harmonic distortions, THD as a function of number of cells,
N with up to 10" HF harmonic components for V;=166.4 V and 208 V rms at P..;= 1.7

kW.
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Fig. 3.10 Line current total harmonic distortion, THD as a function of number of cells, N
without HF harmonic components (using up to 50" LF harmonics) for ¥, = 166.4 V rms,
Peey=1.7kW.
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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, V,=208 V (rms) with variation of + 25%, -20%,
Output voltage, V,=420V,

Output power, P,=5 kW,

Switching frequency, f ;= 50 kHz,

Output voltage ripple, AV, = 5% (peak to peak),

Possibilities of extension to higher power levels.

It was mentioned in Section 3.5.2 that the chosen value of the number of cells is N = 3.
So, the output power of each cell is, Py = 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 N = 3, phase shift
between two consecutive cells is 360%/3 = 120°. The specification for each cell is the
same as the design example of 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:

n=1.49, L,=723uH, L;=125.1 pH, C,=982 uF, C;2=3.13 nF,
C;3=C5=085nF,Cy=1.10nF,L,=64 uHand R",=103.76 Q.
(In calculating the snubber capacitors, it is assumed that the International Rectifier
IGBTs, IRG4PFSO0W(D) are used. From the data sheet, this device has a typical fall time
of ty = 170 ns).

Maximum load current is, I,; = P,/V,= (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= Loi/(4*6f*AV,)
=4.05/(4*6*50000*0.05*420)
=0.16 uF
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The full load resistance for the converter is, R; = R't/3 = 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 of 60 Hz and the
results will not change. The redesigned converter is simulated using PSPICE simulation
package. Different component values (for 90% efficiency) of the redesigned converter
cells are as follows:
Ln,=3244 uH, L;=6255 pH, C,=15.7nF, C;;=Cs3=4.25 nF, Csy =5.5nF
L,=32 uH, C, =982 uF.
The output capacitance, C, = 0.8 uF and full load resistance., R, = 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 (Vyun, Vs and Vpg) 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, i;.

(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, i., and output voltage, v,.

Improvement of the harmonic contents of 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 of line currents at these operating
points for N =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 of Chapter 2 is used. These figures
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Table 3.5 Comparison of the normalized dominant harmonics present (these results
correspond to theoretical results of Table 3.1) in the line current of a single cell converter
and a 3-cell multiphase converter obtained from PSPICE simulation. Converter details
are given in Section 3.6.

(V;=166.4V mms, V,=420V, f,=10kHz, P,y = 1.7 kW)

Harmonic Line frequency harmonics Switching frequency
number, h (%) harmonics (%)
’ N=1 N=3 N=1 N=3
1 100 100 46.43 0
2 0 0 a4 0
3 14.3 14.29 4.9 4.9
4 0 0 0.8
5 1.49 1.44 1.6
6 0 0 0.4 0.4
7 1.6 1.54 0.9 0
8 0 0 0.2 0
9 1.03 09 051 04

Table 3.6 Comparison of the normalized dominant harmonics present (these results
correspond to theoretical results of Table 3.3) in the line current of a single cell converter
and a 3-cell muitiphase converter obtained from PSPICE simulation. Converter details
are given in Section 3.6.

(V=208 Vs, V,=420V, £,=10 kHz, P..s= 1.7 kW)

Harmonic Line frequency harmonics Switching frequency
number. A (%) harmonics (%)
’ N=1 N=3 N=1 N=3
1 100 100 64.19 0.03
2 0.12 0.03 14.31 0
3 15.72 15.12 3.0 3.0
4 0.01 0.04 451 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)

()

(3)

)

(3)

(6)

The high frequency ripples in the line current are reduced without the use of any
input filter.

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.
The soft-switching features for all the cells are maintained like the single-cell

converter studied in Chapter 2.

All the cells are processing equal power. Therefore, uniform thermal distribution
is obtained.

Fig. 3.16(d) to Fig. 3.21(d) shows the increase in ripple frequency in the output
filter capacitor, C, current and voltage due to multiphase operation.

Because of HF isolation transformer, as a bonus, the inter-cell cross conduction

problem [108] is eliminated without any additional circuitry.
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3.16(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter
with minimum input voltage V;= 166.4 V rms at full load, P.;= 1.7 kW. (i) Line-current
harmonic spectrum and (ii) unfiltered line current, i;. HF filtered line-current THD =
11.89%. Simulated converter details: V,=420 V, /;= 10 kHz, L,,= 324.4 uH, L,;= 625.5
uH,n=149, C,=982 yF, C,=0.8 uF, L,=32 uH, C2=15.70F, C;;=C3=Cxu=4.25
nF, N=3.
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Fig. 3.16(b) PSPICE simulation results (voltage across terminals A and B, v45 and tank
current, i) for each cell with V; = 166.4 V rms at 100% load, P,= 1.7 kW, ¥,=420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.16(d) PSPICE simulation results for V;= 166.4 V rms at 100% load, P,= 1.7 kW,
V, = 420 V. (i) Output capacitor current, i, 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 V.= 166.4 V rms at 10% load, P..s= 170 W, V,=420 V. (i)
Line-current harmonic spectrum and (ii) unfiltered line current, i;. HF filtered line-current
THD = 13.98%. Simulated converter details are given in Fig. 3.16(a).



125

SEL>> |
-40 +
o -V{(L43:2,M17:d)/20 ¢ -I(L39)*2
40 Y e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T S S T S T T e S e T T T T ST e e st mm - -~ - -
: Vagp :
: "'——-"8—'_——" N :
! ! | cell-2 !
' ‘ H \
:ﬂi = A///‘ lp\;——a/ i S :
. | 5
' " [' '
-40 -l'— ------------------------------------------------------------------------ —;
o -V(M11l:d,M12:d)/20 -I(L31)*2
B0 = = mm e mmm e e -
VaB :

Cell-1l ' [ v

-40+----- r-=- -~ === R e i Sl il [

222.23ms 222 .26ms 222;28ms 222.30ms 222 .32ms 222.34ms
g -V(L35:2,M4:d) /20 : -I(L4)*2

Time

Fig. 3.17(b) PSPICE simulation results (voltage across terminals A and B, v,4s and tank
current, i) for each cell with ¥; = 166.4 V rmms at 10% load, P, = 170 W, V,=420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.17(c) PSPICE simulation results (boost current, i and resonant current, i) for
each cell with ¥, = 1664 V ms at 10% load, P, = 170 W, ¥V, = 420 V. Simulated
converter details are given in Fig. 3.16(a).
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= 420 V. (i) Output capacitor current, ic, and (ii) output voltage, v,. 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, Per = 1.7 kW, V,=420 V. (i)
Line-current harmonic spectrum and (ii) unfiltered line current, i;. 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, v45 and tank
current, i,) for each cell with V; = 208 V rms at 100% load, P,= 1.7 kW, V,=420 V.
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3.19(a) PSPICE simulation results for redesigned 3-cell multiphase ac-to-dc converter
with rated input voltage ¥, =208 V rms at 10% load, P..s= 170 W, ¥V, = 420 V. (i) Line-
current harmonic spectrum and (ii) unfiltered line current, i;. 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 terminals A and B, v,p and tank
current, i,) for each cell with V; =208 V mms at 10% load, P, = 170 W, Vo=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, i;, and resonant current, ir,) for
each cell with ¥, =208 V rms at 10% load, P,= 170 W, ¥,=420 V. Simulated converter
details are given in Fig. 3.16(a).
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Fig. 3.19(d) PSPICE simulation results for ¥;= 208 V rms at 10% load, P,= 170 W, V,=

420 V. (i) Output capacitor current, i, and (ii) output voltage, v,. Simulated converter
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
with maximum input voltage V;= 260 V rms at 100% load, P..s= 1.7 kW, V,=420V. (1)
Line-current harmonic spectrum and (ii) unfiltered line current, i;. 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, v,s and tank
current, i) for each cell with ¥, =260 V rms at 100% load, P, = 1.7 kW, ¥V, =420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.20(c) PSPICE simulation results (boost current, i;, and resonant current, ir,) for
each cell with ¥; = 260 V rms at 100% load, P, = 1.7 kW, ¥V, = 420 V. Simulated

converter details are given in Fig. 3.16(a).
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Fig. 3.20(d) PSPICE simulation results for ¥;= 260 V rms at 100% load, P,= 1.7 kW, ¥,
= 420 V. (i) Output capacitor current, i, and (ii) output voltage, v,. 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 ¥, =260 V rms at 10% load, P..s= 170 W, V,=420 V. (i)
Line-current harmonic spectrum and (ii) unfiltered line current, i;. 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, v,s and tank
current, i,) for each cell with ¥; = 260 V rms at 10% load, P, = 170 W, V,=420 V.
Simulated converter details are given in Fig. 3.16(a).
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Fig. 3.21(c) PSPICE simulation results (boost current. i;, and resonant current, ir,) for

each cell with ;=260 V rms at 10% load, P,= 170 W, V,=420 V. Simulated converter
details are given in Fig. 3.16(a).
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Fig. 3.21(d) PSPICE simulation results for ¥;= 260 V rms at 10% load, P,= 170 W, V,=

420 V. (i) Output capacitor current, i., and (ii) output voltage, v,. Simulated converter
details are given in Fig. 3.16(a).
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Fig. 3.22 Comparison of normalized harmonic spectrums for (i) N =1 and (ii)) N=3
obtained from PSPICE simulation for minimum input voltage, V; = 166.4 V rms, Pen=
1.7kW, V,=420 V, £;= 10 kHz. Converter details are given in Fig. 3.16(a).
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Fig. 3.23 Comparison of normalized harmonic spectrums for (i) ¥ =1 and (ii) N = 3
obtained from PSPICE simulation for rated input voitage, V;= 208 V rms, Pey=1.7 kW,
V,=420 V, f;= 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, V= 110 V (rms), 60 Hz.

Output voltage, V,=210 V DC.

Output power, P,= 1.5 kW.

Switching frequency, f;= 50 kHz.

Number of cells, N =3
The output power of each cell, Py = 1.5/3 kW = 500 W. Therefore, the experimental
prototype designed in Section 2.8 of Chapter 2 is used as cell to build the 3-cell
multiphase experimental prototype. The experimental results verify the operation and
performance of the proposed multiphase converter. Summary of the experimental results
is given in Table 3.7. A comparison of 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
Ve V 31 299 278
In A 6 3.9 1.8
I A 6 3.8 1.7
THD % 10.5 12.3 13.6
n % 83.26 83.30 82.44




147

Table 3.8 Comparison of harmonic amplitudes obtained from Theory, PSPICE simulation
and Experiment at full load with minimum input voltage. Converter details are given in
the corresponding sections.

Order of % Normalized (with fundamental) harmonic
harmonics, components.
h 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 24 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)
b)
c)
d)
e)
f

Following observations are made from the experimental results:

Gating signals, vg.2 of common switch S2 for all cells.

Line voltage v, and current i;.

Voltage across A and B, v, for all cells.

Boost inductor current, i, for all cells.

Tank inductor current, i, for all cells.

Resonant inductor current, i, for all cells.

a) Line voltage, v, and current, i; 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



d)

e)

g)
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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.

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.

Currents through different components in the cells e.g. ii,, i) etc. are balanced. Also
the bus voltages, ¥, and output voltages, V, are equal. So, all cells handle equal
power.

Because of balanced power distribution among the cells, a uniform thermal
distribution in the multiphase converter is obtained. This is one of the main
advantages of multiphase topology.

All switches are soft-switched for entire load range (full-load to 9.4% load) similar
to the single cell of Chapter 2.

As a bonus to the isolation, the inter-cell cross-conduction is prevented because of
the HF isolation transformer. This eliminates the use of additional diodes required

[108] to prevent the cross-conduction.
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Fig. 3.24 Experimental results (a-i) for the 3-cell multiphase converter at full-load
(P=1.5 kW), D=0.45, V=110 V rms, V,=210 V. Converter details: for each cell
Pouy=500 W, L;,=78 uH, L=151 pH, Cs=1000 pF, C;;=Cs3=C=1 nF, C;2=2.2 nF,
n=1.12, C,=1uF, L,=20 uH, £;=50 kHz.
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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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(Fig. 3.26 contd.)



........ T FRTSPRTNS (RO N Vg e
g r . } 3
H - : H ¥
................ % AUUUUR TUURUNUUR IUURUURUUESSUURU O SOU SUUUSURUUPUOTE SOPRRRUOE SORRION
vl~l-l‘l-i~l-l-l-l'i~l-l-l‘l-i-l-Ivl-l'i-Ivl-lvli-l-l'hI~i’l-l-l-l-i-i'l»l-l-i-l'l-l~l-£-!-l-|~l'

JENSENRY SRS

(d) Voltage across terminal A and B for cell-1, v45; and cell-2, vz (200V/div).

'l'l'l-l'i-l 1-0 i"l-hl"'i'l-l I~I'i'|'l'|'l{'l'l~l‘l~i>'-l'l-l-i-l LR RS ) l [N RS EE RN S8 AR RN A% I8
........ Yeooooh-- .,.........|.........|.......f..u.\ VA83 Ceeeaiaats .|F!
. 2
. *

LREERYE

(e) Voltage across terminal A and B for cell-2, v,z and cell-3, v,453 (200V/div).

e R Rk ¥

T SR SRR fevreeenns U SO U SRR et U

e

......... P S U SO SO PR

: : : : : : iin3 """ . .......
SN IVa U NI V2 S

(f) Boost inductor current, i;» (10 A/div.) for all cells near the peak of input voltage.
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(h) Resonant inductor current, i;, for all cells (2.5 A/div.).
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Fig. 3.26 Experimental resuits (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 of the proposed converter were presented for all operating
modes. A study was performed to determine the optimum number of cells, N = 3 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 of the designed converter. A 110 V rms, 1.5 kW,
210 V output, 50 kHz laboratory prototype was built using IGBTSs to verify the operation
and performance of the proposed 3-cell single-stage ac-to-dc multiphase converter. The

experimental resuits confirm the operation and performance of the proposed multiphase
converter.



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 of the single-
stage ac-to-dc bridge converter of 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 of 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 of the transfer functions are given in Section 4.7 with
PSPICE verification. Section 4.8 presents the closed loop system. Large signal behavior

of the converter obtained from PSPICE simulation is given in Section 4.9. Section 4.10
states the conclusion of this chapter.

4.2 Analysis procedure

In order to perform the small-signal analysis of 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 of the AC equations.

4.3 Equivalent circuit configuration

The operationally equivalent circuit of the ac-to-dc single-stage converter cell of Fig. 2.1

is shown in Fig. 4.1. To arrive at this equivalent circuit following assumptions are made.

ldc

52 'IE:} i

S3

2

B Output
1 us . .
Boost section  Section DC-t0-DC section . Section

Fig. 4.1: Operationally equivalent circuit of the ac-to-dc single-stage converter cell
of 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 D1 are the same diode. This facilitates to visualize the bus capacitor, C,

current clearly while keeping the converter operation unchanged.
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b) Because of a short duration of operation, the effect of 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 of HF isolation transformer magnetizing current is neglected.

4.3.2 Description of the equivalent circuit

In the equivalent circuit, |vi| represents the output of the input rectifier. The boost section
comprises of the input boost inductor, L, boost switch, Sb and boost diode, Db. Cj is the
energy storage bus capacitor. The voltage across C; is the input voltage of the dc-to-dc
bridge converter section. S1-D1, S2-D2, S3-D3 and S4-D4 are the switch-diode pairs in
the bridge. L, is the total of the tank inductance and the leakage inductance of the HF

transformer. C,’ and R, are effective output capacitance and load resistance, respectively
referred to the primary.

4.4 Operating Principle

The operation of the operationally equivalent circuit of the ac-to-dc single-stage converter
is the same as described in Chapter 2. The equivalent circuits of the boost section at
different interval 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, v; is assumed constant for half

the line frequency cycle and (b) the primary referred output voltage v,' is assumed
constant over two switching cycles.
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Fig. 4.2(a) Equivalent circuits during different operating intervals of 4-th cycle of the

boost section of the operationally equivalent circuit of Fig. 4.1.
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Fig. 4.2(b) Equivalent circuits during different operating intervals of k-th cycle of the
DC-to-DC section of the operationally equivalent circuit of Fig. 4.1 for 7TICCM.
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Fig. 4.3(a) Operating waveforms of operationally equivalent circuit of Fig. 4.1 for
TICCM at minimum input voltage and full load during 4-th cycle.
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Fig. 4.3(b) Operating waveforms of operationally equivalent circuit of Fig. 4.1 for
TIDCM (the most general case) during &-th cycle.
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4.4.1 Boost section

As the switching frequency, f; is very high compared to the line frequency, f;, the input
source voltage, v, during any high frequency period can be assumed constant. Therefore,
for the k-th high frequency cycle, the input source voltage is given by,
v, =V, sin(w,kT)
where, k=123...... N; N=f/2f; and ©; = 2nf).
Following intervals occur for both the T/CCM and TIDCM operations of the converter.
For simplicity, subscript & for i;, is dropped in the analysis.

4.1)

Interval 1o, <t < 12 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.

di,

=V

T 4.2)

Interval t; <t < ty: The equivalent circuit during this interval is given in Fig.
4.2(a)(ii). During this interval, S2 is OFF and boost diode D1 conducts. The boost
inductor current transfers the stored energy to the bus capacitor C, as the falling current is

governed by the following equation.

n - p—
—_— =V Vg

Tdr " (4.3)
Interval ty <t < tou+1): 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.
i, =0 “4.4)
4.4.2 DC-to-DC converter section
a) For TICCM:

Interval 1(tox <t < ti): The equivalent circuit for this interval is shown in Fig.
4.2(b)(i). This interval begins when S1 and S3 are turned OFF simuitaneously. Diode D2

and D4 carry the current i, of the inductor L;. This current is represented by the following

equation.
di

L—L=v,+v' 4.5
4 dt b ] )
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Interval 2(tix < t < ty): The equivalent circuit for this interval is given in Fig.
4.2(b)(ii). This interval begins when the current i, reverses polarity as S2 and S4 turn on
with ZVS and start conducting. This current is described by the following equation.

di 4.
Ll_li::vb —vo' ( 6)
dr

Interval 3(tyx < t < t3): 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 D1 and D3 take over

their currents. This interval is governed by the following equation.

di
L, -d—: =—(v, +v,") 4.7)

Interval 4(t2x < t < t3): The equivalent circuit for this interval is shown in Fig.
4.2(b)(iv). This interval begins when the current i, reverses polarity and S1 and S3 turn

on with ZVS and start conducting. This interval is represented by the following equation.

di , (4.8)
Ll?:'=_(vb -vo )

These interval-governing equations (4.1-4.8) are used to determine the averaged state

equations.

b) For TIDCM:
Interval 1(tor < t < tix): 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.

di 49
Ll—lp_=vb _vo' ( )
dt

Interval 2(t\x <t < t¢): The equivalent circuit for this interval is given in Fig. 4.2(c)(ii).
This interval begins when the current i, reverses direction as D1 and D3 start conducting.

This current is described by the following equation.

di, (4.10)

L—=—(v,+v,")

" dt
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Interval 3(ty < t < t3): The equivalent circuit for this interval is given in Fig.

4.2(c)(ii1). This interval begins when S1 and S3 are turned ON with ZVS. This interval is
governed by the following equation.

di ' 4.11
Ll"f:—("'b“va) ( )

Interval 4(t3;x < t < t4): The equivalent circuit for this interval is shown in Fig.
4.2(c)(iv). This interval begins when the current i, reverses polarity as S1 and S3 are

turned OFF. This interval is represented by the following equation.

L—L=v 4.12)
dt

Interval 5(tsx < t < tg (i+1y): ip = 0 during this interval due to TIDCM 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.n, dc bus capacitor, C,, dc-to-dc section inductor, L; and primary referred output
capacitor, C,". So, the state variables to be considered are: boost inductor current, i;, dc

bus voltage, v, tank inductor current, i, and the primary referred output voltage, v,'.

As the front-end boost section is operating in DCM, the average value for rate of

change of the boost input current, ii,, is always zero [119]. So, the averaged state equation

for i, is

di,\
Lo <7>‘° @.13)



169

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, L,. So, the averaged state equation is,

di,\
Li— =0 (4.14)

This equation will also disappear for further analysis. So, the averaged state equations
worth to be considered for this analysis are,

dv,

C,—=i -
b dt d.avg. de.avg. (4’15)
av, . v,
] dt =lp,rect,avg - R (4'16)

- > - L > » - .
where, igavg, idc.avg. AN iprecravg are the average values of iy ig and ip recr, respectively.
Now by determining these average values, the final form of the averaged state equations

can be obtained. Determination of 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, igavg.

The average current in the boost diode, Db can be obtained using the following equation
[119].

©,dT? [&
= v, d (4.17)
Ly avg. L, [; sk X xk
where, o is the line frequency in rad/s and dy is given by the following equation.

drv, =d  Tlv, —v,] (4.18)

d,=d—%

(Vs = V) 4.19)
Now, using equations (4.19) in (4.17) the average current equation is:
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202 VN 2
i, =24l [Z Va ] (4.20)

27‘14"' k=i (vb - vxk)

4.5.1.2 Average input current to the dc-to-dc section, iy avg.

a) For TICCM 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),

. T ' 2 v 2 ] 2 ] 2
Lic.avg =2—LT[(V[’ -v," )y = (v, +v,")d; +(v, —v,")d; —(v, +v, )dJ] (4.21)
b) For TIDCM of Fig. 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),

- T ] L ]
e, =57 [(vb —v,")dl = (v, +v,)d} +(v, -V, )d;] 4.22)
==

4.5.1.3 Average rectified current, ip recr,avg.
a) For TICCM of Fig. 4.3(a):

The average value of 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,

. T ' ] ] 2 L 3
s = 5 K% =V WG+ + 9,0 4y =0, 0 + (v w03 ] 629D
7

b) For TIDCM of Fig. 4.3(b):

The average value of the rectified tank current for this mode is given by:

[ rectave =-I-—[(vb —v,"de + (v, +v,")d} + (v, —v,")d; +va'd32]
2L, (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

of the perturbation is very small compared to its equilibrium value. This perturbation is
defined by (4.25-4.36).

Vo= Vp+vp (4.25)
Vo=V +v, (4.26)
Ve = Vot vy (4.27)
idavg=I4, avgHidavg (4.28)
ide.avg= lic.avg+lde.avg (4.29)
ip.rectavg = Ip.rectavg tprectavg (4.30)
d=D+d (4.31)
do= Do+do (4.32)
d, = D+d, (4.33)
dy= Dy+d; (4.34)
dy=Ds+ds 4.35)
dy= Da+dy (4.36)

Using (4.15-4.16) and (4.25, 4.26, 4.28-4.30) the following equations are obtained.

dlV, +v,) - ~
Cb _b—d}_—b_ = Id,avg tlag — Idc,avg ~ b avg “4.37)
d(V.'+7.") - Ve (4.38)
C—=2—==1 g T
dt purectavg © pirectavg R,

Also using (4.20-4.36), the following equations are obtained.

439
. T e 2nL SW, +v, -V, -7, (4.39)

mn

Id ‘*“l:.‘ =(0,(D+J)ZT2[N (V.\'k +V:)z ]
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For TICCM:
T T v g 9 ~ v 3
Lieavg. ¥ bt g = Ef[(V,, +V, V'V ' YD, +dy)* -V, + v, +V,'+v,")(D, +dl)2
1
+(V, + 9, =V, 'V, YD, +d,)? = (¥, + 7, +V,'+V,' (D, +d;)*]
(4.40)

T T 4 "" R~
Ly reciavg. ¥ borectavg = 2L —[V, +V, - WD, +dy) +(V, +9, +V,'+,' XD, +4d,)

+W, +v, -V,'-V,' XD, 4»5"2)2 +(V, +7, +V,'+¥,' (D, +d,)?]

(4.41)
For TIDCM:
i T bd L ~ ] ~ \?
Ly ovg i g =E[(V” +7, =V,'=%," YD, +d,)? —(V, +V, +V,'+V, XD, +d,)’*
(]
+(V, +¥, =V,'-V,' (D, +d,)*)
(4.42)

Ip.rect.avg-*';;rec'.avg‘z [V, +V, - Vo'_vo')(Do"’Jo)z'*'(Va'*'vb“‘Vo"*'Va')(Dl*Jl)z
+(V, +5, =V,'=5.' YD, +d,)* +(V, +V, +V,'+V,' XD, +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 of 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):
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C, é:—-?'}mg Lt g (4.44)
Y AN A
*odt PTPOR) (4.45)
And from (4.39-4.41):

22 N N 2 2 N -
;,;avg. =(D1D T [Z ,k Z V,,t ,]‘\7_‘ +20),DT Z Vsk d
' Zan k=l (Vb V ) k=1 (Vb - V,k)- 27'[[. k= Vb -—
LoDTIE (V)
27t[‘m k=l (Vb + i;b - Vsk - T;.xk) ’

Py
gﬁ
N’

n

= —C,Vb + C;,'d- + CSVs (4.46)

-~ T o~ ~ 1 2 Ty ! 2 Nd. "Yd.
bic avg =:)—[T[(vb ~V,)Dy =, +V,)D" +2D,(V, -V,")d, =2D,(V, +V,')d,

=™

+(¥, =¥, )D,} = (¥, +V,")D;> +2D,(V, -V,")d, -2D,(V, +V,")d,]
(4.47)

[ oL [(v,, -%,)D,* + (¥, +,")D;* +2D,(V, -V,")d, +2D,(V, +V,")d,

+(¥, =V, )D,’ + (¥, +9,)D,* +2D,(V, -V, )d, +2D,(V, +V,")d,]
(4.48)
In order to find the perturbed values of dj, di. d> and 43 in terms of those of 4, v; and
v, we know that,

d,+d,=d (4.49)
dy+d, +d,+d,; =1 (4.50)
vy =, )y = (v, +v,')d, (4.51)
(v, = v, ), =(v, +v,')d; (4.52)

By perturbing the above equations around their respective equilibrium points,

dy+d,=d (4.53)
d,+d,+d, +d, =0 (4.54)
W, -V, Yd, -V, +V,")d, = (=D, + D,)¥, +(D, + D,)¥,’ (4.55)

W, -[/17')22 -, + V;')‘?z =(-D, + D;)v, +(D, + D;)V,’ (4.56)
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Now from (4.53-4.56),
d,|[ 1 0 0 1
dll 1 1 1 1 _
d,|\|vV,-V,, -W,+V,)y 0 0 B
~3 0 Y v,=-V, -W,+V,")
1 0 0 ol 4
0 0 0 0|l ¥,
0 (-Dy+D) (Dy+D) 0%
0 (-D,+D,) (D,+D;) 0|l 0
(4.57)
d, 1 0 0 I
or, d|_ 1 1 1 1
d, | |V,=V, -, +V,") 0 0
d, 0 0 V-V, ~(¥,+V,")
1 0 0 o\l d
.10 0 0 0fl v,
0 (-D,+D)) (D,+D)) 0l\%;
0 (-D,+D;) (D,+Dy) 0]| 0
(4.58)

Now a new matrix [p] can be defined in the following equation that is a simplified form
of the (4.58).

30 Pnw P2 P Pu d

‘7, _|Pn Pn Pxn Pxn v, 4.59)
22 Py Pn Ps Pal||V,

~3 Pa Ps P Pau

Using equation (4.59) in equations (4.47-4.48):
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(O TR,' ~ =~ ~ =~ ' 7 ~ ~
R, ifpe = ?LL-[(VI, -V, )Do2 -V, +V, )sz +2D,(V, =V, )(pud + p,,V, + Pi3V,")
!
—2D,(V, + V., Y(ppd + PV, + Pp¥, ) + (¥, =¥, )D," ~ (¥, +¥,")D;’
+2D,(V, =V, )(p3,d + p3,V, + p33¥,")

—2D,(V, +V," W(pad + PV, + PV, (4.60)

_TR
T 2L
+2D2(Vb - Va')Pn "'2D3(Vb +V)' )Pa}":"b + {("'Dg - Dlz - Dzz - Dsz)

+2Dy(V, -V, )Py —2D,(V, + V. )psy +2D,(V,, =V, ) D3
-2D,(V, +V," Y3}V, +{(2D,(V, = V," )P\, —2D,(V, +V," ) Py
+2D,(V, =¥, )ps =205V, +¥,")py ] (4.61)

[{(Dg - Dlz + Dzz - Dsz) + ZDO(Vb - Va')Plz - 2Dl(Vb + I/o')pl‘l

= AT, + A,V,'+A,d (4.62)

where, A,=TR'".{(Do>-Dy*+D5>*-D3*)+2Do(Vs-V W12-2D\(Vs+ Vo \P22+2Do(V-V, YP32

2D3(V+ Vo Wpa2} /2L (4.63)
Az= TR'L{(-Do*-D12-D2>-D32)+2Do(Vi- Vo \p13-2D1(Vs + Vo YP23+2D2(Ve-V,, P33
-2D3(Vs+V,)pas}/2L, (4.64)

A3=TR't{2Do(Vs-Vo\p11-2D\(V+ Vo P21 +2D2o( V-V Yp31-2D3(Ve+ Vo Ypar }2L,
(4.65)
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And

> TR,
RL lp.rm.m'g = 2LL
0
+2D,(V, +V¢,')(lez+ PnVy + PnV,' )= (¥, ‘-‘."a')Dz2 -, +Vo')D32
+2D,(V, -V, X(p3d + PV, + Py3V,')

+2D,(V, +V,' )(1’412 + PV, + PV, (4.66)

(v, - Vo')Doz +(V, + Vo‘)Dlz +2D,(V, -V’ )(Pua' + PV, + Pisv,")

_IR'
2L,
+2D,(V, =V, )Py +2D5(V, +V," )P}V, + {(-Dg + D} - D; + D7)
+2D,(V, =V, )3 +2D,(V, +V," ) poy + 2D, (V, =V," ) ps;
+2D,(V, +V, )P }V,'+(2D,(V, =V, )p,, +2D,(V, +V," ) py,
+2D,(V, -V, )ps3, +2D;(V, +V," )y, }‘7] (4.67)

[{(D} + D} + D} + D})+2D,(V, =V,")p\, +2D,(V, +V," )P,

= B7, + B,v,'+B,d (4.68)
where, Bi=TR'{(Do’+Di*+Dy*+Ds*)+2Do(V-VoWr12+2D1(Vs+ Vo Y22
+2D2(Vy-Vo\p32+2D3(Vp+ Vo Ypar } /2L, (4.69)
By=TR'{(-Do*+D1*-Da*+D3*)+2Do(V-Vo Yp13+2D1(Vs+ V3
+2Dy(V-Vo\p33+2D3(V+ Vo, \paz}/2L4 (4.70)
B3=TR't{2Do(Vs-Vs 11 +2D1(Vs+V, P21 +2Do( V-V, )31
+2D3(Vy+V,\par }/2L, “.71)

4.6.2.2 For TIDCM:

Equations (4.44 -4.46) are also valid for this mode.
From (4.42-4.43),

~

y T v ot ~ ~ 2 ' -~ T
L avg =_2L (v, -V, )Do2 -V, +9,")D,” +2D,(V, -V, )d, - 2D,(V, +V,')d,
!

+(V, -V, )Dz2 +2D,(V, -V, )‘72]
4.72)
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Ty s = 5[0 =057+, +7,)D] + 2Dy, ~ ¥, ), + 2DV, +V,)d,
=&

+(¥,-v,")D, +%,' D, +2D,(V, —V,")d, + 2DV, d;]
(4.73)
In order to find the perturbed values of dy, d|, 4>, d3 and d; for TIDCM in terms of those

of d, v and v,' we know that,

do=d 4.794)
d, +d,=d (4.75)
d,+d, +d,+d,+d, =1 (4.76)
(v, —v,' ), =(v, +v,')d, 4.77)
v, =v,')d, =v,'d; (4.78)
By perturbing the above equations around their respective equilibrium points and
rearranging,
dg =d (4.79)
d +d,=d (4.80)
20+§l+32+23+24=0 (4.81)
WV, =V, )dy =¥V, +V,)d, = (=D, + D))V, + (D, + D,)7,’ (4.82)
(Vb - l/a' )Jz - Va' ‘?3 = -Dzvb + (-Dz + D3 )Vo' (4.83)
Now from (4.79-4.83),
[d, 1 0 0 0 0]
d i o 1 1 0 0
d, 1 1 1 1 1=
d, |\v,-v, -, +V,) 0 0 0
2]l o N A A
1 0 0 0 0][J]
1 0 0 0 0y,
0 0 0 0 0y %
0 -D,+D, D,+D, 0 0} 0
0 -D, -D,+D, 0 0j[0] (4.89)
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d| [ 1 0 0 o o'
d, 0 1 1 0 0
or, d,|=| 1 1 1 S B
d,| \v,-V,) —(¥,+V,)) 0 0 0
d, | L o 0 v,~V, -V, 0]
1 0 0 0 ol 4]
1 0 0 0 0| s,
0 0 0 0 0fy
0 -D,+D, D,+D, 0 0} 0
0 -D, =-D,+D; 0 0] 0]

(4.85)
Now a new matrix [p] for TIDCM can be defined in the following equation that is a
simplified form of the (4.85).

Py P2 P Pu 1’15T d

Pn Pn Pyn Pu Pis||V,

=Py Pn Pz P Pis ||V,
0
0

o

—

(4.86)

~

PR R R

Ps P2 Pss Pa Pas
LPsi P2 Pss Pss Pss ]|

w

E

1]
1

Now using equation (4.86) in equations (4.72-4.73):

T IR, . - -, ~ L~ ' ~ ~ ~
R, igeag = Z_LL'[(VI’ -V, )Do2 -V, +9,")D;” +2D(V, =V, X(p,d + p\,V, + pi3¥,")
¢

-2D(V, +V,' )(sz2 + PV, + PV, )+ (V, =V, )Dzz
+2D,(V, =V, X pyud + P37, + pis¥,")] (4.87)

_TR’
2L,
+2D,(V, =V, ) py.}9, +{(~D; - D} - D;3)
+2D,(V, -V,)pi; =2D,(V, +V,' ) pys +2D,(V, A A
+{2Do(V, =V, )Py —=2D,(V, +V," )y +2D,(¥, -V, )P, }d]  (4.88)

({(D - D} + D})+ 2Dy (V, =V," )Py, =2D,(V, +V," ) Py

~

= A4V, + 4,V,'+4,d (4.89)
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where 4, 4> and 43 for TIDCM are defined as follows:

A1= TR {(Do>-Dy*+D:*)+2Do(Vs- Vs W12-2D\(Vo* Vo Y22

+2D2(Ve-V, )32} /2Ly (4.90)
A2=TR'{(-Do*-Di*-Da?)+2Do(Vs-V Yp13-2D1(Vo+ Vo Y3
+2Do( V-V \p33}/2L, 4.91)
A3=TR'1{2Do(V-Vo \011-2D1(Vs+ Vo Y2 +2D:(Ve-Vo o1} 2L, 4.92)
And
R'T = EA"[(‘% 'Vo')Dol +(V, + Va')Dlz +2D,(V, -V, )(Pu;i + PV, + PV, ')

L ‘prectavg — 2L
!

+2D,(V, +V, X pud + pu¥y + PV, ) = (¥, =¥,')D;" +7,' Dy’
+2D,(¥, -V, )(p312 + P3,V, + P33V,")
+2DV, (p,d + PV + PV, )] (4.93)

_ TR,'
2L,
+2D,(V, - Vo')Pn + 2D3Vo' Ps }Vb + {(—Dg + sz - Dzz + Dsz)
+2D,(V, =V, ) o1y +2D,(V, + V") pys + 2D, (V, =V, ") 35
+2DV, p}v,'+{(2D,(V, = V," )y, + 2DV, +V,") Py,
+2D,(V, =¥, )psy + 2DV, pyy}d] (4.94)

[{(Dg + D‘z + D;) +2D,(V, =V, )y, +2D,(V, +V," )Py

= Bn;b‘*‘Bz;'o‘*‘B:;J (495)

where B,, B; and B; for TIDCM are as follows:
Bi=TR'{(Do*+D*+D:*)+2Do(Vs-Vo Yp12+2D1(Vs+ ¥, P22

+2D:(V-V5Yp32+2D3V "o paz} 12, (4.96)
Ba= TR {(-Do>+D1*-Do*+D5%)+2Do(Vs-Vo \p15+2D\(Vs+ Vo Y123
+2D2(Vp-Vo)p33+2D3Vo pas} /2L, 4.97)

B3=TR'{2Do(V-Vo \p11-2D\(Vs+ VYo +2D:(V-V, )P
2DV, 'par 2Ly (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):

T, T:ux;q +A), + 4,9,'=R,'CY, +(R,'C, - A4,)d

(4.99)
-B7, +1, dj: +(1—B,)v,'=B,d (4.100)

where 1, = R.'Cpand z, = R.'C,’ .

Now, taking Laplace transforms of (4.99-4.100) and rearranging

st, +R,'C, + A4 A, v, _|R'Cy RSG5 -4 ?‘:
- B, sty —B, +1 ] V' 0 B, d

4.101)
From (4.101):

¥, ] [st,+R,'C +4 4, T[R.C. RC,-477,
v, - B, i d

[STO—B-_,+1 -4, )

_ B, st, + R.C, + 4, || R.C, s . RIC,—4, |~
8,57 +8,5+5, 0o |’ B,

4.102)
where 8, =1,%,

8, =1, -B,1, + 47, +R,C 1,
8, =(R.C, +A4,)1~B,)+ 4,B,

Now from (4.102):

Usingd=0,
%____G
v, 8,82 +8,s+9, (4.103)
where, Go = B|CsR';,
and using v; = 0,
Vi Hs+H,

d 8,52 +8,5+0,

(4.104)
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where, H; = Byt

Hy = Bi(C3R'[-A43)+B2(C R +A4))

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:

Li,=72.3 uH, C,=982 uF, L,=125.1 uH, C,= 0.5 uF and R, =103.76 Q.
Referred to the primary of the HF isolation transformer, R’, = 46.74 Q and C’,= 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 of 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 of 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 of 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, v,' changes due to the change in d and vs. As the
frequency of d is increased from zero, the magnitude of v, decreases because of high
value of C; and v', decreases showing the end of the low frequency flat region. If

frequency is further increased, the change in bus voltage becomes negligible vs = 0 and
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the higher frequency flat region begins. If the frequency is further increased, v,

decreases because of the effect of the output filter capacitor, C’,.

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 of 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 d is increased, the gain

and phase decreases with different slopes depending on the poles and zero.
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4.7.2 Input to Output voltage transfer function

The frequency response of 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.
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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 = Dpe = 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 of the open loop system.

b) To provide a gain-crossover frequency of f,= 1.5 kHz.

¢) To provide a phase margin of 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.. is chosen 3 V. The transfer
function, H(s) for the feedback network is,

- = o - Vo,
d v, !
Voo KX e A Bl g K
H(s)

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



190

H(s) = K, /(1+1,5) (4.105)
where the feedback attenuation, K; = V,.r/V, = 3/420 = 0.007. As the ripple frequency at
the output is 100 kHz, the cut-off frequency, f. of the low pass filter is chosen 5 kHz. So,
the value of 1, can be obtained as follows:

.= 1/Q2nf.) = 31.83 us (4.106)

The ratio of duty cycle to the control voltage is assumed linear neglecting the linearity

error, which is a function of the reference voltage V, for A/D converter. So, the transfer

function for d /v. is given by 1/V, where ¥, = 5 V 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,

s
l+—
m:

1+ (4.107)

@,

G.(s)=G,,

where G., = compensator gain
o.=2xnf. rad/s
o, =2nf, rad/s
For gain-crossover frequency f(= 1.5 kHz) and phase margin ® (= 65%, f- and Jp are
determined as follows [123]:

1-sin®

fom T =333 He (4. 108)
7, =1 :_%E =6770 Hz (4.109)

So, .= 2.1 krad/s and w, = 42.54 krad/s. To obtain unity gain at /, the compensator gain
is determined to be G, =218.

The overall loop gain of the control system is given by,
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-,
4%,

G(s)H(s) =G (s) = nH(s) (4.110)

Ve

The frequency response of the overall loop gain is shown in Fig. 4.7(a). This is
obtained for rated input of 208 V rms at full load with D = 0.366. Bode diagram of this
figure shows a phase margin of 93° at the gain crossover frequency of 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.
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4.9 Large Signal behavior

Large signal behavior of 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 of 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, i, resonant inductor current, i;, and the primary
referred output voltage, v,'. 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 v; is relatively constant, resonant inductor current, i, is also
unchanged and follows the change in v;. But as the load is decreased to 10%, the tank
inductor current, i, decreases and primary referred output voltage, v,' increases. It takes 4-
5 HF cycle to reach new steady-state values of i, and v,'. The current through switch S2,
is2, bus voltage, v, and the primary referred load current, i’, are also shown in Fig. 4.8(b).
The decrease in i;; follows the decrease in i, as i,, is relatively unchanged. i; and i, 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 of S2 is maintained during this step decrease of 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, i;;, tank inductor current, i,, resonant inductor current, i;, and the
primary referred output voltage, v,. 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, i;, also changes very slowly. As bus voltage, v; is relatively constant, resonant
inductor current, iz, is also unchanged and follows the change in v,. But as the load is
increased to 100%, the tank inductor current, i, increases and primary referred output
voltage, v, decreases. It takes 4-5 HF cycle to reach new steady-state values of i, and v,'.
The current through switch S2, is;, bus voltage, v, and the primary referred load current /',
are also shown in Fig. 4.9(b). The increase in i;; follows the increase in i, as i, is
relatively unchanged. i> and i, 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 of S2 is maintained during this step

increase of 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 of 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, i;, is as follows: referring
to Fig. 2.1 of Chapter 2, i;, has two components, namely, current through Sa, i, and
current through Da2, ips and if,= is,;+ips2. 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 ( is; = 0 and S2 undergoes ZVS) but when load is decreased to 10%, i, decreases, ZVS
of S2 is lost and Sa conducts to ensure ZVT operation of S2.
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4.9.2 Step change in input voltage

The behavior of 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, v, boost inductor
current, i;,, tank inductor current, i, and resonant inductor current, i;. are shown in Fig.
4.12(a). As v, is decreased and bus voltage decreases slowly (due to large value of Cj;),
the boost inductor current decreases. Tank current, i, follows the bus voltage change and
response is slow. Due to the step decrease in v;, the resonant inductor current, iz, during
the conduction of Da2 (current, ip, recycled back to C;) is decreased. Fig. 4.12(b) shows
the common switch (S2) current, is; along with v,, i’ and v,'. i5; is decreased as i, is
decreased and change in i, is relatively slow. The change in i,' and v,', 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 turn-on of 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, v;, boost inductor current,
im, tank inductor current, i, and resonant inductor current, i;, are shown in Fig. 4.13(a).
With duty ratio unchanged, as v; is increased and bus voltage increases slowly (due to
large value of Cj), the boost inductor current increases and enters CCM near the peak of
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, i, is increased
(follows v;) and shows peak current of 35 A when i;, enters CCM. This situation can be
avoided using closed loop operation. Fig. 4.13(b) shows the common switch (S2) current,
is along with v;, i, and v,. iy is increased as i;, is increased and change in i, is relatively
slow. The increase in is; shows that during the step increase in input voltage, closed loop

operation is very important. The change in i,' and v,', 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, i, tank inductor current, i, and resonant inductor current, ir, are shown in Fig.
4.14(a). As v; is decreased and bus voltage decreases slowly (due to large value of Cj),
the boost inductor current decreases. i, follows the bus voltage change and response is
slow. Due to the step decrease in v,, the resonant inductor current during the conduction
of Da2 (current recycled back to C;) is decreased. Fig. 4.14(b) shows the common switch
(S2) current, is; along with v, i,’ and v,'. iy; is decreased as i,, is decreased and change in
ip is relatively slow. The change in i,' and v,', 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 turn-on of S2 is maintained.
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;oltage from 208 V to 166.4 V rms at rated load. Simulated converter details are given in
ig. 4.8(a).
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input voltage from 208 V to 260 V at rated load. Simulated converter details are given in
Fig. 4.8(a).
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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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in Fig. 4.8(a).
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4.10 Conclusions

In this chapter, the small-signal analysis of 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 of 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 of 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 iy, if, €tc. increase during
the step increase in line voltage. The dynamic behavior studied for single cell is valid for
the multiphase converter provided the effect of 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 of effective output capacitor, C',. This value should be C’,n/3 where C'ym is
the effective output filter capacitance of the 3-cell muitiphase 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 of the contributions and results of this thesis work
with some suggestions for future research in this area. The chapter outline is as follows:
major contributions of 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 1-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 of 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 of this thesis are summarized as
follows:

1) A 1-® 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 of 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) of Chapter 2, a
single-stage soft-switched ac-to-dc multiphase converter was proposed in Chapter
3. Analysis of a cell was extended to the proposed multiphase converter.

4) It was shown that optimum number of cells to reduce HF ripple in the line current
was N=3.

5) Small-signal analysis of a cell was presented based on an operationally equivalent
circuit. Frequency response of the small-signal model was studied and a closed
loop control system was presented.

6) Large-signal behavior of the converter was studied using PSPICE.

7) Laboratory prototypes were built to verify the operation of the proposed cell and
the multiphase converter.

A detailed summary of 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 Chapter 2, a 1-® 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 resuits. To verify the operation of the proposed converter cell, a 500
W, 110 V ms input, 210 V output, S0 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, S2 looses
ZVS operation but its complementary switch (S1) 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 of the isolation transformer is used as a part of the tank
inductor and switch output capacitances were used as part of snubber capacitors.

5. The output rectifier diodes turn off with zero current. As a result, the turn-off
voltage spikes due to di/dt are absent. The output rectifier diodes voltage rating is

restricted to the output voltage of the converter cell.

In Chapter 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 of cells, Nand 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 2n/3 radians. The designed converter was simulated using PSPICE simulation
program. The simulation results were presented and compared with the theoretical resuits.
To verify the operation, laboratory prototype for a 1.5 kW, 110 V mns 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.

!Jl

Because of HF isolation transformer, as a bonus, the inter-cell cross conduction
problem is eliminated.

In Chapter 4, small-signal analysis of 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 T/CCM and T/DCM 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 under

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 of the closed loop gain

was studied for two extreme operating conditions. These studies show the stable
operation of the system.
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The large-signal behavior of 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 of 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 of the closed loop system is to be done and verified.

¢) 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 of 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 of 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 of the converter of
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 of the
proposed ac-to-dc converter are as follows:

e Turn-on loss: At tum on, if voltage across switch and current through it are
simultaneously present, then turn-on losses occur. However, in the proposed converter all
the switches turn on with zero voltage across them. Hence, in this converter section turn-

on losses are negligible and will disappear in the analysis.
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e Turn-off loss: Although loss less capacitive snubber circuit has been used for soft turn-
off of 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 of calculating turn-off losses has been presented. The equation to find the turn-off
loss is reproduced here as follows:

Viiot , /s
=— Al

where, V;, = dc bus voltage
ip = switch current at the beginning of the turn-off
ty = fall time

Jfs = switching frequency

(b) Conduction losses: When a switch is conducting, due to the voltage drop across it a
certain amount of conduction loss is occurred. However, the voltage across the switch in

conduction depends on the type of switch being used. The conduction loss, P,, for IGBT
is given by,

g
]
=~

n CE(sat)av ’I swav W (A'2)

where, Vcepayay is the average value of saturation voltage and /.o is the average switch
current.

(¢) 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, /4, as follows:
P =Vyl,, W (A.3)

where, V; = diode forward voltage drop

Linv= corresponding diode average current
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(d) Q loss: The internal resistances of the boost inductor, L,, and the tank inductor, L,

cause power losses. This loss named Q-loss is given by,

b
_ 1oL

P W A4
0 (A4)

where, Q is inductor quality factor, @=2nf; and /. 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) of 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 of this loss is taken as
2 watts for the upcoming analysis.

A.l1.2 Losses in the HF transformer

The high frequency transformer is used for isolation and voltage translation requirements.
Losses in this transformer consist of the following:

e copper losses in the windings which have already been included in Q loss of L;
¢ 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% of the net
output power, P,.

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,

P, =2, I, W (A.5)

where, V4, is the rectifier diode forward drop and Iy 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) Turn-on loss: The turn on loss of Sa is calculated using the following equation:
Paon =Voionleomfs/2 W (A.6)
where, i,, is the on-state current of Sa and ¢, is the turn-on cross-over time.
(b) Conduction loss: The conduction loss of Sa (MOSFET) is calculated as follows:
Pacon=larms' Raona W (A7)
Where. I,..s=Auxiliary switch rms current.
Raona= On-state resistance of Sa.
(c) Tum-off loss: The turn-off loss of Sa is calculated as follows:
Paog=iagt¥efi24Coa W (A3)
where, ig;= peak auxiliary switch current.
C..= 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 Efficiency Calculation

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:

Output Power
Output Power + Loss

Efficiency, n= X100 % (A.9)





