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Abstract

The need to incorporate significant improvements in power supplies is driven by
customer demands, industry requirements and regulatory standards. For reduction in size
and weight, it is imperative to process the power at a higher switching frequency. High
frequency processing of power requires soft switching techniques to reduce the switching
losses. Many soft switching techniques are reported in the literature to enhance the high
frequency operation of power supplies. This thesis proposes novel high frequency,
auxiliary circuit assisted, (a) soft-switched boost converters and their application to DC-
to-DC converters and AC-to-DC front-end power factor corrected converters; and (b)
zero-voltage switching (ZVS) dc link DC-to-AC inverters.

In auxiliary circuit assisted soft transition converters, the auxiliary circuit processes
the power during switching transitions, creating a soft transition path. In most of the
proposed converters in the literature, the auxiliary circuit suffers from severe switching
losses and switching stress. Discontinuous current operation of the auxiliary circuit
results in parasitic oscillations between the switch capacitance and the resonant inductors
increasing the stress on the devices. A zero-current switching (ZCS) auxiliary circuit and
ZVS auxiliary circuit are proposed in this thesis to achieve soft transitions for the main
circuit.

A ZCS auxiliary circuit assisted soft transition boost converter is proposed. Operating
intervals of the proposed technique in various intervals of operation are analyzed. Design
constraints and considerations are discussed. A 300 W dc-to-dc boost converter and a
600 W, ac-to-dc power factor correction front-end boost converter prototype models are
built in the laboratory. The experimental results confirm the theory. The resonant
inductor used in the auxiliary circuit is coupled weakly to the boost inductor. Although
parasitic oscillations are reduced due to the coupling, they are not completely eliminated.
Hence, RC snubbers are required to suppress the oscillations.

A ZVS auxiliary circuit assisted soft transition boost converter is also presented.
Operating intervals of the proposed converter in various intervals of operation are

analyzed. As all the parasitic elements in the circuit are accounted, parasitic oscillations
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are eliminated. A 300 W dc-to-dc converter operating at 250 kHz is built in the
laboratory to verify the theory. A modified gating scheme to utilize the soft switching
auxiliary circuit in the main power processing is also proposed. A 600 W, 100 kHz,
380 V dc, operating with universal input line voltage, ac-to-dc power factor corrected
(PFC) boost converter is built using the proposed technique with modified gating
algorithm.

Large signal analysis to analyze the soft switching characteristics of the proposed
technique during load and input voltage transients is also presented. PSPICE simulation
results are presented to verify the theory. The proposed converter maintains soft
switching during load and input voltage transients. The proposed auxiliary network is
also extended to a family of pulse width modulated (PWM) converters. A two-switch soft
switching boost converter is derived from the proposed converter. By integrating the
proposed auxiliary network with a full bridge inverter, a ZVS dc link voltage source
inverter (VSI) is obtained. Operating intervals of the proposed inverter in various
intervals of operation for the forward power flow and reverse power flow are presented.
A modified unipolar switching scheme to achieve ZVS during reverse power flow is also
presented. The voltage stress on the VSI is clamped to the dc bus voltage in the proposed
converter. The conduction losses are reauced as compared to other soft switching
converters in the literature. As the proposed technique requires synchronized PWM
operation, sine-ramp modulated PWM signals are used. Experimental results from a 120
V, 60 Hz, 300 VA, single phase VSI switching at SO kHz are presented to verify the
theory.
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Chapter 1
INTRODUCTION

1.1 Introduction
The late 20th century developments in Microelectronics, VLSI (Very Large Scale

Integration) and semiconductor physics have compelled the power electronics systems to
go smaller and smaller in size. The need to incorporate significant improvements in
power supplies is being driven by customer demands, industry requirements and
regulatory standards. For reduction in size and weight, it is imperative to operate the
converters at high frequency [1]. High frequency operation of the converters requires a
substantial reduction of switching losses. This thesis proposes novel high frequency,
auxiliary circuit assisted, (a) soft-switched boost converters and their application to DC-
to-DC converters and AC-to-DC front-end power factor corrected converters; and (b) dc

link zero voltage switching (ZVS) DC-to-AC inverters.

This chapter begins with a brief introduction to high frequency converters in Section
1.2. Section 1.3 presents pulse width modulated (PWM) converters. Section 1.4 discusses
various soft-switched converters. A literature survey on various soft transition techniques
for dc/dc, ac/dc, dc/ac pwm converter is presented in Section 1.5. Motivation for this

thesis work is discussed in Section 1.6. Section 1.7 gives the outline of this thesis.

1.2 High Frequency Converters

Many zero-voltage switching (ZVS) and zero-current switching (ZCS) converters like
the classical parallel, series and series-parallel resonant converters [2-12], quasi/multi
resonant converters [13-22] have been developed to reduce the switching losses. The
switching path [13] taken by a hard switched converter and the desired switching path are
as shown in the Fig. 1.1. The desired switching path is along the axes shown in thick

lines. This ensures that during transitions, the power dissipated on the switch is zero, i.c.
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at turn-on the current flows after the switch voltage is reduced to zero and at tum-off the

switch voltage rises after the current becomes zero.
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Fig. 1.1 Switching Paths of the Active switch [13].

The high frequency converters can be classified as
1. Hard switched pulse width modulated (PWM) converters.
2. Soft switched converters.
a. Resonant converters.
b. Soft transition converters (STC):
) Zero-voltage transition (ZVT) converters.
(ii) Zero-current transition (ZCT) converters.

1.3 PWM Converters

PWM converters suffer from high switching stress on the switches, high switching
power loss and electromagnetic interference (EMI) produced due to large di/dt and dv/dt.
The disadvantages of PWM converters become more pronounced at higher switching
frequencies. However, as increase in switching frequency reduces the size of the
magnetic components, increasing the power density. Discontinuous current mode (DCM)
[22-24] operation of the PWM converters results in reduced switching losses as some of

the active switches are switched at zero current. Still, lossy snubbers are required.
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However, it results in high peak currents with high crest factor (peak to rms ratio). DCM

operation of PWM converters is usually limited to lower power levels.

1.4 Soft Switched Converters

Zero-voltage switching (ZVS) and zero-current switching (ZCS) properties of the soft-
switched converters make them suitable for high frequency operation. In zero voltage
switching shown in Fig 1.2, the switch voltage goes to zero and the antiparallel diode
across the switch is forced to conduct before the turn-on signal is applied. In zero current
switching shown in Fig 1.3, the switch current is brought to zero and the antiparallel
diode is forced to conduct for the switch turn-off time duration before the gating pulse is

removed.
Vawitch Iswitch
\gate EJ Vswitch Vgate :\\
" r )
7t
V'switdl E
Fig. 1. 2 Zero voltage switching. Fig. 1. 3 Zero current switching.

1.4.1 Resonant Converters

1.4.1.1 Half bridge and Full bridge double ended resonant converters

Resonant converters [2-12] switch at either zero current or zero voltage or both.
Hence, the switching frequency can be high resulting in reduced size and weight. The
three main resonant converter configurations are the series resonant converter (SRC),
parallel resonant converter (PRC) and the series-parallel resonant converter (SPRC). The
SRC has simple circuit configuration and good efficiency. The SPRC combines the
advantages of the SRC and the PRC.



1. Introduction 4

Variable frequency [2-9] and fixed frequency [10,12] operation of resonant converters
are well established and can be found in the literature. In general, as the resonant
elements are in the main power path, the kVA rating of the converter is increased.
Therefore, the current stresses on the switch and voltage/current stress on the resonant

elements are high.

1.4.1.2 Quasi-Resonant Converters (QRC) and Multi-Resonant Converters (MRC)

The zero-current switching and zero-voltage switching QRC [13-22] are obtained by
replacing the PWM switch in the conventional PWM converter with a resonant switch.
The resonant switch represents a sub circuit consisting of a semiconductor switch, an
inductor and a capacitor. The price paid for obtaining soft switching is the decreased
switch utilization, as the resonant switch is in the main power flow path. The concept of
resonant switch can be employed directly to a large number of conventional PWM
converters. However, QRC suffer from low rms to peak current ratio, high voltage stress
etc. The multi-resonant and clamp mode multi-resonant converters were developed to
further reduce the voltage stress on the switches. They absorb the parasitic components,
viz., switch capacitance, diode capacitance, and stray inductance in to resonant circuit to

reduce the parasitic oscillations. The undesirable characteristics are

¢ Excessive voltage or current stress of about 2 to 3 times the PWM converter,
proportional to load range [16,19,20].

¢ The junction capacitance of the diode or the switch capacitance oscillates with the
resonant inductor resulting in severe switching oscillations at high frequencies
[16,19-21].

¢ If the oscillations are damped, they cause significant power dissipation at high
frequencies [20,21].

¢ If undamped, they adversely affect the voltage gain of the converter and the stability
of the system [20].
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1.4.2 Soft Transition Converters (STCs)

In recent years, various soft transition techniques have been proposed to reduce the
switching losses and stresses without resorting to bulky and lossy passive snubbers.
Significant improvement in performance as well as cost size and weight reduction can be
achieved with the help of soft switching. The terminology ZVT or ZCT implies,
achieving soft switching (ZVS or ZCS) through an active auxiliary circuit, which
becomes active only during the switching transitions while retaining the PWM
characteristics. The main power is not processed in the auxiliary circuit. A good soft
transition scheme should reduce the switching losses [23-30], diode reverse recovery and
switching stress for all the main and the auxiliary switches, diodes, without increasing the
device ratings for better thermal management, reduction in size and weight. Recently
developed zero-voltage transition (ZVT) [31-104, 117-159] and zero current transition
(ZCT) [105-111] PWM converters incorporate auxiliary switch assisted soft switching
technique, so that the switching losses can be reduced with minimum voltage or current

stresses and circulating energy.

The ZVT technique forces the switch voltage to go to zero before the switch turn-on
pulse is applied. The ZCT forces the current through the switch to go to zero before the

gate pulse is removed.

1.4.2.1 Turn -On Loss

The turn-on loss [26-28] can be identified as (a) due to reverse recovery of the clamp
diode and (b) the overlap between the switch voltage and the switch current and (c) due
to conductivity modulation [28] (in case of IGBT). With ZVS turn-on, the switch current
rises after the switch voltage is reduced to zero, and its rate of increase is much slower.
Therefore, the turn-on loss is almost eliminated. There exists a low dynamic saturation
voltage drop on the device while the current ramps up. The resulting loss is noted as the
turn-on loss as the voltage drop is mainly due to the conductivity modulation [28] (in
case of IGBTs). The resonant capacitor connected across the switch only affects the

energy circulation, and the turn-on loss remains almost the same, since the stored energy
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is always recovered before the turn-on of the switch. With ZCS operation, the turn-on

loss is same as in the case of hard switching.

1.4.2.2 Turn-Off Loss

The turn-off loss [27,28] is caused by (a) the overlap between the rising voltage and
the falling current and (b) during removal of stored charges (tail current in case of IGBT).
With ZCS operation, the overlap between the switch voltage and the current is
eliminated, but part of the tail current still exists because the remaining carriers need
relatively longer time to recombine (stored charge removal). The energy stored in the
parasitic inductance of the device is pre-discharged and recovered to the resonant
capacitor. Therefore, the switch does not have tumn-off voltage spike. With ZVS
operation, the turn-off is also softened with the use of an external resonant capacitor
across the switch. The initial fall of the switch current is faster and the voltage ramps up
at a slower rate. Consequently, the tumn off loss is reduced. Loss reduction mainly
depends on the fall time of the switch for a given resonant capacitor. For typical soft-
switched converters, the resonant capacitor size determines the circulating energy and the
additional conduction losses. More over the improvement is more pronounced at lower
switch current: a reasonable statement considering the fact that with the same capacitor

the increase of voltage across the switch is lower with lower currents [26,27].

1.5 Literature Survey of Soft Transition Techniques

The soft transition techniques started with the use of auxiliary network to obtain soft
switching for the main switch. An array of zero voltage transition (ZVT)[31-104, 117-
159] and zero current transition (ZCT) [105-111] soft-switching PWM converters which
unify the merits of resonant, quasi-resonant converters and PWM converters, have been

developed and presented in recent years.
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1.5.1 ZVT and ZVS Converters

The soft switching boost converter proposed in [31] shown in Fig. 1.4 achieves soft
switching by using an auxiliary circuit while maintaining its PWM characteristics. The
main switch is turned on with ZVS using an auxiliary switch. The di/dr during the reverse

recovery of the boost diode is controlled by the resonant inductor in the auxiliary circuit.

Fig. 1. 4 Soft switching flying capacitor boost converter [31].

Therefore, the reverse recovery losses are reduced. However, the converter has the

following disadvantages:

a) The energy stored in the auxiliary switch capacitance is dissipated on the switch at
turn-on, increasing the turn-on losses in the auxiliary switch. At higher frequencies,
the resonant inductor [31] has to be small. This will further increase the turn-on
losses.

b) The auxiliary diode turns off hard. Reverse recovery of the auxiliary diode causes
parasitic oscillations. Hence, RC snubbers or saturable inductors are required to damp
the oscillations. Saturable inductors cause additional losses and limit the operating
frequency.

c) If the load current is not sufficient enough to discharge the resonant capacitor in the
auxiliary circuit, before the auxiliary switch is turned on, then the auxiliary switch

will turn-off hard.
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d) It is difficult to ensure soft turn-off of the auxiliary switch for all load and line
conditions.

e) There is a limitation on the minimum duty cycle of the switch [31,32,58]. The main
switch should be on until the energy stored in the resonant inductor is transferred to
the resonant capacitor. If the main switch is turned off before this minimum on time,
then the diodes in the auxiliary circuit continue to conduct along with the main diode

causing reverse recovery loss, when the auxiliary switch is turned on.

The ZVT circuit proposed in [32] is similar to that in [31], except that the resonant
capacitor that helps in the soft turn-off of auxiliary switch is removed. The auxiliary
network recovers the energy stored in the snubber capacitor and the boost diode's stored
charge and returns it to the output through the auxiliary diode. The reverse recovery of
the auxiliary diode results in parasitic oscillations in the circuit between the auxiliary
switch capacitance and the resonant inductor. Moreover, the auxiliary diode tends to
conduct along with the main boost diode. So, a saturable inductor was used to damp the
oscillations (dissipated as core losses) and to prevent the auxiliary diode from conducting
along with the main diode. The auxiliary switch current at turn off (which is switched
hard) is more than the turn-off current of the main switch in a hard switched converter,
increasing the switching losses and limiting the switching frequency. The net effect of the
auxiliary circuit is only in the reduction of the reverse recovery loss due to main boost

diode.

The ZVT proposed by LT Jitaru [33], is similar to that proposed in [32] except that the
resonant inductor used is coupled to the main inductor. The inductors are coupled in such
a way that the auxiliary diode is reverse biased when the main diode is conducting. Still
the auxiliary switch is hard switched. The parasitic oscillations still exist increasing the

stress on the auxiliary switch.

Bruce Carsten used an active clamp circuit in [34] for active reset of transformers at
high frequencies. The circuit was first utilized in a production supply in 1978 that

operated from 90 to 250 VAC input and produced four semi-regulated outputs of total
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50 W. In that, the magnetizing inductance of the transformer is allowed to resonate with

a resonant capacitor to reset the transformer. The potential of the circuit to obtain soft

switching was not realised by the author, or at least not explained by the author.

R. Watson et al, in [35] used the active circuit in [34] to obtain ZVS of the active
switch in a flyback converter. Here the leakage inductance of the transformer is allowed
to resonate to obtain soft switching. But the ZVS is load dependent. The energy stored in
the leakage inductance must be sufficient enough to discharge the snubber capacitor of
the switch. At lower loads, ZVS is lost.

In [36] a transformer is used in the auxiliary circuit to transfer the energy to the output.
It reduces the conduction losses but the switching stress and the parasitic oscillations still

exist.

G. Moschopoulos in [37] used a LC resonant circuit in the auxiliary circuit to obtain
zero current switching of the auxiliary switch, while obtaining ZVT for the main switch.
Again, as the auxiliary circuit operate in DCM, the reverse recovery of the anti-parallel
diode of the auxiliary switch increases’ the stress on the auxiliary switch due to parasitic
oscillations. RC snubbers or lossy saturable inductors should be used to damp the
oscillations. The energy extracted from the main path is transferred between the capacitor
and the inductor. If the circuit were lossless, the capacitor voltage will increase each
switching cycle until the switch breaks down. In reality, any energy imbalance is

dissipated as internal loss.

In [38,39] a more detailed analysis of the circuit given in [32] is provided. In [40] a bi-
directional switch is used in the auxiliary circuit to obtain soft switching. The energy
supplied to the spilt capacitors are not equal. Hence, the voltage levels of the split

capacitors differ and one will rise, and the circuit loses soft switching.

In [41] a transformer is used in the auxiliary circuit to reduce the circulating energy.
Actually, it was intended to remove the problem of [37]. But as the switching frequency
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increases the auxiliary switch stress becomes high. It again suffers from the reverse

recovery of the anti-parallel diode of the auxiliary switch.

In [42,43,44], the active clamp method introduced in [34] is used to obtain ZVS in a
boost converter. ZVS is load dependent and is lost at lower loads. The resonant inductor
resonates with the boost freewheeling diode capacitance producing unwanted parasitic

oscillations, increasing the stress.

ZV'S boost converter using a synchronous switch is developed in [45]. The boost diode
is replaced with a synchronous switch. The boost inductor is so chosen that the minimum
current in a switching cycle is always less than zero and is sufficient to discharge the
main switch capacitance for all line and load conditions to achieve ZVS. This increases
the input filter size, as the input ripple current is more than a converter operating in

DCM.

In [46], the converter components of [31] are optimized for high efficiency operation.
In [47], the effect of diode reverse rec.O\'/ery on the gain and the stability of the converter
are presented. In [48], the auxiliary circuit used in [32] is used. The resonant inductor
used is coupled to the main inductor resulting in ZCS of the auxiliary circuit. This has a
potential limit on the minimum turn-on time of the main switch. Parasitic oscillations
between the resonant inductor and the auxiliary switch exist, increasing the stress on the

auxiliary switch.

Many ZVS techniques [49-104,117-59] were presented. They ail have one or other
limitation. A comparative study of the existing popular ZVT converters is done in
[57,58]. The authors claim that the converter proposed in [31] has better characteristics
than other converters in the literature. The converters were compared at one operating
point, with the components optimized for that particular operating condition. However, it
has many limitations as explained in the beginning of this section. In [126], the active
clamp introduced in [34] is used to obtain ZVS in boost converter. Soft switching is lost
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at low loads. The switch voltage rating is higher than the output voltage. The proposed
technique was shown to have better efficiency than [31] at higher powers.

The converters discussed above are single ended converters. The ZVT (ZVS) concept
has also been applied to full bridge and half bridge DC-to-DC converters [86-103, 134-
135,149,153].

Phase shifted PWM based soft switching, full bridge, dc-dc converters are found in
[87-103, 134-135,149,153]. By phase shifting the PWM pulses in full bridge dc/dc
converter, the energy stored in the leakage inductance of the high frequency transformer
is utilized to obtain zero voltage switching of the switches. The ZVS is load dependent
and to obtain ZVS for a wide load range the leakage inductance has to be increased.
However, the leakage inductance resonates with the diode capacitance causing excessive

voltage overshoot and ringing.

A. Cherti, et al, introduced a rugged soft commutating inverter in [169]. The converter
could operate efficiently, without voltage overshoot and ringing with zero to rated load
variation soft switching capability without any transformer. The authors had proposed the
converter for AC drives application. G. Moschopoulos, et al, in [94] proposed a dc-dc
converter on similar lines. The presence of the resonant capacitor and the clamp diodes
substantially reduce the rectifier diode voltage overshoot and ringing. The ZVT using
auxiliary circuit was used to obtain soft switching in full bridge dc-dc converters in
[95,96]. ZVS-ZCS full bridge phase shifted dc-dc converters were introduced by G.Hua,
et al, in {97]. One leg of the bridge undergoes ZVS while the other leg is operated with
ZCS. A number of active and passive techniques [98-104] are presented in the literature

to reduce the stress on the diode rectifier.

1.5.2 ZCT and ZCS Converters

G. Hua, etal, [105] introduced the zero current transition (ZCT) converter. The switch
current is brought to zero before the switch gating signal is removed, reducing the turn-
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off losses. Before turning off the main switch, auxiliary switch is turned on. This causes
resonance between the resonant inductor and resonant capacitor in the auxiliary circuit.
This reduces the current through the main switch as the auxiliary switch current

increases.
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Fig. 1. 5 Zero current transition (ZCT) boost converter [105].

The resonant peak current is designed to be more than the current through the main
switch. Hence, at the peak of the resonant interval, the current through the switch reaches
zero and becomes negative. Then the antiparallel diede starts conducting. Now the
gating signal can be removed with zero current through the switch reducing the turn-off

losses. However, the converter has the following disadvantages:

(a) The stored energy in the switch capacitance is dissipated in the switch at tum-on. The
turn-on losses are doubled as an extra switch is used.

(b) The reverse recovery due to diode boost diode at turn on of the main switch causes
heavy turn-on losses.

(c) Reverse recovery of the auxiliary diode causes oscillations increasing the stress on the
auxiliary switch.

(d) To decrease and damp the parasitic oscillations, saturable core inductors are required.

These will increase the losses as the saturable core loss increases with frequency.
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(e) The reverse recovery of the antiparallel diode of the main switch causes oscillations

resulting in increased losses.

In [105], the active clamp circuit is used to obtain ZCS for the main switch and the
auxiliary switch in a boost converter. As explained earlier, the switch capacitance is
discharged through the switch at tum-on. The turn-on loss is slightly higher due to the
conductivity modulation [28] (for IGBT). The voltage stress on the boost freewheeling
diode is twice to that in a hard-switched converter. An increase in the current rating is
tolerable, but increase in the voltage rating is highly undesirable as the losses increase
due to increased drop. The auxiliary switch voltage stress is also very high decreasing the

switch utilization.

Many ZCT converters [106-111] have been presented in the literature. They all have
one or other limitations discussed above. In [108] an improved auxiliary circuit is used to
obtain ZCS. Actually, two resonant inductors are used, one for each half cycle of
resonance. Thereby the peak resonant current is reduced in one half cycle of resonance.
But this requires an additional fast rc_:c-ovety diode. The parasitic oscillations and the

reverse recovery of the diode increase the stress on the switch.

The improved ZCT presented in [110] did remove the recovery problem due to main
diode in the boost converter proposed in [104]. The diode current is brought to zero
before the main switch is tuned on thereby reducing the recovery loss. A saturable
inductor is used to reduce the parasitic oscillations due to reverse recovery of ahxiliary
diode. This limits the operating frequency. The auxiliary switch is turned on hard twice in
a switching cycle. Hence, the turn-on losses are twice as compared to the hard-switched
converter. The auxiliary assisted ZCT technique is also applied to full bridge and half
bridge, DC-to-DC converters and DC-to-AC inverters {111].

Many improvements to the soft switching techniques introduced in [31,104] have been
proposed in the literature. All these converters aim at reducing the turn-off loss of the

auxiliary switch. All the work is concentrated on soft switching of the active switches,
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but soft switching of the diodes used in the auxiliary network is neglected. It could be
substantial enough to reduce the efficiency and it could be the source of unwanted

oscillations. The turn-on loss still exists for the auxiliary switch.

1.5.3 Soft Switching DC-to-AC Inverters

A number of soft switching techniques [160-222] are proposed in the literature for
voltage source inverters (VSI). In the soft switching topologies, a high frequency
resonant network is added to the conventional hard switching PWM topology. The
resonant network shapes the turn-on and turn-off instants such that the switch voltage or
current swings and crosses zero points, creating soft switching trajectories for power
devices. The resonant converters [160] were extensively studied for the reduction of
switching losses but they suffered from excessive VA ratings of the resonant LC
components and semiconductor devices, which makes the inverter inefficient and
uneconomical. The resonant dc link (RDCL) technique [161] was proposed by shifting
the LC tank to the dc-side. With appropriate control of the inverter switches, the dc link
voltage is brought down to zero by resonance to obtain ZVS of the bridge switches. The
major problem is the high voltage stress on the switches, which is 2 to 3 times the dc bus
voltage. In practice, zero crossing failures and overshoots in the bus voltage may occur
because the circuit's initial conditions change during each resonant cycle. A special
control strategy should be applied in order to establish the same initial condition at the
beginning of each switching cycle. The control of the capacitor initial current can solve
the above mentioned problems [175]. Moreover, the output voltage is controlled using
discrete pulse modulation (DPM) control i.e., sigma delta modulation (ZAM) for voltage
control [163,176,189] or the current regulated delta modulator for current control [190-
192]. This control technique has a poor resolution in terms of harmonic components
distribution when compared to the PWM technique (176]. The presence of harmonics
below the link frequency and the difficulty of eliminating them as well as the complexity
of the modulation strategies are significant disadvantages. However, it was shown that

delta modulated RDCL inverters switching at 3 to 4 times faster than PWM systems can
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realize comparable harmonic levels and are as efficient as auxiliary resonant commutated
pole inverter (ARCPI)[27]. To alleviate the problem of high voltage stress, the active
clamp resonant dc link (ACRDCL) technique [162] was proposed. The ACRDCL
technique reduces the device voltage stress down to 1.2 to 1.4 times the bus voltage. Still
the device voltage stress is more than the dc bus voltage. The precharging of the voltage
clamping capacitor and operation with DPM control have restricted the utilization of this

circuit.

Several attempts [176-185] have been made to introduce the PWM capability in the
original resonant dc-link topology. The paralle]l resonant dc link (PRDCL) technique
[183] and quasi-resonant dc link (QRDCL) technique [182] were proposed to overcome
the difficulties of RDCL and ACRDCL techniques. The PRDCL has high circuit
complexity. It uses four auxiliary switches to obtain soft switching. However, one of the
auxiliary switches suffers from high voltage stress as high as twice the bus voltage. The
QRDCL converter uses two auxiliary switches and a big capacitor. The auxiliary switch
is turned off at zero current. The commutation energy is difficult to control critically for

the full load range.

The ZVT dc rail proposed in [184], the auxiliary switch is turned off hard. The turn-
off losses in the auxiliary switch are high, as it turns -off with a higher current than the
main inverter switches. Parasitic oscillations exist between the auxiliary switch

capacitance and the resonant inductor.

Auxiliary quasi-resonant dc link (AQRDCL) technique [170] uses auxiliary switches
that turn-off with ZCS and their voltage stress is half of the bus voltage with split input
capacitors, they suffer from charge balance in the split capacitors. The timing of the

auxiliary gate signals is very critical to control.

In the resonant snubber based inverters proposed in [171-173] the zero voltage
transition concept introduced in [31] is applied to obtain soft switching. The auxiliary

circuit is made bi-directional. Parasitic oscillations exist between the auxiliary switch
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capacitance and the resonant inductors. Moreover, this technique cannot be applied to
unipolar PWM converters. An improved version of the above technique to increase the
efficiency is proposed in [201, 221]. The zero voltage transition technique suitable for
unipolar switching scheme is proposed in [200].

In general it applies that converter topologies with special features must employ
specific control strategies in order to achieve optimum overall system performance. A
synchronized resonant dc link inverter to realize single phase and three phase soft
switching PWM converters has been proposed [193-194]. An additional mode (idie
mode) has been introduced for the link, which allows variable pulse width selection. The
control strategy uses a hybrid PWM and DPM. This scheme provides better performance

for single-phase applications over the RDCL inverters.

1.6 Motivation for the Thesis work

The survey of various soft transition (switching) techniques reveals that the soft
switched PWM converters can provide better performance and operating characteristics,
as well as reduction in size, weight with improved efficiency. It is a well-known fact that
the switch utilization excluding the switching transitions is best obtained with PWM
converters. As the soft transition shapes the current and voltage only during transition,
while leaving them undisturbed during the rest of the period, it is logical to expect that
they should exhibit improved performance at higher frequencies. The limitations of the

existing techniques in the literature can be summarized as

e The auxiliary circuit although provides smooth transition for the main circuit, it is
subjected to high dv/dt or di/dt stress or both.

e The auxiliary circuit due to their limitations, in addition to the transition time does
affect the main circuit operation, changing their characteristics. This interference
becomes more pronounced at higher switching frequencies.

e The reverse recovery of the diodes in the auxiliary circuit were never considered.
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The unabsorbed energy due to the reverse recovery induces oscillations between the
parasitic elements of the auxiliary circuit. These oscillations increase the stress on the
auxiliary circuit. These oscillations are damped using RC snubbers or saturable
inductors. The addition of saturable inductors or RC snubbers again results in
additional losses during the normal operation of the auxiliary circuit.

The auxiliary circuit absorbs the energy during the transitions in the main circuit. The
flow of stored energy from the main circuit parasitic elements, in to the auxiliary
circuit is controlled so that the main circuit undergoes smooth transitions. This energy
stored in the auxiliary circuit must be completely transferred to the output or input
(output is preferred) before the next transition. Otherwise, it would result in the
auxiliary circuit entering the main power flow path increasing the kVA of the system
and soft switching is lost in most of the cases. The removal of stored energy from the
auxiliary circuit is done using the main circuit active switch. This puts a restriction
that the active switch should be on for a given period.

In most of the cases, the soft switching is load dependent and is not ensured during
transients even with current mode control.

The auxiliary circuit assisted dc link ZVS dc-to-ac inverters reported in the literature
suffer from severe voltage (or current) stress on the power inverter devices. In most of
the cases, the conventional PWM cannot be applied. The auxiliary circuit also

produces parasitic oscillations increasing the auxiliary switch stress.

Many attempts [33-104] have been made to improve the auxiliary circuit and to reduce

the switching losses in the auxiliary circuit. The study also made clear that in order to

obtain substantial improvement in performance, the auxiliary circuit used for transition

should be well designed, and they should undergo soft switching. This leads to a point

that the auxiliary circuit by itself should be either a2 resonant or a quasi-resonant

converter. The above said and the limitations of the converters discussed in the

Section 1.5, were the motivation for this thesis.
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1.7 Thesis Outline

The various objectives set forth, based on the literature survey are realized and

presented here in the various chapters of this thesis.

In Chapter 2, a soft transition Boost converter with ZVT for the main switch and ZCS
for the auxiliary switch is proposed. Various operating intervals of the converter are
identified, presented and analyzed. Design considerations are discussed. A design
example with experimental results obtained from a 600 W, 100 kHz, 380V output, power
factor correction (PFC) ac-to-dc boost converter is presented. Results show that the main
switch maintains ZVT while auxiliary switch retains ZCT for the complete specified line
and load conditions. A 300 W 100 kHz, 300 V output dc/dc converter is also designed
and presented. The operation of the auxiliary circuit in DCM results in parasitic
oscillations between the resonant inductor and the auxiliary switch. Although, coupling
of resonant inductors can help in reducing these oscillations, as the coupling is very weak
the improvement is not substantial. Hence, saturable inductors or RC snubbers are still
required to damp out the oscillations. A ZVS auxiliary circuit is proposed in Chapter 3 to

completely remove the parasitic oscillations.

In Chapter 3, a ZVT Boost converter with ZVS auxiliary circuit is proposed. Various
operating intervals of the converter are presented and analyzed. Design considerations are
discussed and a design example for 300 W dc-to-dc converter is given. Experimental
results obtained from a 300 W, 250 kHz, 300 V output, dc-to-dc boost converter is
presented. Results clearly depict the improvement in efficiency at high frequency.
Parasitic oscillations are completely removed. All the switches tumn-on with ZVS. The

turn-off is smooth using a lossless capacitive snubber.

A modified gating scheme to reduce the conduction losses is also proposed in
Chapter 3. With the modified gating scheme, the auxiliary circuit is also used for input
power processing partly. This reduces the conduction losses and reduces the stress on the
main circuit. A 600 W, 100 kHz, 380 V output, PFC front end ac-to-dc boost converter
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operating with universal input voltage is developed using the proposed auxiliary circuit
with the modified gating scheme. The results clearly show the improvement in operation

and efficiency.

Large signal analysis of the proposed converter to study the soft switching
characteristics during transients is presented. The model is simulated using MATLAB
and verified with PSPICE simulation package.

The proposed ZVS auxiliary circuit is extended to a family of converters to achieve
soft switching. The ZVS auxiliary circuit using two auxiliary switches proposed in this
chapter is modified and a ZVS auxiliary circuit using one switch is proposed. The
proposed converter retains all the soft switching characteristics, but the conduction losses
are more when compared to the other converters proposed in this chapter. This auxiliary
circuit assisted soft switching technique is integrated with the bridge inverter to obtain a
dc link ZVS soft switching, single-phase dc-to-ac inverter presented in Chapter 4. The
operating waveforms and analysis durin_g different modes of operation is presented. The
soft switching is obtained for all load power factor conditions. The theory is verified with
a 300 VA experimental prototype 60 Hz inverter switching at 50 kHz. Conclusions and

suggestions for future work are presented in Chapter 5.
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Chapter 2

A Zero-Voltage Transition Boost Converter using a
Zero-Current Switching Auxiliary Circuit

2.1 Introduction

The pulse width modulated (PWM) boost converter operating in continuous
conduction mode (CCM) is used widely as a front-end converter for active power factor
correction. An essential factor to increase the power density is to increase the switching
frequency to reduce the size of the magnetic and filter components. High frequency
operation of the boost converters is limited due to: high switching losses limiting the
switching frequency, reverse recovery of boost diode, high EMI noise and high device
stresses. As discussed in Chapter 1, a good soft switching scheme should reduce the
switching losses on the main and the auxiliary switches without increasing the device
ratings for better thermal management and reduced size. This chapter presents a zero

voltage transition boost converter using a zero current switching auxiliary circuit.

The proposed converter shown in Fig. 2.1 has a ZVT main switch with a ZCS
auxiliary circuit. The auxiliary circuit used for soft transition (shown within shade)
includes two resonant inductors L, and L,, the resonant capacitor C,, the snubber
capacitor C;, the auxiliary switch S, and the diodes D2, D3 and D4. The resonant inductor
L, is wound on the same core as the input inductor L, The snubber capacitor includes the

main switch capacitance and the junction capacitance of the boost diode D1.

In the proposed converter, it will be shown that the ZVT and the ZCS intervals are
independent of load and line variations (i.e. the auxiliary switch can be operated with a
constant duty cycle gating signal). The auxiliary circulating energy is very small, as the
auxiliary switch duty cycle of operation is very small. Coupling [33] the resonant
inductor L, used with the main inductor reduces the parasitic oscillations in the auxiliary

circuit during the main switch (S,) on period. The switching losses are reduced and
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therefore better utilization of the switches is achieved at high frequencies. The switching

noise is reduced as all the switches undergo soft transition.

lin ZS Z

Fig. 2.1 Proposed soft-switched ac-to-dc boost converter. Note that L, and Lrare coupled
and wound on the same core.

Section 2.2 presents the operation and analysis of the proposed converter in different
intervals of operation. Section 2.3 discusses the design considerations. The design
procedure is illustrated with a design example of ac-to-dc power factor corrected boost
converter along with the experimental results in Section 2.4. Section 2.5 presents a dc-to-

dc converter with the proposed technique. Section 2.6 states the conclusions.

2.2 Operation and Analysis in different Intervals of Operation

The typical operating waveforms are shown in Fig. 2.2. The equivalent circuits
depicting the various intervals for one high frequency (HF) switching cycle are shown in
Fig. 2.3. To simplify the analysis, all the components (semiconductor switches, diodes,
inductors and capacitors) are assumed ideal and the input filter inductor is assumed large
enough to neglect the input current ripple. The output capacitor is assumed large enough

that the output voltage is considered constant in a switching cycle. The switching
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frequency is much higher than the line frequency, so that the input voltage is assumed

constant in a HF switching cycle.

Operation of the converter and its analysis during different intervals {Fig. 2.2 and Fig.

2.3) is presented below. The following are defined:
Zn=(La/C)'"?, Za = LlCH?, 01 = U(LuC)Y?, 0n=1/L,C)'"? 2.1)

where L, is the total leakage inductance seen across the inductor L,;. The total leakage
inductance is measured across the winding L,; by shorting the winding L, Let k; be the

coupling coefficient and n; the turns ratio between Lyand L,,.

Interval 1 (6 - H)(Fig. 2.3(a)): At the start of this interval, the main switch (S,) and
the auxiliary switch (S;) are off and the current is flowing through the boost diode D1.
The snubber capacitor (C;) and the resonant capacitor (C,) are charged to the output
voltage (V,). At to, the auxiliary switch S, is turned on. Assuming the current in the
resonant inductor L., is zero initially,.the current through L, linearly ramps up until it
reaches the input current [, (Fig. 2.2). The diode (D1) current ramps down and reaches
zero. Then the reverse recovery current of the diode D1 starts flowing. As the voltage
across the diode is maintained zero by the snubber capacitor C;, the diode (D1) recovers
softly. At the end of this interval, the diode stops conducting and enters the blocking
mode. When the auxiliary switch is turned on at the start of this interval, the resonant
capacitor C, starts resonating with the inductor L,;. The current through the auxiliary
switch is the sum of the currents through the inductors L,; and L,,. The state equations

depicting this mode of operation are
Ly (dig/dt) =V, - (Vo - Vin) imy 2.2)

C, (dvc,/dt) =<1 (23)
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Fig. 2. 2 Typical operating waveforms at various points of the proposed soft switched
boost converter (Fig. 2.1), shown for T, = T¢cs-
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Fig. 2. 3 Equivalent circuits during different intervals of operation (Fig. 2.2) of the
proposed soft switched boost converter (Fig. 2.1).
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Ver = L (diLr2/dl) (2.4)

Solving these equations, the resonant currents are given by

i = (Vo - k.n.v,_f)[(t - fo)/L,n] (25)
iLr2 = Vo(C/L2)'? sin(w,2f) (2.6)
Vo = Vo cos(wpf) (o)

where v = V, - Vin. If ,, is the reverse recovery time of the diode D1, the peak value of

the reverse recovery current /,,, is given by
Iy = (Vo - kimvi)(t/Lont) (2.8)

The time duration of this interval is given by
tor =t = to = in Lit/[Vs - mkyvi) + 1 (2.9)

Interval 2 (¢ - 2) (Fig. 2. 3(b)): The current through L, continues to increase due to
resonance between L, and C,. The capacitor C; is discharged until the resonance brings
its voltage to zero at f;. The blocking voltage of D1 increases and reaches the output
voltage at 7. The inductor Z,, and the capacitor C, continue to resonate and the current
through the inductor L,, would go negative some time during the interval ¢, - ;. As the
current through the inductor L,; changes direction, the current through the auxiliary
switch, which is the sum of the two-inductor currents starts decreasing. As it becomes
zero at f,, the auxiliary switch turns off at zero current. The state equations depicting this

interval of operation are
L (di[_,-[/d[) = Vg - (Va- - V,,,) kiny (210)

Cs (dvesldt) = Iin - i 2.11)
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The state equations for the resonant capacitor voltage v., and inductor current iz, are
same as that in the Interval 1 [(2.3) and (2.4)]. Solving these equations with the initial
conditions: iz (1) = fin + Iy, and v(6) = Vo,

Ves = (Vo + V) cos (o2) - V, (2.12)

i = ig(ty) + (Vo + VaX(Co/ L) sin(@n11) (2.13)

where V, = Vikini/(1 - kiny). The equation for resonant inductor current iz,; is same (2.6)

as that in Interval 1.
From (2.5), (2.9) and (2.13)
iLrI(tz) = Ia = Iin + [rr + [( Vo + Va) (C.\'/Lrll)lIZISin[mrl(trtl)] (2 14)

The resonant time interval to bring the voltage across the snubber capacitor C; to zero is

given by
tes = 12 - 1 = (V1) cos (VI [V, + Va]) (2.15)

So the minimum time delay, i.e. the duration of the auxiliary switch turn-on signal or the
delay between the auxiliary switch (S,) turn-on and main switch (S,) turn-on gate signals
should be

Tou =t -10= (12 - 1) +(1 - Lo) (2.16)
The time taken by the auxiliary switch current to go to zero using (2.6) is given by

Tacs = (31/2) (L2Cr)'? - 0.5t05 2.17)

where to5 =ty - 2.
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Interval 3 (f: - t¢ (Fig. 2. 3(c)): The voltage across C; tries to go negative but is clamped
by the anti-parallel or the body diode of the main switch. The main switch can now be
turned on with zero voltage across it. When the sum of the two resonant inductor currents
becomes zero at £, and goes negative, the anti-parallel diode of the auxiliary switch starts
conducting. The main switch is turned on with zero voltage between ¢; - t3. The auxiliary
switch turns off during the interval ¢, - t4. As the diode D, is on during this period, the
stored charges are recovered with zero voltage across the auxiliary switch. The auxiliary
gating signal should be removed between f£;-t5. So this interval is device dependent. At
the end of this interval, the sum of the two resonant inductor currents becomes positive
again and the anti-parallel diode D, turns off with ZCS. The state equation depicting this

interval is
L.n (diu|/dl) - V,',,kln| =0 (218)

The state equations for the capacitor voltage v, [(2.4)] and inductor current iz,» [(2.3)]

are same as that in the Interval 1. Solving these equations,
irr1 = o + [(Vikym /Ly )(1- 12)] (2.19)
it = Ir2peak Sin(®,21) (2.20)
where I2peak = Vo(C/Lr ).
At t = t4, i,2(ts) = Ip, which gives from (2.20)
sin(w@r2ts) = Ip/Iir2peak = (1/m) (2.21)
Therefore (refer to Fig. 2.2),

@r2ls = 31/2)+ 0.50,200f- (2.22)
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Interval 4 (¢4-t5)(Fig. 2.3(d)): Now the two resonant inductors together resonate with the
resonant capacitor charging it to the output voltage. The switch S,, turns on with zero
voltage at £,.

iL2 =~ 1L (2.23)

Interval 5 (¢s - t6)(Fig. 2.3(e)): Excess energy if any is delivered to the output through the
diodes D2 and D3. The main switch S, is on.

Interval 6 (& - t7)(Fig. 2.3(f)): The main switch S,, is still on. The input inductor stores
the energy from the input. The operation is identical to that of the PWM boost converter.

Interval 7 (7 - tg) (Fig. 2. 3(g)): The main switch S,, is turned off. The snubber capacitor
C; is linearly charged by /;, to the output voltage.

Interval 8 (t3 - (T + £,)) (Fig. 2.3(h): This interval is identical to the freewheeling stage
of the boost PWM converter. To elimingte the conduction of the auxiliary diodes D3 and
D2 along with the main diode during the freewheeling stage, the resonant inductor L,; is
coupled [33] along with the main inductor on the same core. The polarities of the
inductors are chosen such that the auxiliary diodes are reverse biased by the induced
voltage in the resonant inductor. At T, the auxiliary switch is turned on and the cycle

repeats again.

As the main switch (zero-voltage turn-on), boost rectifier diode (soft turn-off), the
auxiliary switch (zero current switching) and the antiparallel diode of the auxiliary switch
(zero current turn-off) are switched softly, the circuit is particularly rewarding for high
frequency switched dc-dc boost converters and power factor correction applications. The
energy stored in the resonant inductors due to reverse recovery of the auxiliary diodes
cause oscillations between the resonant inductors, capacitor C, and the intenal capacitor
of the switch S,. These oscillations are reduced due to magnetic coupling of the inductor.
As the resonant inductor, L, is coupled that energy is transferred to the main inductor L,

reducing the oscillations.
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The input current /, decreases when load is reduced or when input voltage is
increased. From (2.9) as /;, decreases, the time ¢, decreases, reducing the T, time (2.16)
required. The auxiliary switch on time should be set equal to the worst case T-,, i.e., for
full load with minimum input voltage when T, required is maximum. Then for any other
specified load and input voltage, the required 7, will be less than the auxiliary switch on
time. Then it will not be necessary to change the control timings, i.e. the duration of the
auxiliary turn-on signal or the delay between the auxiliary turn-on and main switch turn-

on, with load or line changes.

As the ZVT, (t&2- tp) and ZCS (f;-19) time intervals are very small the converter
resembles the boost converter during all other intervals of time. As the soft switching is
achieved without increasing the main switch voltage [42-44, 126] and current

[37,41,106], conduction losses are less compared to other soft switching boost topologies.

2.3 Design Considerations for the ZVT and the ZCS Circuit

To improve the efficiency the auxiliary circuit should be designed to achieve ZVT for
the main switch for complete specified load and line conditions, while achieving ZCS for
the auxiliary switch with minimum peak current stress. The following constraints ensure
ZVT and ZCS. The current through the inductor L,; should be negative, and be greater
than or equal to the current i, at the end of the ZVT interval to achieve ZCS for the

auxiliary switch under full load and low line conditions, i.e.

lis (Tad) | 2 it (Towd) (2.29)

The ZCS time must be equal to the ZVT time for the worst case, i.e., under full load

and low line conditions, to reduce the conduction losses in the auxiliary switch.

Tzcs = Tavr (2.25)
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For minority carrier devices like IGBT, the stored charges need to be depleted before
the switch turns-off. When the antiparallel diode of switch S, is conducting during the
interval (14 - f), the voltage across the switch is maintained zero, allowing the stored
charges to be removed with negligible losses. To effectively reduce the switching losses,
the body diode conduction time of the auxiliary switch (f,5) should be at least for the
turn-off time (f,,4) of the auxiliary switch. Therefore, the body diode conduction time is
given by using (2.21) and (2.22),

tg = ts - =2 [cos™ (1/m)] (1/w,2) (2.26)

where m = I1r3peak /- The ZVT time interval depends on the resonant inductor L, and
the snubber capacitor C;. The value of the resonant inductor L,;; depends on the reverse
recovery time and the di/dt requirements of the boost diode. Very small values of the
resonant inductor will increase the losses associated with the reverse recovery of the
boost diode and increasing the peak current through the auxiliary switch. To minimize the
reverse recovery loss the resonant interval (f,.;) should be greater than the reverse
recovery time of the boost diode. A practical observation is that for considerable
reduction of reverse recovery associated loss, the .. should be at least 4 times the reverse

recovery time of the boost diode. Hence
Les = 4L, 2.27)

The snubber capacitor C; decides the amount of turn-off loss reduction. Based on an

approximate turn-off loss model, P, the turn-off loss is given by [60]
Puog= ([* £)/(24C) (2.28)

where [, is the switch current at turn-off and ¢ is the fall time of the main switch. The
above constraints if satisfied will ensure soft-switching for all load and line conditions

specified.
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2.4 AC-to-DC PFC Converter

Design and implementation of an ac-to-dc power factor corrected (PFC) front-end
boost converter is discussed in this section. Section 2.4.1 presents the design procedure of
the ac-to-dc PFC converter with a design example of 600 W ac-to-dc boost converter.
Section 2.4.2 gives the experimental results from a prototype laboratory model of the

design example presented in section 2.4.1.

2.4.1 Design Example
2.4.1.1 Specifications

An AC-to-DC power factor corrected boost converter with the following

specifications is designed in this section to illustrate the design procedure.

Input ac voltage, V;,, =1701t0250 V rms.
Output power, P, =600 W.

Output dc voltage, ¥, =380 V.

Switching frequency, f; = 100 kHz.

2.4.1.2 Power Circuit Design

The design is done for the worst case, i.e., low line and full load at the peak of the
input voltage cycle. All the design constraints should be met at this point to ensure soft

switching. At the design point assuming an efficiency of n} = 95%,
Inmax = V2-PJ(M-Vis) =525 A (2.29)

The switch current at turn-off is Jixmax- Equation (2.28) gives the turn-off loss with
constant input current. For an ac-dc converter with sinusoidal current, the total turn-off
loss has to be averaged over the input cycle. With a snubber capacitor of 1.5 nF (from
(2.28)), the turn-off loss is calculated to be 1.67 W. Considerable reduction in turn-off
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loss is achieved. Using the standard design method [Appendix A] to design the boost
converter components, the diode D1 is selected to be MUR1560. IGBT IXGH24N60A is

selected for both the main switch and the auxiliary switch. The device specifications are

IXGH24N60A :24 A, 600 V, t,,5=240 ns;
MUR1560 :15 A, 600V, 1, =50 ns.

From (2.15), the maximum resonant time interval (V,=0) is
tresmax) = T /(2001) = (V2)(LnC) ' (2.30)
From (2.27),
Lrestmax) = 4t = 4(50-10%) = 200 ns. (2.31)
From (2.30) with C; = 1.5 nF and tres(may = 200 ns,
L.y =10.8 uH. (2.32)
From (2.16), (2.15) and (2.9)
T =t - 10 = lres + Loy (2.33)
From (2.33) and (2.9), substituting fres = lres(max) and fin = linmax
Tou= trestmax) ¥ (Lrttfinma! (Vo - mkyvyy) + tr = 400 ns. (2.34)
Now using (2.17) and (2.25)

02 = (L2C)'"? = Gr/2)A (T + 0.5t05)) (2.35)



A ZVT Boost converter using a ZCS auxiliary circuit 33

where ,; is calculated taking into account the fall time of the gating signal (i.e. ty = 80

ns).
w2 = U(LCH'* = Br/2)(MU(Tre + 0.5ty +pn)) = 7.854x10° rad/s  (2.36)
From (2.26)
m = 1/cos (0.5 o, top) = 1.63 (2.37)
Therefore,
L= itd(Tec) = itn(Tew)) = o= liumax+ Vo(CSL)'* + I, = 11.5 A (2.38)
Ir2peak = Vo(CALD)*® =m-1,= 18.75 A (2.39)

From (2.36) and (2.39) the values.of L,; and C, can be obtained. The IGBT
[XGH24N60A with higher #,5 (around 300 ns) is rated for 10 kHz applications. With the
proposed soft switching technique, it is operated at 100 kHz. The ZCS helps to overcome
the tail current problem associated with the auxiliary IGBT switch and enables to switch
at higher frequency (100 kHz). The component values calculated are:

Ly =10.8 uH, L= 2.6 uH, C, = 1.5 nF, C, = 6.35 nF and L, = 500 pH. The diodes used
are:

D2 --- MUR 860 (two in series) and D3, D4 ---- MUR 860.
The ratings of the switches and diodes are given in Table 2.1. The inductor L,is split and
wound on two separate cores.
Ly----- 40 turns on a D927156-3 Armold engineering, Torroidal core

------ 24 turns on D927156-3 Arnold engineering, Torroidal core (connected in series).
Ly ---—-- 8 turns on TMC 107587 E/J Arnold engineering, Torroidal core.

Lep -—-- 18 turns on TMC 107587 E/J Amold engineering and 2turns on each of the L,
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2.4.1.3 Controller Design

The controller is realized using Unitrode IC UC3855 average current controller [223-
228]. The current loop bandwidth is set at 10 kHz The 10 kHz bandwidth is sufficient to
track a 60 Hz sine current waveform. To avoid the output voltage overshoot during
transients, the voltage loop bandwidth is set at around 10 Hz. More details on
compensator design are given in Appendix B. The duty cycle of the main switch is
limited to 0.85. The gating signal of the auxiliary switch is obtained from the main switch

signal using external logic circuits.

2.4.2 Experimental Results

A 100 kHz, 600 W, 380 V dc output, ac-to-dc converter designed in the design
example section 2.4.1 was built in the laboratory. A small RC snubber is used across the
resonant inductor L,; to further reduce the parasitic oscillations. The experimental results
obtained at full load and V;, =180 V (rms) are shown in Fig. 2. 4. From Fig. 2.4(a) it is
evident that the main switch undergoes ZVT. The main switch voltage is zero before the
gating signal is applied to turn on the switch. Fig. 2.4(b) shows that the auxiliary switch
gating signal is removed with zero voltage across the auxiliary switch indicating that its
antiparallel diode is conducting. This is further confirmed from Fig. 2.4(c) and Fig.
2.4(d), as the gate signal for the auxiliary switch is removed when the resonant inductor
current i,; is higher (in magnitude) than the resonant inductor current i;,;. Hence, the
auxiliary switch current, which is the sum of the two resonant inductor currents, is
negative, i.e., the antiparallel diode is conducting. Therefore, the auxiliary switch turns
off at zero current. Fig. 2.4(e) shows the line current and the line voltage waveforms. The

line current is in phase with the line voltage and it is nearly sinusoidal.

In Fig. 2.5, the experimental results of Fig. 2.4 are repeated with maximum input
voltage, Vi, =250 V (rms) at P, = 300 W. Fig. 2.5(a) shows the main switch gate-emitter
(vgear) and collector emitter voltage (vc.a) waveforms. It is evident that the main switch

undergoes ZVT. The main switch voltage is zero before the gating signal is applied to Sp.
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(a) Main IGBT collector emitter voltage v (50 V/div) and
gate emitter voltage vg.as (10 V/div), time 2 ps/div.
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(b) Auxiliary IGBT collector emitter voltage v..4 (50 V/div)
and gate emitter voltage vg.4 (10 V/div), time 500 ns/div.
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(c) Auxiliary IGBT gate-emitter voltage vg.4 (10 V/div) and current through resonant
inductor L,2, iz,> (5 A.div), time 500 ns/div.

Fig. 2.4 (Contd.)
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(d) Auxiliary IGBT gate-emitter voltage vg. 4 (10 V/div) and current through resonant
inductor L,;, i /(5 A.div), time 200 ns/div.

(e) Line current i;,,(5A/div) and Line voltage v;, (100 V/div).

Fig. 2. 4 Experimental results obtained at P, = 600 W and V;, = 180 V (rms) for the
ac-to-dc PFC designed in Section 2.4.1. The converter details are: ¥, =380 V dc,
fi=100kHz, L,y=10uH,L,;=2.6 uH, L,=500 uH and C,= 1000 pF.
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(a) Main IGBT collector emitter voltage v (50 V/div) and
gate emitter voltage vgen (10 V/div), time 2 ps/div.
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(b) Auxiliary IGBT collector emitter voltage v..4 (50 V/div) and
gate emitter voltage vge4 (10 V/div), time 500 ns/div.
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(c) Auxiliary IGBT gate-emitter voltage vg., (10 V/div) and current through
resonant inductor L,2, ir,> (5 A.div), time 1 us/div.

Fig 2.5 (Contd.)
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¢10.0v 2 ¢10.0% —0.00s Sngl§2 STOP

(d) Auxiliary IGBT gate-emitter voltage vg.4 (10 V/div) and current through resonant
inductor L,;, iz,; (5 A.div), time 500 ns/div.

(e) Line current i;, (2A/div) and Line voltage v,, (100V/div).

Fig. 2. 5 Experimental results of Fig. 4 repeated with P, =300 W and V;, =250 V
(rms) for the ac-to-dc PFC designed in Section 2.4.1.
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Fig. 2. 6 Efficiency of the proposed ac-to-dc PFC converter over the input voltage
range at full load P,=600 W, V,=380V, £ =100 kHz.
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Table 2. 1 Voltage and current stresses of the different components of the proposed
ac-to-dc converter.

Component Voltage Current Peak current
Theory | Exp. Theory Exp. (A) Theory Exp.
(42) ™M A) (A) (A)
L, 4.0 (RMS) 4.2 6.0 6.3
L, 1.9 (RMS) 22 11.5 12.2
C. 380 380 | 1.9 (RMS) 22 18.75 20.0
Ly 3.1 (RMS) 2.65 18.75 16.0
Sa 380 380 0.6 0.8 18.8 20.0
(average) (average)
Sm 380 380 1.58 -NM- 6.0 6.3
(average)
D1 380 380 1.58 -NM- 6.0 6.3
D4 380 380 0.7 0.9 11.5 12.2
D3 380 380 Negligible
D2 760 760 Negligible

Note: -NM- = not measured.

The auxiliary switch gating signal vg4 and the switch voltage v, is show in Fig.
2.5(b). It can be seen that the switch voltage remains zero even after the gating signal is
removed. Fig. 2.5(c) shows the auxiliary switch gating signal vg, and the resonant
inductor current iz». The gating signal is removed when the resonant inductor current i;,;
is at its negative peak. From Fig. 2.5(d) the resonant inductor current iz, when the gating
signal is removed is lower (in magnitude) than the resonant inductor current iz,» (Fig.
2.5(c)). Therefore, the current through the auxiliary switch S; is -ve, i.e., the antiparaliel
diode is conducting when the gating signal is removed. Therefore, as predicted, converter
operates with ZVT of the main switch and ZCS of the auxiliary circuit at reduced power.
Fig. 2.5(e) shows the line current and the line voltage waveforms. The line current is in

phase with the line voltage and it is nearly sinusoidal.

Fig. 2.6 gives the efficiency of the proposed converter at full load for the input
voltage variation. The proposed converter has 97.5% efficiency at full load and maximum
input voltage. The voltage and current stresses of the devices are summarized in Table

2.1 along with the experimental results. The theoretical results match very well with the
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experimental results. It can be seen from the experimental results given in  Table 2.1
that the average current through the auxiliary device is very low, but the peak current is
high (for very short time and as high as 20 times the average current). Hence, the
conduction losses are negligible, while the turn off loss becomes crucial. With zero
current switching of the auxiliary switch, tum-off losses are reduced. IGBT's are more

suitable for use as the auxiliary switch as the average to peak current ratio is very low.

2.5 DC-to-DC Converter

Design and implementation of a dc-to-dc boost converter is discussed in this section.
Section 2.5.1 presents the design procedure of the dc-to-dc boost converter. Section 2.5.2
gives the experimental results from a prototype laboratory model of the design example

presented in section 2.5.1.

2.5.1 Design

A dc-to-dc converter with the following specifications is designed and built in the lab.
Input dc voltage :100t0 150V '
Output dc voltage : 300V
Output power : 300 W
Switching Frequency : 100 kHz

The converter was designed using the same design equations and considerations as
described in the Section 2.3. The component values obtained are L,; =10 pH, L=35.6
uH, C; = 1.5 nF, C, = 2.35 nF and L,= 500 pH. It was decided to use the same power

device setup for ease of experimentation.
2.5.2 Experimental Results

The dc-to-dc converter designed in section 2.5.1 was built in the laboratory. Unitrode
IC 3824 is used to generate the main switch gating signals. The auxiliary switch gating
signal is derived from the main switch gating signal using logic ICs. The experimental

results are shown in the Fig 2.7.
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fAutor2 RUN

(a) Main IGBT collector emitter voltage v.as (50 V/div) and
gate emitter voltage vy (10 V/div), time 500 ns/div

(b) Auxiliary IGBT collector emitter voltage v, (50 V/div) and
gate emitter voltage v, (10 V/div), time 1 ps/div

10.00 2 SO.0V —32.4% 1.00%/ Auto32 RUN

(c) Auxiliary IGBT collector-emitter voltage v..« (50 V/div) and current through
resonant inductor L,;, iz,; (5 A/div), time 1 ps/div

Fig. 2.7 (Contd.)
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(d) Auxiliary IGBT collector-emitter voltage v.., (50 V/div) and current through resonant
inductor L,3, ir,> (5 A/div), time 1 ps/div

10.00 2 10.0V 32.4% 1.004~ 32 syoe

L2

(e) Auxiliary IGBT gate-emitter voltage vg.4 (10 V/div) and current through resonant
inductor L,,, ir,; (5 A/div), time 1 ps/div

(f) Auxiliary IGBT gate-emitter voltage vg.4 (10 V/div) and current through resonant
inductor L,», i, (5 A/div), time | ps/div

Fig. 2. 7 Experimental results obtained at 300 W, V;, = 100 V for the dc-to-dc
converter. The converter details are: V,= 300 Vdc, f; = 100kHz, L,;=10uH, L.
=56uH, C,=2.35nF,L;=500uH and C,=1000 pF
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Fig. 2. 8 Efficiency comparison of the proposed dc-to-dc converter with the ZVT
converter [32] at V;, =100 V, ¥,=300 V and f;= 100 kHz.
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Fig. 2. 9 Efficiency comparison of the proposed dc-to-dc converter
and ZVT [32] at ¥,=380 Vand V=100 V, f; = 100 kHz

The RC snubber used in the ac-to-dc converter is removed to identify the effect of
coupling on the parasitic oscillations. Hence, it can be noticed that the auxiliary switch

voltage has some oscillations. From the results, Fig 2.7 (a) it is very clear that the main
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switch undergoes ZVT. The switch voltage becomes zero before the gating signal is
applied. Fig. 2.5(b) shows the auxiliary switch voltage v..4 and the gating signal vg.4. As
the RC snubber used in the ac-to-dc converter is removed, parasitic oscillations are
present in the auxiliary switch voltage. Fig. 2.7(c) shows the resonant inductor current i,
and the auxiliary switch voltage. From Fig 2.7(e) and (f) it can be seen that the gate
signal for the auxiliary switch is removed when the resonant inductor current iz,; is
higher (in magnitude) than the resonant inductor current i;,;. Hence, the auxiliary switch
current, which is the sum of the two resonant inductor currents, is negative, i.e., the
antiparallel diode is conducting. Hence, the auxiliary switch turns off at zero current. The
additional current through the auxiliary switch due to ZCS components remain the same
independent of the load, as it depends only on the resonant inductor L,;, C, and output

voltage V.

The ZVT developed by G.Hua, F.C. Lee [32] was also built by removing the ZCS
components L,; and C,. The RC snubber used in the ac-to-dc converter was removed.
Fig. 2.8 shows the efficiency comparison of the two converters operated at the similar
input and load conditions. It is clearly seen that there is an increase in the efficiency with
the proposed converter at higher loads. At very low loads when the current in the
auxiliary switch itself is small, loss reduction is not significant as shown by the efficiency

comparison shown in Fig. 2.8.

In order to substantiate the efficiency improvement due to ZCS auxiliary circuit
operation, the output voltage of the converter was increased to 380 V dc. Fig. 2.9 shows
the efficiency comparison for the two converters at an output voltage of 380 V dc.
Assuming the boost diode and the IGBT conduction drops are equal, the conduction
losses due to switches depends only on the input power (input current). As the inductors
were wound with litz wire (only for the dc-dc converter), the losses due to resistance of
the inductor are almost the same for the two conditions. Only the switching losses i.e.,
turn-on and turn-off losses depends on the output voltage. As the output voltage is
increased and at increasing load power, the losses in the converter [32] increases and the

effect of ZCS in increasing the efficiency is easily seen.
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2.6 Conclusions

A soft transition boost converter with zero current switching auxiliary circuit is
proposed. The operation of the proposed converter and its analysis in different intervals is
presented. Design constraints and considerations are discussed. A simplified design
procedure is illustrated with a design example. By using a low power auxiliary circuit, the
main switch is switched at zero voltage, while the auxiliary switch undergoes zero current
switching, practically eliminating all the turn-off losses in the circuit. The experimental
prototype converters developed using IGBTs (switching at 100 kHz) clearly shows
improvement in the efficiency compared to previous work in the literature. Both ac-to-dc
and dc-to-dc converters have been implemented. The parasitic oscillations increases the
stress on the auxiliary switch. In the experiments, efforts were made to damp the parasitic
oscillations using saturable cores also. As the oscillations, has to be damped using the
core losses in the saturable inductor, the saturable inductors require heat sinks to keep the
temperature under control. Efforts were made to come up with a configuration without
any parasitic oscillations. To prevent the oscillations the auxiliary switch should be
clamped to a stiff source during the off state. Moreover, the main switch should atleast
be on till the energy stored in the auxiliary inductor is delivered to the resonant capacitor
and the output. This distorts the current waveform particularly at the peak of the
maximum input voltage, i.e., when the input voltage is very close to the output voltage. In
Chapter 3, a new auxiliary circuit configuration that is devoid of parasitic oscillations is

presented.
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Chapter 3

A Soft Switched Boost Converter for High Frequency
Operation

3.1 Introduction

The converter proposed in chapter 2, showed improvement in efficiency due to ZCS of

the auxiliary switch. The parasitic oscillations were reduced due to the magnetic coupling

between the resonant inductor and the input inductor. However, the converter suffers

from:

ZCS of the auxiliary switch do not eliminate the turn-on losses in the auxiliary
switch. Hence, operation at higher frequencies reduces the efficiency, limiting the
highest switching frequency.

Although the parasitic oscillations are reduced, they are not completely removed.
Hence, a small RC snubber is used écross the resonant inductor to further reduce the
oscillations. This makes further increase in the switching frequency difficult (as at
higher frequencies, oscillations increase and hence losses increase).

ZCS operation does not absorb the parasitic elements in the auxiliary circuit like
switch capacitance and wiring inductance (with the auxiliary diodes) and the reverse
recovery charge of the auxiliary switch's anti-parallel diode. At high frequencies,
these parasitic elements increase the stress on the auxiliary circuit.

At lower loads when the auxiliary switch current is small, the ZCS did not improve
the efficiency. As the additional current due to ZCS remains the same for all load and
line conditions, at some lower loads even the efficiency decreases as observed in the

PFC converter application.

For ZVT or ZVS, conduction of the anti-parallel diode of the main switch is followed

by the switch conduction time. Therefore, the anti-parallel diode recovers softly as it

recovers when the switch conducts. However, in ZCT or ZCS, the anti-parallel diode
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conducts after the switch conduction. Therefore, reverse recovery loss due to the anti-
parallel diode could be substantial enough at high frequencies to reduce the efficiency

and it could be the source of unwanted oscillations.

The proposed converter shown in Fig. 3.1 has ZVT main switch and ZVS auxiliary
switches. All the switches undergo soft switching. The auxiliary circuit used for soft
transition includes, resonant inductor L,, the resonant capacitor C,, the snubber capacitor
Cs, the auxiliary switches S;, S and their snubber capacitors C,; and C; (including the
switch capacitance's). The snubber capacitor C, includes the main switch capacitance and

the junction capacitance of the boost diode D,y

Fig. 3.1 Proposed soft-switched Boost converter.

The proposed converter has the following features: (1) As the main switch (ZVT), the
auxiliary switches (ZVS) and the rectifier diode (soft turn-off) are switched softly, the
circuit is particularly rewarding for HF switched dc-to-dc boost converters and power
factor correction applications, where the main switch and the rectifier diode are subjected
to high voltage. (2) There are no parasitic oscillations as the diodes recover softly and
saturable inductor (or lossy snubber) is not required. (3) There is no restriction on the
minimum on time of the main switch. (4) The auxiliary circuit does not increase the
voltage stress on the main switches and diodes as in some of the techniques in the
literature [42-44, 126].
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In section 3.2 operation and analysis of the proposed converter in different intervals of
operation are given. Section 3.3 discusses the features of the proposed converter. Section
3.4 discusses the design considerations and a design example of a 300 W, 250 kHz,
300 V output dc-to-dc converter is presented. Experimental results obtained from the
prototype converter devloped in the laboratory are presented in the Section 3.5. Section
3.6 proposes a modified gating algorithm to reduce the losses. An ac-to-dc PFC converter
is designed and experimental results from a prototype converter with the modified gating
algorithm is presented. Section 3.7 presents the large signal analysis of the proposed
converter. Soft switching characteristics during load changes and input voltage transient
are discussed. Matlab results and PSPICE simulation results are discussed. Section 3.8
presents an extension of the proposed technique to a family of soft switched converters.
Section 3.9 presents a two-switch extension of the proposed converter in section 3.2.

Section 3.10 states the conclusions.

3.2 Operation and Analysis of the Proposed Converter

The operating waveforms are shown in Fig. 3.2. The equivalent circuits depicting the

various intervals for one high frequency switching cycle are shown in Fig. 3.3.

To simplify the analysis, all the components (semiconductor switches, diodes,
inductors and capacitors) are assumed ideal and the input filter inductor L,is assumed
large enough to neglect the input current ripple. The output capacitor C, is large enough
to assume it as a constant voltage source. The resonant frequency due to L, and C,.is very
small when compared to the switching frequency. The resonant capacitor C, is assumed
large enough to neglect the ripple across it. Operation of the converter and its analysis

during different intervals (Fig. 3. 2 and Fig. 3. 3) is presented below:

Initially the main switch S, and the auxiliary switch S, are off and the auxiliary switch
S, is on. The input inductor current /,, is flowing through the boost diode D,. The
snubber capacitors C; and C,s are charged to the output voltage (V,). Let the voltage

across the resonant capacitor C, be V,. The inductor current iz, (i.(0") = -1;) is flowing



A Soft Switched Boost Converter for High Frequency Operation 49

6 '

5.
415 1

sm

Fig. 3.2 Operating waveforms of the proposed converter in different intervals of

operation.
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switched boost converter (Fig. 3.1).
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through the resonant capacitor C, and switch S,.

Interval 1 (¢ - 4,)(Fig. 3.3(a)): At 1, the auxiliary switch S, is turned off. The switch
S turns off softly due to the capacitive snubber. The snubber capacitor C;; including the
switch capacitance is discharged due to resonance between L, and Cs (= C,,+C;s). The
switch voltage v,, raises to V,, while the switch voltage vy, reaches zero at the end of this
interval. From the equivalent circuit shown in Fig. 3.3(a), the state equations depicting

this interval are

-Csaldvso/dt) + Cop(dvsp/dt) =+ iy, 3.1
dvidt = - dvg/dt (3.2)
C, (dv./dt) = +iy, (3.3)

L, (di/dt) = -vg+ V, -V, (3.4)

Solving the above equations, with initial conditions:

i (tp) =- 1 and ve(t,) =V, gives
vso = (Vo - Va) - [Le/(00,Co)]- sin(wp) + V, cos(w) (3.5)

ir, = -l cos(w/) - ©,CpV, sin(ol) (3.6)
where ®, = 1/(L,Cs)"".

The time taken (fo; = t;-tg) by the voltage across the switch S, (capacitor C,s) to come

to zero is given by

Vo—Va )+—‘l—tan_l(

Ya®rCe
@r JVf s tay2 O la G.7)
@,
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Interval 2 (t; - t;) (Fig. 3.3(b)): Once the voltage across S; reaches zero at ¢, the
voltage tries to go negative but is clamped by the antiparallel diode of the switch, which
starts conducting. The current through L, linearly ramps up and reaches zero at #;. The

switch S, should be gated within this interval to achieve ZVS tum-on. From the

equivalent circuit in Fig. 3.3(b),

ir=-I+ (Vo - Va) (’/Lr) (38)

The time taken by the resonant inductor current to reach zero is given by

tia=1t-t, = L, [I/(V,-V,)] 3.9

Interval 3 (t: - t3) (Fig. 3.3(c)): The switch S; turns on with ZVS. The inductor
current rises linearly until it reaches the input current (Fig. 3. 2). The diode (D) current
ramps down and reaches zero. Then the reverse recovery current of the d;'ode D,, starts
flowing. At the end of this interval the diode stops conducting and enters the blocking
mode. Due to snubber capacitor C;, the diode D,, recovers with zero voltage across it.

The circuit equation depicting this interval of operation is
ir==W,-Vg)(t/L,) (3-10)

If ¢, is the reverse recovery time of the diode D, the reverse recovery current /,, is given

by
Irr=(Vo’ Va) (’n/Lr) (311)

The time duration of this interval is given by

t23=Iln [ LA(Vo - V)] + 1 (3.12)
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Interval 4 (t3-t4)(Fig. 3.3(d)): The current through L, continues to increase due to
resonance between L, and C,zy = (C,+C,,;). The capacitor Csy is discharged until the
resonance brings its voltage to zero at (5. The blocking voltage of the diode increases and

reaches the output voltage. The state equations depicting this interval of operation are
Vm =L, (di/dt) +V, (3-13)

Cieg (Avuldt) = - i, + I (3.14)

where v,, is the voltage across the main switch S,,.

Solving the above two equations with initial conditions v,(0)=V, and i(0)=lin + I,

gives,
Vi =Va + (Vo-Va)cos(@f) - I (Ll Coeg)' *sin(w,f) (3.15)
ity = In + Iy cos(@t) +(V; - V) (Coeg?L)'? sin(w,f) (3.16)

where ©. = [1/(L,C5e_0v)]“2. The resonant time interval to bring the voltage across the

snubber capacitor to zero is given by

i Vv,
tm=l‘—13—m—sm ( 7 )
: V,-V,) +(—=—)?
\/( . —V.) +(0,C,.,;) 57
vV -V C
+ l mn_,(( o ;bz :tl)

Interval 5 (ts - ts)(Fig. 3.3(e)): The capacitor voltage C; tries to go negative but is
clamped by the anti-parallel body diode (D;m) of the main switch, which starts
conducting. The switch S, should be gated within this interval (with the body diode
conducting) to obtain zero-voltage turn-on. The main switch should be gated before the
auxiliary switch S; is turned off. The state equation depicting this interval is given by
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L, (di/dey=-V, (3.18)

If iy (ts) =1y then

i, =1y -V, /L)) (319)

Interval 6 (ts - tg)(Fig. 3.3(f)): The main switch is on. The input inductor stores the
energy from the input source. The auxiliary switch S; is turned off at #s. The switch turns
off softly with zero voltage (main switch drop). After S; turns off, the inductor current, i,
starts flowing through the body diode of the switch S,.

Interval 7 (ts - t7)(Fig. 3.3(g)): As the resonant capacitor is assumed large enough,
the inductor current i;, ramps down and reach zero at ¢7. The switch S, should be gated
within the interval f6-r7, with the body diode conducting to achieve ZVS. The main switch
is still on. The equation for i;, is same as Interval 5. The time taken by the resonant

inductor current to reach zero is given by

tar=ts-ta = Iy (L/V3) (3.20)

Interval 8 (t7 - tg)(Fig. 3.3(h)): The inductor current changes direction and starts
flowing through the switch S, The inductor current i, starts increasing. Then (Fig. 3.

3(h)),
i, =-Va (t/L,) (3.21)

Interval 9 (tg - t9)(Fig. 3.3(i)): The main switch is turned off at 73. The switch turns
off softly, due to snubber capacitor C; and C;;. The effective snubber capacitor C; + Cg
gets charged with constant current /;,, The voltage across the switch V, rises from zero to
V,. The diode (D) voltage v4 goes to zero. The inductor current iz, continues to rise. The

equations depicting this interval are (Fig. 3.3(i)),
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(Cs + Cp)(dvmlde) = Iin (3.22)
ity =-V, (/L) (3.23)
with initial condition v.(0)=V, Therefore
V= [in [t/(Csp + C; )] (3249)

Interval 10 (t - (to + T,))(Fig. 3.3(j)): Now the input current starts flowing through
the diode D, At the end of this interval, the switch S, is turned off. The cycle repeats

again. The equivalent circuit is shown in Fig. 3.3(j).

As the conduction of the anti-parallel diodes is followed by the conduction of the
respective switch, the diodes recover softly, with zero voltage across them. There are no

parasitic oscillations as the diodes recover softly.

3.3 Salient Features of the Proposed Converter

The proposed converter with modified control shows improved characteristics than the

other converters proposed in the literature. The salient features are listed below:

A. Parasitic Oscillations

Almost all the ZVT converters proposed in the literature suffer from parasitic
oscillations between the resonant inductor and the switch/diode capacitance. Hence, lossy
saturable inductors or RC snubbers are required to suppress these oscillations. The
proposed converter is free from parasitic oscillations as all the switch and diode

capacitance's are accounted for.
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B. Soft switching

Most of the converters proposed in the literature suffer from, (i) the auxiliary switch is
turned on hard [31-33, 36-41, 49-52, 65-69] i.e., the switch capacitance is discharged
through the switch at turn on. (ii) Soft switching is load dependent. (iii) Except for the
main boost diode, all other diodes used in the auxiliary circuit suffer due to reverse
recovery [31-33,36-41,49-52, 65-69]. (iv) The soft switching characteristics during
transients are not well defined. In the proposed converter, (refer to Fig 3.1)

Sm - ZVT turn-on, turn-off with capacitive snubber

S, - ZVS turn-on and turn-off with capacitive snubber
Sy - ZVS turn on and ZVS turn-off.

D, - Soft turn on and tum-off with controlled di/dt

All the active switches are soft switched and the diodes recover softly with zero
voltage across them. The soft switching can be maintained independent of load and line

variations.

C. Duty cycle Limitation

In most of the converters proposed, the main switch should be on for a minimum on
time, until the energy stored in the auxiliary circuit is delivered to the input or output.
Hence, careful design is to be made to ensure that the converter operates with some
minimum duty cycle at steady state and during transients for all line and load conditions.
This duty cycle limitation can pose problems during transients and may result in the
switches losing soft switching. In some cases, the diodes in the auxiliary circuit may
suffer from severe reverse recovery. The proposed converier is free from any duty cycle

limitation. The main switch can even operate with close to zero duty cycle.
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3.4 Design

In this section, the design constraints and considerations of the proposed boost

converter are discussed. The design procedure is illustrated with a design example.

3.4.1 Design Constraints, Considerations and Component Selection
3.4.1.1 Resonant Capacitor C,

At steady state, the net charge that flows into the resonant capacitor C, must be zero in

a switching cycle, i.e. the voltage across the capacitor C, should not build up. It is noted

kr
ol
N
>
% : t
by L t

- DaUx TS_—’
Fig. 3. 4 Current through the resonant capacitor C,.

that the auxiliary circuit can operate with a fixed duty cycle. The capacitor C, is assumed
large enough to neglect the ripple. The capacitor current, which is same as inductor
current iz, (resonant cycles approximated as straight lines), is shown in Fig. 3.4.

[igdt=0 (3.25)

From Fig. 3.4, and (3.25),

Ia (ta + ld) = Ib (tb + ’c) (326)

where t,=t-tg, th=1ls-t2, lc=t7-tsand tz=T5+ - 11.
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Substituting for ¢, t5, I and ¢4, in (3.26) from (3.7), (3.9), (3.12), (3.17) and (3.20),

=1 (3.27)
From (3.20) and (3.27), the average voltage across the capacitor C, is given by,

Veravg = Va= QL 1)/ (DauxT5) (3.28)
where D, is the duty cycle of operation of the auxiliary switch S,. The value of the
capacitor C, is selected based on the ripple voltage and to make the resonant current iz, as
linear as possible. The ripple voltage across C, is given by

Aver = [y/(4/:C) (3.29)

The capacitor ripple can be expressed as a fraction of the maximum average capacitor

voltage (Vermax) calculated from (3.28) a't full load and low line, i.e.,
Aver = k Vermax (3.30)
where k denotes the percentage ripple.
From (3.28), (3.29) and (3.30)
Cr = Dawx! (8K(f;)’L,) (3.31)

From (3.31), the value of C, for a given ripple voltage can be determined.

3.4.1.2 Turn-off Loss and Snubber Capacitor (C;)

The snubber capacitor is so chosen as to reduce the turn-off losses. A larger snubber
capacitor will reduce the turn-off loss, but it will increase the conduction losses in the

auxiliary switch.
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At turn-off (shown in the Fig. 3.5) the gate drain capacitor Cg (miller capacitance) is

charged with a constant gate voitage called plateau voltage [124,125] slightly greater than

threshold voltage. As the gate-source voltage is constant, the rate of rise of drain-source

voltage and gate drain voltage is same. The rate of rise of drain-source voltage depends
only on the gate current and the miller capacitance, i.e.,

dvy/dt = iJca, (3.32)
where ig = Vowea/Rg, Rg is the gate driver resistance during turn-off period. Hence, if /;

is the switch current at the instant of turn-off, then the switch current i; during turn-off is

is = I - Cy( dvg/dt) (3.33)

’oﬁ”g

Fig. 3. S Tum-off switching waveform of MOSFET [124,125].

Because of the large transconductance of MOSFETs, plateau voltage (Vpuarea) can be
considered as constant independent of switch current. C4, changes by several orders with
Vas. However, at higher voltages (>25 V from data sheets) C4 can be approximated to a
single value. Losses in the interval t,; are significant at higher voltages while all other

intervals can be neglected. Then the turn-off loss is given by [125]

V2
Py =[ Is Cs]ﬂ (3.34)
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where C; is the snubber capacitor across the switch. As it is seen that at turn-off if the
gate current is high, i.e., with smaller gate driver resistance, the turn-off losses are less.
The gate current at tumm-off is limited due to the internal resistance of the driver. Hence,
selection of gate driver to drive the MOSFET also plays a part in reducing the turn-off

losses.

3.4.1.3 Resonant Inductor (L,)

Once the snubber capacitor value is obtained, the resonant inductor can be chosen for
a given ZVT time interval. The ZVT time interval depends on the resonant inductor L,
and the snubber capacitor C,;. The value of the resonant inductor L, depends on the
reverse recovery time and the di/dt requirements of the boost diode. The di/dt determines
the peak recovery current. Fig. 3.6 shows the current and voltage waveform of boost
diode D, at turn-off. Losses due to reverse recovery occurs during the interval ¢,, (Note
that in Fig. 3.2, 1,2 is shown zero assuming soft turn-off diode D). The time duration ¢,;
depends on the siope of the diode current during ¢,,. Very small values of the resonant
inductor (smaller ¢, interval) will increase the losses associated with the reverse
recovery of the boost diode and also increasing the peak current through the auxiliary
switch. To reduce the reverse recovery induced losses, the di/dt turn-off rate of the
majority of today's fast rectifiers should be kept below 100 A/us [126]. Generally, a
greater reduction of the losses is obtained by reducing the diode's di/dt turn-off rate well

below 100 A/us.

Fig. 3. 6 Diode turn-off Waveform.
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To minimize the reverse recovery loss, the resonant interval (¢,.;) should be greater
than the reverse recovery time of the boost diode. For considerable reduction of reverse
recovery associated losses, f,.s should be at least 4 times the reverse recovery time of the

boost diode (as explained in Chapter 2). Hence
lres 2 41,y (3.35)

From the snubber capacitor value and the resonant interval time ¢,,, the resonant
inductor value can be calculated. From the analysis done in the previous section, the total

ZVT interval or the on time of the switch S is given by

Tow=1ts- 0y = tig Haz+ t3g = [L(ly +in)/ Vo-V3)] + ter + lyes (3.36)

3.4.1.4 Snubber Capacitors (C;, and C;;) for Auxiliary Switches

To improve the efficiency and to reduce EMI, the converter should maintain soft
switching for all load and line conditions. The ZVS for the auxiliary switches is due to
the energy stored in the auxiliary- inductor. This energy stored must be sufficient to
discharge the auxiliary switch capacitance's and the snubber capacitors associated with
them at all loads. The energy to be recovered from the auxiliary switch capacitance is

(Interval 1)
Esae=0.5Cy(V,)? (337
At no load, the energy stored in the resonant inductor is given by

Eanotoad = 0.5(Cs+Cso)(Vo)? (3.38)
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To achieve ZVS at all loads, the energy stored in the auxiliary inductor at no load must
be greater than or equal to the energy stored in the auxiliary switch capacitance's

(including the snubber capacitors), i.e.,
Ce (Vo) 2 Cos (Vo) (3.39)

It is clear from the above equations, if same snubber capacitor is used for both the
auxiliary and the main switch, then the ZVS is maintained for all load conditions even at
no load. A close look at the converter reveals that the ZVS at no load is possible as the
energy stored in the snubber capacitor of the main switch is sufficient enough to obtain

ZVS for the auxiliary switches.

3.4.1.S Component Ratings

The voltage stress on all the switches and the diodes is V,. The current stress of
various components of the converter for a given output power (P,) and efficiency (7),
with average input current /;; (= P,/[Vir'n]) and ripple current Al;,, is summarized in

Table 3.1.

Table 3. 1 Component ratings of the proposed converter (Fig 3.1).

Component Peak Rms Average
Current current Current

Sm [+ Al (I.°D + (AL, 2(D/12)))'" D-I;,
Dn Iin +ALy | (I’ (1-D) + (Aln’((1-D)/12))'? (1-D)-In
Sa Iy 0.41-L((T-To)/(Ts) " L (T2 Tn)/(4-T))
Dy I, 0.41-L((T-Toa) (T L (T-2To)/(4-TY))
St I, 0.41-Iy-(Tod To)'" Iy (Tod4-TY)
Dy I, 0.41-I(To/T)"? Iy (Tod4-Ty)
L, JA 0.577-1, 0
C, I, 0.577-1, 0
Ly L+ Al (i) +HAL112)]'7 I;
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3.4.2 Design Example

A DC-to-DC boost converter with the following specifications is designed in this

section to illustrate the design procedure.

[nput voltage, Vi, =100to 150 V DC
Output power, P, =300 W

Output voltage, V, =300V

Switching frequency, f; =250 kHz

The boost converter is designed in the usual way [refer to Appendix A for the design
of boost converter]. For the design example, IRF 740 is used for all the switches and
MUR 860 as the boost diode.

IRF 740: 400 V, 6.3 A, 0.55 Q, 35 ns fall time, C,5= 150 pf, C4e = 40 pf.
MUR 860: 600 V, 8 A, 35ns reverse recovery time (at about 3A).

At minimum input voltage and full load, the turn-off current of the switch S, is given by

(assuming i} = 0.95),

I,=PJ/(Vi) =3.16 A. (3.40)

[R2110 (International Rectifier MOSFET driver) is used to drive the MOSFETs. It has an

internal 8 Q driving resistance.

From (3.34), to eliminate turn-off losses, i.e., Por=0 gives,

C, = I/(dva/dt) = (IRCag)! Vg = 0.27 nF.

From the above said considerations, turn-off loss is negligible with C;= 0.5 nF.
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From (3.39)
Cs 2 Csb = Cp-Csa (3.41)

Therefore, choosing
Cs = 0.5 nF (3.42)

The resonant time interval from (3.35),
tres = 4x35x10°” = 140 ns. (3.43)
Substituting ¥,=0and /,, =0, in (3.17),
tres = (1/:)(1/2) (3.44)
Hence, L, can now be calculated from (3.44),
L, = [tres)? [4/(m*Caeg)] = 15 pH. (3.45)

With the obtained value of L,, it can be seen that the di/dr at turn-off of diode D, is

20 A/ps. From (3.16) and (3.27) with minimum input voltage and maximum load,
IL,=I)= 489 A (3.46)
From (3.36),

Tt = 625 ns. (3.47)
From Fig. 3.4,

Daux = (4-10% - 625-10°)/ 410 = 0.843. (348)
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From (3.28),

Veravg = Va = (2-15-10%.4.89)/(0.843-4-10°%) =435 V (3.49)
From (3.29), (3.30) and (3.31) with £ =0.05
C, =D/ (8k(f)*L,) = 2.0 uF. (3.50)

The values of the components selected is summarized below:
L.=15uH, C,=2.0 uF, C;= 0.5 nF, C; = 0.5 nF, L,= 500 uH and C, =470 uF (two in
parallel).

The current stresses of the different components are calculated from Table 3.1 and
given in Table 3.2. Note that the voltage stress of all the semiconductors used is output
voltage V,. With the active devices selected, various losses in the active devices are
calculated at full load and minimum input voltage. The snubber capacitors are selected

such that the switching losses are zero. Table 3.3 summarizes the conduction losses.

Table 3. 2 Component Current ratings of the proposed converter designed in
Section 3.4.2 (Fig 3.1).

component Peak Rms Average
Current (A) Current (A) | Current (A)

Sm 3.42 2.57 2.08
Dy, 3.42 1.84 1.074
Sa 4.89 1.70 0.88
Dys 4.89 1.70 0.88
Ss 4.89 1.05 0.336
Dy 4.89 1.05 0.336
L, 4.89 2.82 0

L, 3.42 3.164 3.16
C. 4.89 2.82 0
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Table 3.3 Loss distribution at full load Py = 300 W and minimum input voltage
V.n = 100V of the proposed converter designed in Section 3.4.2.

Conduction loss
Sm (Lms)* Rason = (2.57)° -0.55 =3.63 W
D Iovg'Va =1.074-1.0=1.074 W
S, (yms)*-Rason = (1.70)* -0.55 = 1.59 W
D.a Lng V4 =(0.88)- (1.0)= 0.88 W
Sp (Lms)*Rason =(1.05)* -0.55 = 0.61 W
Dy Iove Vi =(0.336) - (1.0)=0.336 W
L Ums)*-Riyyr = (3.164)* - (0.55)= 1.0 W
L, (Ims)*R, = (2.82)* - (0.55) = 0.25 W
Stray losses 1.0 W
Total losses 10.37 W

3.5 Experimental Results

Based on the design procedure given in Section 3.4.2, a 250 kHz, 300 W, 300 V
output dc-to-dc converter was designed and built in the laboratory. The experimental
results are summarized in Tables 3.4 and 3.5. The experimental results obtained from the
prototype

Table 3. 4 Experimental results of the proposed dc-to-dc boost converter designed in
Section 3.4.2 at V;,,= 100 V and f; =250 kHz.

P, Iin I, A\ Ii(rms) | P, Veravg | Losses = Pin - | (%)
(peak) | (A) v |p,

49.7 [0.53 |24 1.37 S3 21,1 |33 94.34
100 | 1.05 | 291 1.65 105 243 |5.0 95.23
150 | 1.57 |3.43 1.92 157 28.7 7.0 95.54
200 |2.07 {393 |2.20 207 321 |70 96.62
250 |[2.61 {45 24 260 367 |10 96.15
300 |3.14 {5.0 2.80 314 422 |14 95.6
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Table 3. 5 Experimental results of the proposed dc-to-dc boost converter designed in
Section 3.4.2 at V;, =150 V and f; = 250 kHz.

P, L, (avg) | I, (peak) | I (rms) | P,, Veravg | Losses n (%)
50 0.35 24 1.37 52.5 | 20.2 2.5 95.2
100 | 0.69 2.54 1.40 103. | 28.5 3.5 96.6
1s0 |1.04 2.89 1.60 156 |25.8 6.0 96.1
200 | 1.37 3.22 1.80 206 | 28.1 5.5 97.1
250 | 1.71 3.56 2.00 256. | 30.6 6.5 97.47
300 2.05 3.90 2.15 307. | 32.2 1.5 97.56

are shown in Fig. 3.7 and Fig.3.8 for two input voltages and two load conditions. The
results clearly show that the soft switching is maintained for all load and line conditions.
Fig. 3.7(a)(i) shows that the auxiliary switch S; turns on with zero voltage and turns off
with zero voltage. The auxiliary switch Sy voltage comes to zero before the gating signal
is applied (turn-on) and the switch voltage remains zero even after the gating signal is
removed (turn-off). Fig. 3.7(a)(ii) show§ the ZVT of the main switch. The switch Sp,
voltage reaches zero before the gating pulse is applied. Fig. 3.7(a)(iii) shows the resonant
inductor current iz, along with the switch S, drain-source voltage. In Fig. 3.7(a)(iv), zero
voltage switching of auxiliary switch S, is clearly shown. The switch voltage vs,
becomes zero before the gating signal is applied. The main switch S, and the auxiliary
switch S, turn off softly due to snubber capacitor across them. Fig. 3.7(b) shows the
experimental results with minimum input voltage and P, = 50 W. Fig. 3.7(b)(i) shows the
auxiliary switch Sy voltage and the gating signal. The switch voltage becomes zero before
the gating signal is applied thus achieving zero voltage turn-on. The switch voltage
remains zero even after the gating signal is removed, achieving zero voltage tumn-off. Fig.
3.7(b)(ii) shows the main switch voltage and the gating signal. As the load current is low,
the switch voltage rises slowly as seen form the fig. 3.7(b)(ii). Zero voltage tum-on is
achieved. Fig. 3.7(b)(iii) shows the auxiliary switch S, voltage and the resonant inductor
current iz.. Fig. 3.7(b)(iv) shows the auxiliary switch S, gating signal and the resonant
inductor current i;,. It shows the conduction of the antiparallel diode (as i, is negative)

before the gating signal is applied, showing ZVS turn-on.
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Fig. 3.8 shows the experimental results at maximum input voltage for two loading
conditions. Fig. 3.8(a)(i) shows the ZVS turn-on of main switch. The switch voltage
becomes zero before the gating signal is applied. Fig. 3.8(a)(ii) shows the auxiliary
switch S voltage and the gating signal. The switch voltage is zero, at the time of turn-on
and turn-off showing complete soft switching of S;. Fig. 3.8(a)(iii) shows the resonant
inductor current i, and auxiliary switch S, gating signal. Resonant inductor current i,
being negative at the instant of turn-on shows ZVS turn-on of S;. Fig. 3.8(a)(iv) shows
the auxiliary switch S, voltage and the resonant inductor current i;,. Fig. 3.8(b)(i) shows
the auxiliary switch S, voltage and the gating signal showing ZVS turn-on. Fig. 3.8(b)(ii)
shows the main switch S, voltage and the gating signal. The switch voltage at turn-off
rises very slowly due to the snubber capacitor C; and C;;, as the load current is low. Fig.
3.8(b)(iii) shows the resonant inductor current iz, and the auxiliary switch Sj voltage. Fig.
3.8(b)(iv) shows the auxiliary switch S, voltage and the gating signal. The ZVS tumn-on is

clearly seen, as the switch voltage is zero before the gating signal is applied.

Fig. 3.9 shows the efficiency of the proposed converter obtained with maximum
and minimum input voltages. A maximum efficiency of 97.56% is obtained at full load
and Vi, = 150 V. The proposed converter is compared to the converter proposed in [31].
Fig. 3.10 gives the efficiency comparison at ¥, = 100 V and ¥, = 300 V. The results are
taken from [56]. In [56] five different soft switching topologies are compared and it is
shown that the converter proposed in [31] has the best efficiency. It is evident from
Fig. 3.9 that the efficiency has improved in the proposed converter due to the soft
switching of all active switches and due to the absence of saturable inductors. The
details of the two converters compared are given in the Table 3.6. The resonant inductor
used in the ZVT [30,56] is small, as a higher value will further increase the ZVT time
interval, due to the presence of saturable inductor. A smaller value of the input filter
inductor used in ZVT [30,56] will reduce the peak current through the auxiliary switch as
the transitions occur when the inductor ripple is at its minimum value. In practice, one
might require a slightly higher value to reduce the high frequency ripple and the input

filter size.
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Table 3. 6 Details of the proposed converter and the ZVT converter of [31,57].

Components Proposed Converter ZVT [31,57] converter
Output Power 50 -300 W 100 -300 W
Input dc Voltage 100 V 100V
Output dc Voltage 300V 300V
Switching Frequency 250 kHz 250 kHz
Main Switch IRF 740,400V,6.3 A IRFP 450,500 V,8.8 A
Aux. Switch IRF 740 (2 switches) IRF 840 S00 V,5.1 A
Main diode MUR 860, 600V, 8 A MUR 860 600V, 8 A
Filter Inductor 500 uH 200 uH
Resonant inductor 1S uH 5.6 uH
Resonant capacitor 2.0 uF Not used
Snubber Capacitor (main 0.5 nF 0.5nF
Snubber capacitor 0.47 nF 1.0 nF
Saturable Inductor Not used Used
Auxiliary diodes Not used MUR 860 (3 No's)
ZVT interval 800 ns

500 ns
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(i) Auxiliary switch S, voltage, vy (50 V/div) and gate source voltage vgs (10 V/div)
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(ii) Main switch S,, voltage, v, (50 V/div) and gate source voltage vgm (10 V/div)
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(iii) Auxiliary switch Sp voltage v, (50 V/div) and resonant inductor current iz, (5 A/div)
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(iv) Auxiliary switch S, source voltage v, (50 V/div) and gate source voltage vgs,

(a) Experimental Results : ¥, =100 V dc, P, =300 W.
Fig. 3.7 (continued)
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(iv) Auxiliary switch S, gate source voltage vg; (20 V/div) and resonant inductor current
I, (l A/l le)

(b) Experimental Results : V;, =100 V dc, P, =50 W.

Fig. 3.7 Experimental results obtained with minimum input voltage, Vi, = 100 V dc and
two loading conditions for the dc-to-dc converter designed in section3.4.2. The converter
details are: Vo, =300 V dc, f; =250 kHz, L,= 500 pH, L, = 15 uH, C, = 2.0 uF and
C, =470 pF.
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(ii) Auxiliary switch S voltage, vy (50 V/div) and gate source voltage vgq (10 V/div).
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(iii) Auxiliary switch S, gate source voltage vgs (10 V/div) and resonant inductor current
ir- (5 A/div)
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(iv) Auxiliary switch S; voltage v, (50 V/div) and resonant inductor current iz, (2 A/div)

(a) Experimental Results : ¥}, =150 V dc, P, =300 W.
Fig 3.8 (continued)
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(i) Auxiliary switch S; voltage, vy, (50 V/div) and gate source voltage v, (10 V/div)
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(ii) Main switch S, voltage, v, (50 V/div) and gate source voltage vg,, (10 V/div)
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(iii) Auxiliary switch S; voltage v, (50 V/div) and resonant inductor current iz, (2 A/div)
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(iv) Auxiliary switch S, voltage v;5(50 V/div) and gate source voltage v, (10 V/div)

(b) Experimental Results: ¥V, =150 V dc, P, =50 W.

Fig. 3. 8 Experimental results obtained with maximum input voltage, ¥, =150 V dc and
two loading conditions for the dc-to-dc converter designed in section 3.4.2 . The
converter details are: V, = 300 V dc, ., =250kHz,, L, =15 pH, C,=2.0 uF,
Ly;=500 uH and C, =470 pF.
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Fig. 3. 9 Measured efficiency of the proposed converter versus load for two input
voltages with ¥, =300 V and _f; =250 kHz. For converter details, refer to Table 3.6.
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Fig. 3. 10 Efficiency comparison of the proposed converter with the converter proposed
in [30,56] at V;,,= 100V dc, ¥, =300 V dc, f; = 250 kHz.
(For other converter details, refer Table 3.6)

3.6 Modified Gating Scheme

In the proposed converter at the start of the switching cycle, the energy stored in the
switch capacitance of the active switches and the stored charge in the diode are recovered
smoothly by the auxiliary circuit (Fig. 3.1). This recovered energy is circulated between
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the resonant inductor L, and the resonant capacitor C, before it is delivered to the output
at the end of the cycle. By suitably modifying this energy cycle, the auxiliary circuit can
be used to store the energy from the source in the input filter inductor, thereby sharing the
power processing stress with the main circuit. In this Section, a modified gating control is

presented to achieve the same.

3.6.1 Operation and Analysis of the Proposed Converter with Modified
Control

The power converter configuration is same as shown in Fig. 3.1. The operating
waveforms are shown in Fig. 3.11. The equivalent circuits depicting the various intervals
for one high frequency switching cycle are shown in Fig. 3.12. All the assumptions are
the same as Section 3.2. Only those intervals, which are different, will be explained

below. Operations during intervals 1-4 are same as explained in Section 3.2.

Interval 5 (t4 - ts)(Fig. 3.12 (e)): The capacitor voltage C; tries to go negative but is
clamped by the anti-parallel body diode (D;,) of the main switch, which starts
conducting. The switch S,, should be ‘gated within this interval (with the body diode
conducting) to obtain zero-voltage turn-on. The body diode of the auxiliary switch S, also
starts conducting. The current distribution in the switches and their diodes depend upon
the V-I characteristics. At the end of this interval, the resonant inductor current i,

reaches /.. The state equation depicting this interval is given by
L, (dig/dt)y=-V, (3.51)

If i (ts) =1 then
i=0L-V, /L, (3.52)

Interval 6 (ts - te)(Fig. 3.12 (f)): The main switch is on. The antiparallel diode of the
auxiliary switch S, turns off with zero current and zero voltage at f5s. The input inductor

stores the energy from the input source. The auxiliary resonant inductor current continues
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Fig. 3. 11 Operating waveforms of the proposed converter (Fig. 3.1) with modified gating
scheme in different intervals of operation (shown for main switch duty cycle D > 0.5).
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Fig. 3. 12 Equivalent circuits during different intervals of operation of the proposed soft-
switched boost converter with modified gating scheme (Fig. 3.1).
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to decrease. The input inductor current is the sum of the resonant inductor current and the

main switch current. The auxiliary switch S; is turned off at the end of this interval.

Interval 7 (ts - t7)(Fig. 3.12 (g)): The auxiliary switch S; turns off with zero voltage at
ts. As the resonant capacitor is assumed large enough, the inductor current i;, ramps down
and reaches zero at r7. The switch S, should be gated within the interval 14-f7, with the
body diode conducting to achieve ZVS. The main switch is still on. The equation for iz is

same as Interval 5. The time taken by the resonant inductor current to reach zero is given

by
tyy=ty-tg = Iy (LAV2) (3.53)

The other intervals 8-10 are same as that explained in Section 3.2. With the modified
gating control, the input current is shared by the switches S5 and S, during the Interval 5
and Interval 6. These two intervals amount to almost 50% of the total switching cycle if
the duty cycle of the main switch is more than 0.5, and it amounts to almost the entire
duty cycle of the switch Sn, if the duty cycle of S, is less than 0.5. With the modified

control, the proposed converter retains all the qualities explained in Section 3.2.

The proposed converter with the modified gating retains all the features and the
advantages of the proposed converter as discussed in Section 3.3. In addition, the
modified gating scheme reduces current stress for the main switch and distributes the
conduction losses between the auxiliary switch S; and the main switch S,,. This is

particularly advantageous for better thermal dissipation.

3.6.2 Design Constraints and Considerations

All the design constraints described in the Section 3.4.1 are applicable to the converter
operated with the modified control. To obtain soft switching for the auxiliary switches,
the auxiliary switch S, should be turned off and the auxiliary switch S, should be turned
on before the main switch S, is turned off. In addition, the auxiliary switch S, should be

turned off before the resonant inductor current changes direction to facilitate zero voltage
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switching of the auxiliary switch S,. This implies that the maximum on time of the
auxiliary switch Sp is, (7s+T~)/2 or D (duty cycle of the main switch) which ever is
minimum. For main switch duty cycle D > 0.5, the interval 7 should be made as short as
possible to reduce the conduction losses, i.e., the auxiliary switch S; should be tumed off

just before the inductor current i, reaches zero.

3.6.3 Current Sharing

The auxiliary switch S, shares the power processing with the main switch during part
of the switching cycle. For a given input current and duty cycle D > 0.5 (In a typical
universal input PFC application duty cycle remains greater than 0.5 during most of the
line cycle at minimum input and full load), the auxiliary switch current, main switch
current and diode (Dy,) current are shown in the Fig. 3.13. Note that, as discussed in
Section 3.6.2 that the interval 7 should be made as short as possible. Interval 7 is assumed
zero for the analysis presented in this section, i.e., the auxiliary switch S; is turned on and
the switch S is turned off at the same instant exactly when the resonant inductor current
reaches zero. .

N

v

-V

N

Fig. 3. 13 Auxiliary switch (S;) current iz, main switch (S,) current i;» and auxiliary
diode current Dy, for main switch duty cycle D > 0.5, with (a) Proposed modified gating
scheme (b) Proposed gating scheme in Section 3.2.
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From the Fig. 3.13, defining

I = lgm + Isp + Isq (3-54)

The average current /i, With the modified gating scheme from Fig. 3.13 (a) is given by

fim = [VT) [(1/2)YLs)(ts +1a)] + [(1/2)(Lin)(t5-1)] + [(Lin) (DT-t5)] (3.55)

where t; = T /2, ty = (Ts - Trw)/2 and . = (L 1p)/ V.

Upon rearranging in a convenient form,

fem = [1/ T5] [(Zin) (DT)] + [(1/2)(p)(ts +2)] - [(1/2)(Jin)ts + 1) (3-56)

The average current /; with the gating scheme used in Section 3.2, from Fig. 3.13(b) is

given by

I = (VT3] [(ZnX(DT)] + [(1/2)U)(ts +1a)] (3.57)

Usually from the design considerations discussed in Section 3.4.1, 1, = 0.057, to
0.0757 (i.e. the zero voltage transition time 7., is 10% to 15% of the total switching
period T;) and Tn, = 24,. It is very clear from (3.56) and (3.57) that the current stress has
reduced due to the modified gating scheme.

Numerical example:

A dc-to-dc converter with the following specifications is designed using the design
procedure given in the Section 3.4.2, for the modified gating scheme.
P,=450W, f;=250kHz, V,=300V, V;,=150 V.
The component values obtained are L, = 1S pH, C; = 0.5 nF, C; = 0.5nF, L= 500 uH.
Neglecting the input ripple current, the time intervals and different currents are obtained
as: [;n=3.15A,1,=1,=489A,V,=42V,D=0.5,1.=617ns, t, = 1.7 pus, t, = 300 ns,
T, = 600 ns.
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The current stress with the modified gating scheme and the gating scheme discussed in
section 3.2 is summarized in Table 3.7.

Table 3. 7 Current stress comparison of the proposed converter with the two gating

schemes.
Component Peak Current (A) Average current (A) Rms current (A)
Gating 1 | Modified | Gating 1 | Modified | Gating 1 | Modified
Sm 3.15 3.15 2.079 1.022 2.56 1.60
Dy, 3.15 3.15 1.071 1.071 1.84 1.84
Sa 4.89 4.89 0.88 0.88 1.70 1.70
Dysq 4.89 1.89 0.88 0.27 1.70 0.39
Sp 4.89 4.89 0.18 1.22 1.05 2.0
Dy 4.89 4.89 0.18 0.18 1.05 1.05

The proposed dc-dc converter designed in section 3.4.2 was operated with the
proposed modified gating scheme. The results are given in Table 3.8.

Table 3. 8 Experimental results of the proposed dc-dc boost converter designed in
Section 3.4.2 with the modified gating scheme.

P, Vin I, (peak) | I (rms) | P Veravg | Losses n (%)
300 | 100 5.0 2.80 311 422 [11(14) |96.5
300 | 150 390 |2.15 305 322 [5(7.5) [983

* The number in brackets show the corresponding losses with the gating scheme used
in Section 3.2.

The overall conduction losses reduce by around 20%. Moreover as the auxiliary
switch, S, turns on and off with zero voltage, IGBTs with lower conduction losses can be

used to further reduce the conduction losses at higher powers.

3.6.4 AC-to-DC PFC Boost Converter

An AC-to-DC power factor corrected boost converter with the following

specifications is designed in this section to illustrate the design procedure.
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Input ac voltage, V;, =90-250 V rms.
Output power, P, =600 W.
Output dc voltage, V, =380 V.

Switching frequency, i =100 kHz.

The design procedure is similar to the dc-to-dc converter presented in Section 3.4.2.
The design point is at the peak of the minimum line input voltage and full load. All the
design constraints should be met at this point to obtain soft switching for all conditions.
The boost converter is designed using the well-established design procedure [Appendix
A). The auxiliary circuit is designed using the constraints and the design equations as

explained in Section 3.4.2.

IRF 460 is selected to be used as S,, and S,. As the switch S; turns on and turns off
with zero voltage, IRG4PC40UD IGBT is selected for S;. The specifications of the

devices used are summarized below:

Sm, Sz 1 IRF 460 (ST) 500 V, 13 A (T.=100° C), 0.27 Q, 25 ns fall time, C,= 500 pF,
Cge = 50 pF.

Sh : IRG4PC40UD (IR) 600V, 20 A (7. = 100° C), internal diode with ¢,, = 120 ns.

Dp, : MUR 1560 : 600V, 15A, ¢, = 60 ns

Using the design procedure discussed in Section 3.4.2, the following component
values were obtained: L, = 18 uH, C, = 1 pF, C,= 1.0 nF, C;= 1.5 nF, L,= 500 pH and
C,=470 pF. In the experiment the inductor L, s split in to two and wound on two cores.
A filter capacitor C; = 1.5 uF is added at the output of the input diode rectifier to filter
out the high frequency ripple. This allows us to use low frequency rectifiers at the input.
Lp——-- 40 turns on a D927156-3, Arnold Engineering (AE) Torroidal core (= 392 uH)

------ 24 turns on D927156-3, AE, Torroidal core (= 125 uH).

L, -—--- 18 turns on two TMC 107587 E/J, AE, Torroidal cores stacked together.
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3.6.5 Experimental Results

A 100 kHz, 600 W, 380 V dc output, ac-to-dc converter designed in Section 3.6.4 was
built in the laboratory using power semiconductors selected. Unitrode IC UC3855
average current controller was used to generate the gating signals. The gating signals for
the auxiliary switches are obtained using logic circuits. IR2110 is used as the gate driver
to drive the switches. The current loop bandwidth is set at 10 kHz and the voltage loop
bandwidth is set at 10 Hz.

Fig. 3.14 and Fig. 3.15 shows the experimental results obtained at full load conditions
with ¥, =90 V and ¥, =220 V respectively. Fig. 3.14(a) and 3.15(a) shows the auxiliary
switch S, voltage and the resonant inductor current i;, waveforms. The resonant inductor
current being negative when the switch voltage comes to zero shows that the antiparallel
diode is conducting. This confirms the ZVS turn-on of S;. Fig. 3.14(b) and 3.15(b) shows
that the auxiliary switch S turns on with zero voltage and turns off with zero voltage.
The auxiliary switch S voltage comes to zero before the gating signal is applied and the
switch voltage remains zero even after the gating signal is removed. This shows the ZVS
turn-off of S;. Fig. 3.14(c) and 3.15(c) shows the ZVT of the main switch. The switch Sn
voltage reaches zero before the gating pulse is applied showing ZVS turn-on of main

switch S,.

Fig. 3.16 shows the utility line voltage and line current waveforms at full load with
two input voltages. Fig. 3.16 (a)(i) shows the line current and line voltage waveform at
full load and Vi, = 220 V. The line current is almost sinusoidal and in phase with the
input voltage. Fig. 3.16 (a)(ii) shows the line current waveform at Vj, = 220 V and the
FFT (Fast Fourier Transform) of the Line current. The total harmonic distribution (THD)
of the line current is measured to be 3.75%. Fig. 3.16 (b)(i) shows the line current and
line voltage waveform at Vi, = 90 V. Fig. 3.16(b)(ii) shows the line current and its FFT
spectrum. The THD of the line current is measured to be 2.5%.
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Fig. 3.17 and Fig. 3.18 shows the experimental waveforms at an output power of
P, =200 W with V;,, =90 V and ¥V}, = 220 V, respectively. Fig. 3.17(a) and 3.18(a) shows
the auxiliary switch voltage v,, and the resonant inductor current i, waveforms. The
resonant inductor current being negative when the switch voltage comes to zero shows
that the antiparallel diode is conducting. This confirms the ZVS tumm-on of S;. Fig.
3.17(b) and 3.18(b) shows that the auxiliary switch S, turns on with zero voltage, and
turns off with zero voltage. The auxiliary switch S, voltage comes to zero before the
gating signal is applied and the switch voltage remains zero even after the gating signal is
removed. This shows the ZVS turn-off of S;. Fig. 3.17(c) and 3.18(c) shows the ZVT of

the main switch. The switch S, voltage reaches zero before the gating pulse is applied.

Fig. 3.19 shows the utility line voltage and line current waveforms at P, = 200 W with
two input voltages. Fig. 3.19(a)(i) shows the line current and line voltage waveform at
full load and V,, = 90 V. The line current is almost sinusoidal and in phase with the input
voltage. Fig. 3.19(a)(ii) shows the line current waveform at V;, = 90 V and the FFT of the
Line current. The total harmonic distribution (THD) of the line current is measured to be
3.65%. Fig. 3.19(b)(i) shows the line current and line voltage waveform at V;, =220 V.
Fig. 3.19(b)(ii) shows the line current and its FFT spectrum. The THD of the line current
is measured to be 14.9%. This sudden increase in the THD is due to that the filter
inductor Ly current goes to DCM for part of the line cycle. This increases the distortion in
the line current near the zero crossings of the line voltage. This problem is present in all

the boost converters, which operate in the universal input line range [224,228].

Fig. 3.20 shows the efficiency of the proposed converter at different loads with two
input voltages. With minimum input voltage and full load, the efficiency is around 94%
while at V;,, = 220 V the efficiency is 98.18%. This does not include the control circuit

losses.
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(a) Auxiliary switch S; voltage vy (S0 V/div) and resonant inductor current i, (5 A/div).
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(c) Main switch S, voltage, v.m (S0 V/div) and gate source voltage vgem (10 V/div).

Fig. 3. 14 Experimental results obtained with minimum line voltage, V;, =90 V rms and
full load P, = 600 W for the ac-to-dc converter designed in section 3.6.4. The converter

details are: ¥, = 380 V dc, f; = 100 kHz, L;= 500 uH, L, = 18 uH, C, = 470 pF and

C,=1pF.
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(b) Auxiliary switch S voltage vy, (S0 V/div) and gate source voltage vg.s (10 V/div).
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(c) Main switch S, voltage, vim (50 V/div) and gate source voltage vgem (10 V/div).

Fig. 3. 15 Experimental results obtained with line voltage, V;,, =220 V rms and full load
P, =600 W for the ac-to-dc converter designed in section 3.6.4. The converter details are:
V,=380Vdc,f,=100kHz, L;=500 pH, L, = 18 yH,C, =470 yF and C, =1 pF.
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(i1) Line Current (10 A/div) and its FFT spectrum scale 60 Hz/div.

®) Vi, =90V and P, =600 W.

Fig. 3. 16 Experimental results from the prototype ac-to-dc converter designed in
Section 3.6 4.
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(a) Auxiliary switch S voltage v, (50 V/div) and resonant inductor current i, (4 A/div).
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(c) Main switch S, voltage, v (50 V/div) and gate source voltage vgem (10 V/div).

Fig. 3. 17 Experimental results obtained with minimum line voltage, Vi, =90 V rms and
full load Po = 200 W for the ac-to-dc converter designed in section 3.6.4. The converter
details are: ¥, =380 V dc, f; = 100 kHz, L,= 500 pH, L, = 18 uH, C, = 470 uF and
C.=1pF.
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(a) Auxiliary switch S, voltage vy (50 V/div) and resonant inductor current i, (4 A/div).

RGN A1 SO-OV/_ A2 10.0v/

......... ....E.., SO SN
: : fVep [T :
......... P I -"b.,‘ SIS SO
e Dk
......... fooeeeee E SR T T
H : T :
R N B S Y B B oo - i-s (B REYC i o '
......... O S - H H H
4
......... S S S S SO S
......... ............'.v.-...l..-....v..........T_ Vg:b. R R R
A

DUty cyCR2) not fnad Duty 4(ARL) not fna

(b) Auxiliary switch S, voltage v, (50 V/div) and gate source voltage v,

1 SO0.0vV/ QA2 10.0Vv/ .~ -14.732 S5.00¢/ N2 SToe
: : :r 3 : : H —

N SESO FEY Ty RN MU i 2 S F (O [ . F} SR F R
....... i fom o] 3 DU SN NN

S . i S O  EREOS & J F PO F SUUUU A do
Eet-ged | w o1 ' . i -l-l-l-i - B d AR ¢ . ' s |p-r-s-0-
........
i Vgl Bl 10— 1.
........ 800 OO N O NOUUE 3 F O0 JUUUOOON IO Y SO Y

(c) Main switch S, voltage, v.» (50 V/div) and gate source voltage v (10 V/div).

Fig. 3. 18 Experimental results obtained with line voltage, Vi, =220 V rms and full load
P, =200 W for the ac-to-dc converter designed in section 3.6.4. The converter details are:
Vo =380 Vdc, f; =100 kHz, L,= 500 uH, L, = 18 uH, C, = 470 uF and C, = 1 uF.
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(i) Line current (4A/div) and Line voltage (50 V/div).
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(ii) Line current and its FFT spectrum scale 60 Hz/div.
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(ii) Line current and its FFT spectrum scale 60 Hz/div.

(b) Vin =220 V (rms) and P, =200 W.

Fig. 3. 19 Experimental results from the prototype ac-to-dc converter designed in
Section 3.6.4.
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Fig. 3. 20 Measured efficiency of the experimental ac-to-dc converter designed in
Section 3.6.4 for two input voltages. The converter details are: ¥, =380 V dc,

f:=100kHz, L,=500 puH, L, = 18 uH, C, = 470 uF and C, = | pF.

3.7 Large Signal Analysis

The steady state analysis of the proposed converter presented in the above sections
showed better characteristics than the other converters proposed in the literature at steady
state. ZVS is maintained for all load and line conditions specified. However, the
characteristics of the proposed technique under transient conditions are not the same as in
the steady state. The dynamic response of the converter during the transient events is
bound to govern design procedures and the choice of appropriate component ratings. In
the analysis presented in this section, the soft switching characteristics of the proposed

boost converter during large signal transient conditions are studied.

Section 3.7.1 presents the conditions to obtain soft switching for all the switching
devices in the proposed converter. Section 3.7.2 summarizes the assumptions made in the

transient analysis. The large signal transient behavior of the boost converter is presented
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in Section 3.7.3. Section 3.7.4 presents the transient analysis. The transient analysis using
MATLAB and verification of the analysis using PSPICE for a step change in load is
presented in Section 3.7.5. Section 3.7.6 presents the same for step change in input

voltage.

3.7.1 Soft Switching Conditions

The conditions for maintaining soft switching at a given operating point are discussed

in this section.

Auxiliary switch S, : As the main switch S, is turned on before the auxiliary switch S,
turns on, ZVS turn-on of S, is maintained at all conditions as long as main switch duty
cycle is non-zero. Even if the duty cycle of the main switch S,, is zero (during transients),
and the resonant inductor current at the instant of turn-on of S, is sufficiently positive
(inductor energy is sufficient to discharge switch capacitance) then the ZVS of switch S,
is maintained. If the duty cycle of the main switch is zero and the resonant inductor
current is negative, then ZVS is lost. Note that most of the other converters proposed in
the literature require a certain minimum on time for the main switch. If that is not
maintained, then the auxiliary diodes will start conducting with the main diode. Then the
auxiliary diodes will suffer from severe reverse recovery and the auxiliary switch will
have high turn-on losses. In the proposed converter, the diodes will always recover softly

and there is no such danger of severe reverse recovery.

Auxiliary switch (Sp): As long as the resonant inductor current is sufficiently negative

at the instant of turn-on of the switch, the switch S; will maintain ZVS. During a
transient, the resonant capacitor voltage will change slowly and reach the steady state
value. The resonant capacitor voltage must be sufficient to make the resonant inductor
current go negative in all the switching cycles. The selection of resonant capacitor is

crucial to maintain ZVS of S;.

Main switch (S»): The zero voltage transition of the main switch depends on the T,
(duty cycle of Sp) time required. The T, time depends on the input inductor current and
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the output voltage at the time of turn-on of S;. If during the design, this maximum
inductor current is taken into account while deciding the 77, time, then the switch S,, can

maintain ZVS.

Diode D, : The diode D, will recover smoothly if the input inductor current is not

very high (roughly less than twice its maximum steady state value).

3.7.2 Assumptions

The transient analysis presented in this section is limited to:
a) Load changes within the permissible steady state operating range, i.e. short
circuit and open circuit conditions are not considered.

b)  Input voltage changes within the operating range.

Starting transients, when the input voltage is suddenly applied and input voltage surge
(well exceeding the operating range) -are not considered here. Moreover, the starting
transients cannot be controlled by the main switch S, [1] in the boost converter. The
starting transients have to be controlled by some external circuitry. In short, transients
beyond the limit of the closed loop controller are not considered here, as it is very clear
that the soft switching will not be maintained for such conditions. Any attempt to
maintain soft switching during such transients will result in high auxiliary circuit losses

during normal operating conditions.

The following assumptions are made in the analysis:

1. All the power stage components are assumed ideal, i.e., all parasitic resistances are
zero and the semiconductor devices have zero conduction voltage drops and zero
switching times and no reverse recovery.

2. The zero voltage transition time T, is relatively short compared to the switching time
T, (typically 5-15% of the switching period).

The resonant inductor and the input filter inductor are assumed linear.

4. EMI filters and other input filters (capacitive) are not considered.
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5. As only the average model is considered, switching ripple is neglected.
3.7.3 Large Signal Transient Behavior

For purpose of clarity, the proposed converter is redrawn in Fig. 3.21. The auxiliary
circuit can be viewed as a buck converter operating at no load (infinite load resistance) as

shown in Fig. 3.22.

Fig. 3. 21 Proposed Boost converter.

Auxiliary network

? iS'b ) Y
Input a Sb_l
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Fig. 3. 22 Auxiliary circuit in the proposed converter.
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Load transients and input voltage transients cannot cause sudden change in the filter
inductor L, current. The input inductor current will change gradually and it depends on
the resonant frequency of the filter (LC,) and the controller bandwidth. During an input
voltage transient (not the starting transient) the filter inductor current changes, largely
depends on the duty cycle of the main switch. The duty cycle changes in the main switch
are controlled by controller bandwidth. The output voltage of the boost converter
variations depends upon the output capacitance value. The output voltage change due to
input voltage changes would be gradual while the output can dip or rise due to load
changes. The path taken by the output voltage to reach the steady state depends on the

controller.

A typical PFC boost converter has two control loops namely, the current loop (the
inner loop) and the voltage loop (outer loop). The inner loop is usually mush faster when
compared to the outer loop. The outer loop variable can be assumed constant, when the

inner loop is varying.

Any change in input voltage (¥;») or output load current (/,) will result in input current
change. To obtain the effect of transient conditions on soft switching, it is sufficient if we

can analyze the following condition {1, 116, 120],
Iin_new = Iin_old + Al (1 —e™%) (3.58)
Vo _new =Vo_old + AVo(e“"”l' —e“"c’) (3.59)

where . = cross over frequency of the closed loop control to output transfer function,

and ®,| = cross over frequency of the load current to output voltage.

The input current change depends on the controller. As the purpose of the analysis
presented here is to study the soft switching characteristics of the proposed boost
converter, the large signal model of the boost converter is not repeated. The large signal
model for the boost converter is well established [1, 116, 120]. The equations (3.58) and
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(3.59) represent the averaged model of the boost converter under large signal transients.

As the averaged model is used, the switching frequency ripple is neglected.

Note that the above equations (3.58) and (3.59) are obtained assuming first order
response and well-known large signal model of the PWM boost converter. The closed
loop compensators are assumed to be designed in such a way that the first order response
is obtained. This is particularly true when the voltage control loop is slow enough to
avoid large overshoots. In (3.58), Al;, correspond to the difference between the steady
state input current before and after the tramsient, and w. depends on the controller.
In (3.59), AV, depends on the type of transient (load or input voltage) and the input

current change.

3.7.4 Transient Analysis

To study the soft switching characteristics under transients, the effect of (3.58) and
(3.59) on the auxiliary buck converter is to be studied. The steady state resonant inductor
current and resonant capacitor voltage waveforms in a switching cycle are shown in Fig.
3.23. As the switching frequency is .very high, the state variables given by (3.58) and
(3.59) can be assumed constant in a switching cycle. The equivalent circuits during a HF

cycle are shown in Fig. 3.24.

Fig. 3.23 Steady state resonant inductor current and resonant capacitor voltage
waveform.
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Fig. 3. 24 Equivalent circuits in a high frequency cycle of the proposed converter.

The discrete state equations for the auxiliary buck converter can be written as,

In the interval ¢, <t <t (iL(k) < lin(k))

itk +1) = ir, (k) + ([Ves(k)-ve(K)] /Lr) T (3.60)

Ver (k+1) = ve(k) + i k) (T Cr) (3.61)

Ves(k+1) = ves(k) = vo (3.62)
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where k represents the K* discrete time sample and 7T, = Sampling time interval. This

interval ends when the resonant inductor current i;, reaches the input current /.

In the interval ¢; <t <1, (v(k) > 0)

itk +1) = iz, (k) + ( [Ves(k)-ve(R)} /L) Ti (3.63)
Ver (k1) = volk) + i k) (THCr) (3-64)
Ves(k+1) = ves(k) - (LK) - LaX(THCs) (3.65)

This interval ends when the snubber capacitor C; voltage v, reaches zero. The zero

voltage transition time T, is given by,

T =h-tg (3.66)

In the interval ¢, <t < DT
i, (k+1) = i, (k) - (vedk) /L;) T (3.67)
ve(k+1)= v (k) + it K)*(TW/C)) (3.68)

At the end of this interval, the main switch S, turns off and the diode D,, starts

conducting.
In the interval DT < t < T; the auxiliary circuit equations are same as that of previous

interval. This interval ends at the start of the next switching cycle.

Equations (3.60)-(3.68) along with (3.58) and (3.59) gives the large signal average

model to analyze the soft switching characteristics.
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The model is solved using MATLAB software. The following model parameters (from
the design example given in Section 3.4.2) are used:
Vo=300V,P,=300W, V,, =100V, T, =4 us, L, =500 uH, C, =470 uF, L, = 15 uH,
C,=2.0uF, AV,=20V, T,=20ns, o.=4000 Hz, o, = 100 kHz.

Note that AV, largely depend on the large signal characteristics of the well-known
boost converter [1]. The results of the MATLAB analysis are verified using PSPICE
analog simulation software with the same model parameters. Results obtained for the

different transient conditions are explained in the following sections.

3.7.5 Step Change in Load Current

The dynamics of the proposed converter during step change in load is considered in
this section. For a step change in load from P, ,ist0 P, _new, the input current response is
given by (3.58), where [ir oia is the steady state average input current before the load
change and ;5 n. is the new steady spa'te value after the step change in load. The steady

state average input current is given by,

1, in(average) = Py/Vin (3 .69)
Therefore,
Iin_old =P o_old/ Vin (3-70)
and
[in_new = Po_new/Vin (3'71)
Then from (3.58) and (3.59)
Lin(k+ D)= Liy_oig + Al (1 - e~ 0N Th)) (3.72)

vV (k+1)=V, + AV, (e ~ow () +TE) _ e“*’c(’(")”k)) (.73)
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where Al = Iiu_new = din_old-

Hence, for a step change in load transient, the soft switching characteristics can be
analyzed using (3.60) - (3.68) and (3.70)-(3.73).

A. Step change in load from Full Load to 33%Load

For a step change in load from 300 W (P, o) to 100 W (P, _new) with Vi, =100 V, the
MATLAB results are shown in Fig. 3.25. Fig. 3.25(a) shows the input inductor current
im. The arrow in the Fig. 3.25(a) indicates the instant at which the step load is applied.
The resonant inductor current iz, is shown in Fig. 3.25(b). At the instant of load change,
the resonant inductor negative peak becomes more than the positive peak for about 3-5
switching cycles. This is due to, as the load decreases, the current through the input
inductor starts decreasing. Now, the resonant capacitor has to discharge to go to its steady
state value. Therefore, negative peaks are higher than the positive peaks. If the resonant
capacitor value is too high, then the negative peaks will become higher, thereby
increasing the Ty, time. This might qal-xse the main switch to lose ZVT. The T, time
required to achieve ZVT in each switching cycle is calculated from (3.66) and plotted in
Fig. 3.25(c). In the MATLAB program the time spent by the auxiliary circuit in the
interval fo2 [12 - to] is calculated and stored. The delay time between the main switch Sn
gating signal and the auxiliary switch S; gating signal should be sufficient if ZVT is to be
maintained during transients.

The PSPICE simulation results for the same load change is shown in Fig. 3.26. Fig.
3.26(a) shows the input inductor current i;,. In the MATLAB, analysis the averaged
switching model is considered. In the PSPICE results, as the actual models are used, the
high frequency ripple can be seen in the input inductor current. Fig. 3.26(b) shows the
resonant inductor current. The PSPICE results match very well with the MATLAB
results. The auxiliary switch S, is turned off at the end of the switching cycle to initiate
the ZVT of the main switch. At the end of the switching cycle, the input inductor current
is at its minimum value (due to the ripple). With L,= 500 uH, used in the simulation, the
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steady state peak-to-peak ripple current is around 0.5 A. Due to the addition of this ripple
current, the resonant inductor current looks slightly different. As seen from the Fig.
3.26(c) the ZVT of switch S, is maintained. The switch S; drain-source voltage and the
gating signal are shown in Fig. 3.26(d). Increased negative peak of resonant inductor
current aids the ZVS of the auxiliary switch S;. As the switch S, voltage remains zero
even after the gating signal is removed, clearly shows that the switch S, turns off with

zero voltage and the switch S, turns on with zero voltage.

B. Step change in load from 33% to 100% load

Fig. 3.27 shows the MATLAB results for a step change in load from 33% Load (100
W) to 100% load (300 W) with V;,, = 100 V. Fig. 3.27(a) shows the input inductor
current. Fig. 3.27(b) shows the resonant inductor current iz,. At the onset of transient, the
negative peak current becomes smaller than the positive peak. This reduced negative
peak might cause the switch S to lose ZVS. However, for the present transient condition
the negative peak current is still large enough to maintain ZVS of S;. If the resonant
capacitor value is too high, then the negative peaks can become very small, resulting in
switch S, losing ZVS for few switching cycles. With the techniques presented in [42-
44,50,126], the ZVS of the switches will be difficult to maintain during transients
because the resonant capacitor should be made very large to reduce the ripple, as it
increases the voltage stress on the switches. Also, note that ZVS is lost in these
converters [42-44,50,126] at low loads. The T, time required for each switching cycle is
calculated and shown in Fig. 3.27(c).

Fig. 3.28 shows the simulation results for a step change in load from 33% to 100%
with V,, = 100 V. Fig. 3.28(a) shows the input inductor current. The resonant inductor
current i, is shown in Fig. 3.28(b). The switch S, drain-source voltage and gate-source
voltage are shown in Fig. 3.28(c). ZVS of S, is maintained. As the switch voltage
remains zero even after the gating signal is removed, shows that the switch S, turns-off
with zero voltage and switch S, turns-on with zero voltage. ZVT of the main switch S, is
shown in Fig. 3.28(d). The switch S,, maintains ZVT during the transient condition.
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3.7.6 Step Change in Input Voltage

Step change in input voltage from 100 V to 150 V and a step change from 150 V to

100 V at full load conditions are presented in this section.

For a step change in input voltage from Vi, o4 10 Vin_new, the input current response is
given by (3.58), where [in o is the steady state average input current before the input

voltage change and /;; new is the new steady state value after the step change in input

voltage.
From (3.69)

Iin_old =P,V in_old (3 74)
and

Iin_new= P o/ Vin_new (375)

The trajectory of the input inductor current and the output voltage can now be represented
by (3.72) and (3.73).

A. Step change in input voltage from 100 V to 150 V

Fig. 3.29 shows the MATLAB results for a step change in input voltage from 100 V to
150 V at full load. Fig. 3.29(a) shows input inductor current i;, and Fig. 3.29(b) shows
the resonant inductor current iz.. At the instance of step change, the negative peak of the
resonant inductor current is slightly higher than the positive peak. Fig. 3.29(c) shows the

T time required during each switching cycle.

Fig. 3.30 shows the simulation results from PSPICE simulation software for the same
input voltage transient. Fig. 3.30(a) shows the input inductor current. The input inductor
current increases in the first few switching cycles, as the closed loop operation requires
output voltage to vary before the correction can start. By using a feed forward control,

this can be avoided. From Fig. 3.30(b) shows the resonant inductor current. As the input
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current rises suddenly in the first few cycles, the negative peaks are smaller than the
positive peak. Fig. 3.30(c) shows that the switch S; maintains ZVS at turn-on and turn-
off. Fig. 3.29(d) shows the ZVT of the main switch S,. Switch S,, maintains ZVT during
the transition. Note that at the instance of step change in input voltage, the input current
rises. However, as the T, time is set slightly higher than that required at full load and
minimum input voltage, the switch S,, maintains ZVT. If the closed loop control is very
slow, then the initial input current rise during the transient will be more and thereby the

switch S,, can lose ZVT.

B. Step change in Input voltage from 150 V to 100 V

Fig. 3.31 shows the MATLAB results for a step change in input voltage from 150 V to
100 V at full load. Fig. 3.31(a) shows the input inductor current and the Fig. 3.31(b)

shows the resonant inductor current iz.. The T, is calculated and plotted in Fig. 3.30(c).

Fig. 3.32 shows the simulation results from PSPICE analog simulation software for the
same transient condition. Input inductor current is shown in Fig. 3.32(a). The input
inductor current reduces initially at the instance of step change and then rises gradually to
reach the steady state value. Fig. 3.32(b) shows the resonant inductor current iz,. Fig.
3.32(c) shows the ZVT of the main switch Sy. The switch S, also maintains ZVT. The
switch S, drain source voltage and the gate source voltage is shown in Fig. 3.32(d). ZVS

is maintained for Sp.
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Fig. 3. 25 MATLAB results of the proposed dc-to-dc converter for a step change in load
from 100% to 33%. The converter parameters are: V;;, = 100 V, ¥, =300 V dc,
JSs=250kHz, L;=500 uH, L, =15 uH, C, = 470 yF and C, = 2.0 pF.
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Fig. 3. 26 PSPICE results of the proposed dc-to-dc converter for a step change in load
from 100% to 33%. The converter parameters are: V;, =100 V, ¥, =300 V dc,
Ss=250kHz, L,= 500 uH, L,=15 uH, C, = 470 uF and C, =2.0 pF.
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Fig. 3. 27 MATLARB results of the proposed dc-to-dc converter for a step change in load
from 33% to 100%. The converter parameters are: ¥, = 100V, ¥, =300 V dc,
fs=250kHz, L,=500 uH, L, =15 uH, C, =470 uF and C,=2.0 pF.
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(d) Main switch S,, voltage v, and gate-source voltage vgon.

Fig. 3. 28 PSPICE results of the proposed dc-to-dc converter for a step change in load
from 33% to 100%. The converter parameters are: ¥V, = 100 V, ¥, =300 V dc,
f+ =250 kHz, L= 500 pH, L, =15 pH, Co = 470 uF and C, = 2.0 uF.
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Fig. 3. 29 MATLAB results of the proposed dc-to-dc converter for a step change in input
voltage from 100 V to 150 V. The converter parameters are: V, =300 V dc, P, =300 W,

£, =250 kHz, L= 500 pH, L, = 15 pH, C, = 470 puF and C, = 2.0 pF.
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Fig. 3. 30 Simulation results of the proposed dc-to-dc converter for a step change in
input voltage from 100 V to 150 V. The converter parametrs are: ¥V, =300 V dc,
P,=300W, f;=250kHz, L;=500puH, L, =15 uH, C, =470 puF and C, = 2.0 pF.
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Fig. 3. 31 MATLAB results of the proposed dc-to-dc converter for a step change in input
voltage from 150 V to 100 V. The converter parameters are: V, =300 V dc, P, =300 W,
f:=250kHz, L;=500 uH, L, = 15 pH, C, = 470 uF and C,=2.0 pF.
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Fig. 3. 32 PSPICE simulation results of the proposed converter for a step change in input

voltage from 150 V to 100 V. The converter parameters are: ¥, =300 V dc, P, =300 W,
f:=250kHz, L,=500 uH, L,=15pH, C, =470 pF and C, =2.0 uF.
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3.8 Extension of the Proposed Auxiliary Network to a Family
of Soft Switching PWM Converters

The proposed soft switching auxiliary network can be extended to a family of
converters. Fig. 3.33 shows four basic soft-switched PWM converters using the proposed

auxiliary network.

Ly

Aad

(a) Boost converter

Dm
F
I plnn ; ‘Q -
R -1 L Co < L
] Sm f -|'
(c) Buck-boost converter (d) Cuk converter

Fig. 3. 33 The four basic topologies using the proposed auxiliary network.
(The antiparallel diodes and the snubber capacitors of the MOSFETS are not shown).
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Fig. 3. 34 Current fed full bridge soft switching PWM converter using the proposed
auxiliary network.

The principle of operation of the other converters is similar to that of the soft-switched
PWM boost converter discussed in Section 3.2. The modified gating scheme can also be
used with the other converters. Fig. 3.34 shows a current fed full bridge soft switching
PWM converter using the proposed quﬁliaw network. The proposed technique can also
be extended to the forward and the flyback converters. However, unlike other soft
switching techniques [34-35,42-44,50,119,120,126,133,137,150] it does not absorb the
leakage inductance of the transformer.

3.9 Two Switch ZVS Boost Converter

A two-switch auxiliary assisted soft switching boost converter is proposed in this
section. The auxiliary network proposed in Section 3.2 uses two auxiliary switches. The
proposed auxiliary circuit in this section uses one auxiliary switch, (it retains all the soft
switching characteristics of the converter proposed in Section 3.2), but losing on the
efficiency at higher power levels due to increase in conduction losses. The two-switch
ZVS boost converter is shown in Fig. 3.35. It is obtained by removing the main switch S
and its antiparallel diode D, from Fig. 3.1. The switch S does the function of the main
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switch S,,. The operating waveforms are shown in Fig 3.36. The equivalent circuit during
different intervals of operation is shown in Fig. 3.37. The derived converter is a modified
version of the boost converter presented in [42-44, 50, 126]. The voltage stress of the
switches and the diodes in the derived converter is output voltage V,, while that in the

[42-44,50,126] is V, + V.., where V., is the auxiliary resonant capacitor voltage.

L £ D
m
Y o " VN J‘v‘
I
in i]_: L
r
Csa
Vin \Y 1- T Vv
- D *f :_0 RL
sa Co:-—
A D
ST 5] e
a S‘ZIE sb

Fig. 3. 35 Two-switch ZVS boost qohverter derived from the converter proposed in
Section 3.2.

To simplify the analysis, all the components (semiconductor switches, diodes,
inductors and capacitors) are assumed ideal and the input filter inductor L, is assumed
large enough to neglect the input current ripple. The output capacitor C, is large enough
to assume it as a constant voltage source. The resonant capacitor C, is assumed large
enough to neglect the ripple across it. The resonant frequency due to L, and C, is very
small when compared to the switching frequency.

Initially the main switch S is off and the auxiliary switch S, is on. The input inductor
current /,, is flowing through the boost diode D,. The snubber capacitor is charged to the
output voltage (V,). Let the voltage across the resonant capacitor C, be V,. The inductor
current i;, (iL{0) = -I) is flowing through the resonant capacitor C, and switch S,.
Interval 1-Interavl 4 are same as the proposed converter discussed in section 3.2 except

that switch S,, along with its anti-parallel diode are not present in the circuit.
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Fig. 3. 36 Operating waveforms of the derived ZVS converter (Fig. 3.35) in different

intervals of operation.
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Fig. 3. 37 Equivalent circuits of the derived converter (Fig. 3.35) during different
intervals of operation.

Interval § (tq - t)(Fig. 3.37(e)): The capacitor voltage C; tries to go negative but is
clamped by the anti-parallel body diode of switch S, (D). The diode D,, starts
conducting. The switch S; should be gated within this interval (with the body diode
conducting) to obtain zero-voltage turn-on. The switch S, is gated at time #;5. At the end of
this interval, the diode Ds, stops conducting. The input inductor L, starts storing energy.

The time domain equations depicting this interval are



A Soft Switched Boost Converter for High Frequency Operation125

® L, (diptdey= -V, (3.71)
ir=1lsatisp (3.72)
iss = Iin (3.73)

If i (ts) =1 then
i =1y - Vo (/L) (3.74)

Interval 6 (ts - t7)(Fig. 3.37(f)): The diode D;, recovers softly as the switch S, is on. The
switch S, starts conducting. Both the switches are on. The input inductor stores the
energy from the input source. As the resonant capacitor is assumed large enough, the
inductor current, i, ramps down and reach zero at 77. The main switch is still on. The time
domain equations are same as in Interval S. The time taken by the resonant inductor

current to reach zero is given by

tar=t-1s= Iy (L/V3) (3.75)

Interval 7 (¢t; - tg)(Fig. 3.37(g)): The inductor current changes direction. The inductor
current 7, starts increasing. Then (Fig. 3(g)),

i =-Va (/L) (3.76)

Interval 8 (ts - to)(Fig. 3.37(h)): The main switch S; is turned off at 3. The switch turns
off softly, due to snubber capacitor C; and C,s. The effective snubber capacitor C;s + Csp
gets charged with constant current /,, The voltage across the switch V; rises from zero to
V,. The diode (D,,) voltage goes to zero. The inductor current iz, continues to rise. The

equations depicting this interval are (Fig. 3.37(h)),

(Cs + Cp)avsp/dr) = Iin 3.77
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i, =-Va (/L)) (3.78)
with initial condition v.(0)=V, Therefore
Vsp = lin [1/(Csp + Cs )] (3.79)

Interval 9 (ty - (T + to))(Fig. 3.37(i)): Now the input current starts flowing through the
diode D,. At the end of this interval, the switch S, is turned off. The inductor current i;,
reaches -1, at the end of this interval. The cycle repeats again. The equivalent circuit is
shown in Fig. 3.37(i).

Design constraints and design procedure are similar to the proposed converter
discussed in Section 3.4. There are no parasitic oscillations. During the time interval sg
(ts-1s) both the switches S, and S, are on. The switches are in series. Hence, the
conduction losses will be more. Table 3.9 shows the loss comparison of the three
converters proposed in this chapter. The two-switch converter has more losses, as it has

more conduction losses.

Table 3. 9 Loss comparison of the three proposed converters.

Proposed converter With Modified Two switch
in Section 3.2. gating algorithm in Converter
Section 3.6
Output voltage ¥, 300V 300V 300V
Input Voltage Vi, 100 V 100 V 100 V
Output Power 300 W 300 W 300 W
Input power 314 W 311 W 319 W
Losses 14 W 11W 19 W
Efficiency 95.54% 96.46% 94.04%
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However this converter is useful for integartion with the bridge voltage source inverter
(VSI) to obtain a dc link ZVS, pulse width modulated, VSI.

3.10 Development of DC Link Soft Switching Voltage Source
Inverter

Fig. 3.38 shows a soft-switched buck converter using the auxiliary network derived in

Section 3.9.

Fig. 3. 38 Soft switched buck converter using the auxiliary network derived in
Section 3.9.

By replacing the network shown in dotted lines with a full bridge inverter, a dc link
ZVS PWM voltage source inverter can be obtained.

The dc link ZVS VSI using the proposed auxiliary network is shown in Fig. 3.39. The
switches S;-S; along with their anti-parallel diodes form the full bridge VSI. The switch
Ss, diodes Dy and D, in Fig. 3.38 are absorbed by the full bridge inverter. Their functions
are performed by the switches S;- Sy in the full bridge inverter. Detailed analysis and
operation of the dc link soft switched, VSI are presented in Chapter 4.
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Fig. 3. 39 Dc link ZVS single-phase voltage source dc-to-ac inverter.

3.11 Conclusions

A soft-switched boost converter for high frequency operation is proposed. The
converter operation in different intervals of operation is identified and analyzed. A 300
W, 300 V output, 250 kHz, dc-to-dc boost converter is designed and built in the
laboratory. Experimental results confirm the theory. Soft switching is maintained for
complete load range as well as the line range. The proposed converter shows
improvement in performance and efficiency when compared to other converters proposed
in the literature. Parasitic oscillations present in all other converters are completely
removed. The auxiliary circuit does not increase the voltage stress of the switches and the
diodes. A modified gating algorithm to reduce the losses is introduced. AC-to-DC PFC
boost converter using the modified gating algorithm is designed and built in the
laboratory. Results show improvement in efficiency. Large signal analysis to study the
soft switching characteristics during transients is presented. Load changes and input
voltage changes are modeled. PSPICE simulation results are presented to verify the
analysis. Results show that the ZVT of the main switch and the ZVS of the auxiliary
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switches are maintained during load and input voltage transients. Extension of the
proposed technique to a family of dc-to-dc converters is presented. A two switch ZVS
boost converter is derived and analyzed. The auxiliary network used in the two-switch
ZVS boost converter is used to obtain a dc link ZVS VSI. The dc link ZVS VSI using the
proposed auxiliary network is presented in detail in Chapter 4.
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Chapter 4

Zero Voltage Switching DC Link Single-Phase Pulse
Width Modulated Voltage Source Inverter

This chapter presents a ZVS dc link pulse width modulation (PWM) voltage source
inverter (VSI). A PWM control scheme to be used with the ZVS technique is presented.
The design procedure is illustrated with a design example. Experimental results from a
laboratory prototype model are presented to verify the theory.

4.1 Introduction

The PWM dc-to-ac inverter has been widely used in many applications such as
uninterruptible power systems, motor drives, induction heating etc., due to its circuit
simplicity and rugged control scheme. In dc-to-ac inversion, voltage source inverters
(VSI) are preferred to current source inverters (CSI) in most of the applications due to
following reasons: (i) the capacitive storage has a lower weight, lower cost and higher
efficiency than the inductive one, (ii) VSI matches the inductive characteristics of most
ac loads without using output filter capacitors, and (iii) no series diodes with active

switches for VSI increasing the efficiency.

In most of the applications, the filter size can be reduced if the inverter is operated at
higher switching frequency. The major limitation to increase the switching frequency is
the switching losses. Presently for medium and high power applications, IGBTs are
usually used due to their current and voltage capacities. The tail current at turn-off
significantly increases the turn-off losses. The reverse recovery of the anti-parallel diodes
causes significant turn-on losses in the active switches. Hence, soft switching techniques

are used to reduce the switching losses.

The proposed ZVS dc link technique overcomes the difficulties associated with the
other circuits proposed in the literature [160-222]. The PWM modulation scheme is
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modified to obtain optimum system performance and to achieve ZVS at different power

factor loads.

The proposed ZVS VSI inverter shown in the Fig. 4.1 consists of a dc link switch Sy,
its snubber capacitor C4., resonant inductor L,, resonant capacitor C,,) and the H- bridge
inverter consisting of switches S)-Ss along with their antiparallel diodes D; - D4 and

snubber capacitors C-Cs.

Fig. 4. 1 Proposed dc link ZVS single-phase volitage source dc-to-ac PWM inverter.

Section 4.2 presents the operation and the analysis of the proposed dc-to-ac inverter in
different modes of operation. A modified unipolar switching scheme is presented in
Section 4.3. The design constraints and a design example are presented in Section 4.4.
Section 4.5 presents experimental results from a prototype laboratory model. In
Section 4.6, the proposed soft switching technique is extended to three-phase VSI.

Section 4.7 states the conclusions.

4.2 Operation and Analysis of the Proposed Soft Switching
VSI

To simplify the analysis, all the components (semiconductor switches, diodes,

inductors and capacitors) are assumed ideal. Lagging power factor load is assumed. The
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load inductance is large enough that the load current is assumed constant in a HF
switching cycle. The H-bridge formed by ;-S4 should perform the following functions,

1. Forward Power transfer (S,-S> or S3-S; conduct).

2. Power freewheeling (S; - D4 or Ss-D> conduct).

3. Reverse power transfer (D;-D; or D3-D; conduct).
This implies that single-phase inverter can be modeled as an equivalent converter in a
switching cycle as shown in Fig. 4.2. §; corresponds to §,53 and Sa corresponds to
S5,51.The capacitor C; is the effective capacitance seen across the bridge due to individual
snubber capacitors across the switches S| - Ss and S;.. When the switch S; is closed the
power is transferred from the dc source to the load and when it is turned off the load
current free wheels through the diode D,. Reverse power transfer, can be obtained using

the switch S, (freewheeling) and D; (reverse power flow).

S -
Coe N Isi
- v, L
v, Imk..,..Cs .

Sdq X0,

Fig. 4. 2 Switching frequency equivalent model of the proposed dc link ZVS inverter.

4.2.1 Forward Power Flow

To illustrate the soft switching characteristics of the proposed technique the operation
can be divided in to seven operating intervals. The operating waveforms and the
equivalent circuits in different intervals of operation are shown in Fig. 4.3 and Fig. 4.4,

respectively. At the start of the interval, the equivalent switch S; is off and the switch Sy
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Fig. 4. 3 Operating waveforms of the proposed converter in different intervals of

operation for forward power flow.
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Fig. 4. 4 Equivalent circuits during different intervals of operation of the proposed soft-
switched VSI during forward power flow.
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is on. The load current is freewheeling through the diode D,. Let the voltage across the
resonant capacitor C, be ¥,. The resonant capacitor is assumed large enough, that the
voltage across it is assumed constant. The inductor current iy, (i.(07) = -1;) is flowing

through the resonant capacitor C, and switch Sg.

Interval 1 (t - t;)(Fig 4. 4(a)): At the start of this interval 7o, the switch Sg is tumed off.
The snubber capacitor C; starts resonating with the resonant inductor L,. The dc link
voltage v, decreases from V4 to zero in a sinusoidal fashion. The state equations

depicting this interval are

C, (dvddt)= iL, 4.1)
Cs (@Vim/dr) = iy, (4.2)
L, (dlu/dl) = -Vink + Vdc -V, (43)

Solving the above equations, with initial conditions: ir{to) = - I, and vim(t,) = V. gives
Vink = (Ve = Va) - [1/(@,Cy)]- sin(wn) + ¥V, cos(wn) 4.4)
i, = -Izcos(of) - ©,CV, sin(wAl) 4.5)

where o, = 1/(L,C,)°‘5 .

The time taken (fo1 = 1,-f9) by the voltage across the capacitor Cs to come to zero is given

by

fo1 =-—l—Sin-l( Vac —Va )+_l_tan—l(Va(})rCs)
®, ﬁaz +( Iz‘ )2 oy a 4.6)
rts

The load current continues to freewheel through the diode D,.
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Interval 2 (t; - t2) (Fig 4. 4(b)): When the dc link voltage (v;.) reaches zero at ¢; the
diode D, starts conducting. The current through L, (i.,) linearly ramps up and reaches zero
at ;. The switch S; should be gated within this interval to achieve ZVS turmm-on. To

achieve the zero voltage turn-on of S;, the following condition has to be satisfied, i.e.,
L | = (Vi) “.7)

where Z, = (L/Cs)™.
From the equivalent circuit in Fig 4.4(b), the resonant inductor current iz, is given by

ity =-la+ (Vac - Vo) (tL)) (4.8)
The time taken by the resonant inductor current to reach zero is given by

ta=0h-n = Lr [Ia/( Vdc'Va)] (4-9)
Interval 3 (t; - t3) (Fig. 4.4(¢c)): The s;}vitch S; turns on with ZVS. The inductor current
rises linearly until it reaches the output current /, (Fig. 4.3). The diode (D) current ramps
down and reach zero. Then the reverse recovery current of the diode D, starts flowing.
At the end of this interval the diode stops conducting and enters the blocking mode. The
circuit equation depicting this interval of operation is

ity =(Vac - Va) (/L,) (4.10)

If ¢,, is the reverse recovery time of the diode D,, the reverse recovery current /,, is given

by

Iy = WVac - Va) (t/L)) 4.11)

The time duration of this interval is given by
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23 =1, [L/(Vac - Vo)) + trr (4.12)

Interval 4 (t;-t;)(Fig 4.4(d)): The current through L, continues to increase due to
resonance between L, and C;. The capacitor C; is charged until the resonance brings its
voltage v,x to V4 and the voltage v, reaches zero at 4. The blocking voltage of the
diode D, increases and reaches V. The state equations depicting this interval of
operation are
Vm =L, (dig/dt) +V, “4.13)
Cs (dvw/dt) = - i, + 1, “4.14)

where v, is the voltage across the dc link switch S..

Solving the above two equations with initial conditions vm(0)=V4 and i (0)=[+ I,

gives,
Vo =V + (Ve V5)c0s(0,) - Iy (LIC5)*sin(w,2) (4.15)
it =l + I, cos(@r) + (Vae-Va)(C/L,)** sin(wn) (4.16)

The resonant time interval to bring the voltage across the snubber capacitor to zero is

given by

| S V,
lres =14 —13 = —sin"( 2

R e

£y 4.17)
+ _l_ m'l (M)
©z 1

The total time T, required for soft switching is given by
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T:vs T lres t 132 + 10 (4.18)

Interval 5 (t4 - ts)(Fig 4. 4(e)): The dc link switch voltage v, tries to go negative but is
clamped by the anti-parallel body diode (D) of the switch, which starts conducting. The
switch Sy should be gated within this interval at time s (#4< ¢s< f¢) to obtain zero-voltage
turn-on. The resonant inductor current iz, reaches the output load current value (/,) at .

The state equation depicting this interval is given by

L (digdd)y=-V, (4.19)
If i (t;) =1, then

i, =1y -V, (/L)) (4.20)

Interval 6 (tg - tg)(Fig 4. 4(f)): The dc link switch turns on with zero voltage at 5. The
resonant inductor current iz, ramps down and reaches zero at #; and goes negative, while
the dc link switch current increases. The duty cycle of the gating signal G,; makes it
possible to continuously control the width of v at Va4, PWM strategies can be used by
controlling the duty cycle of G;..

Interval 7 (tg - (T + to))(Fig 4. 4(g)): The switch S; is turned off at #3. The switch tumns
off softly due to snubber capacitors across the switches S; and S,. The switch (S;) voltage
increases while the diode (D,) voltage reduces. When the diode voltage reaches zero, the
D, starts conducting. At the end of this interval, the dc link switch is turned off and the

cycle repeats again.
4.2.2 Reverse Power Flow

The operating waveforms and the equivalent circuits in different intervals of operation
are shown in Fig. 4.5 and Fig. 4.6, respectively. Now, consider the load current (/,) is
flowing through the diode D; to the dc link. The inductor current iz, (i.A(0) = -1,) is
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flowing through the resonant capacitor C, and switch Sz. Assume, that the current
through the resonant inductor, L,, is higher in magnitude than the load current at the start
of this interval. Because of this assumption (later it will be proved), by turning off the

switch Sy, the current through the switch can be interrupted.

Interval 1 (to - ¢)(Fig 4. 6(a)): At the start of this interval #, the switch Sy is turned off.
The snubber capacitor C, starts resonating with the resonant inductor L,. The dc link

voltage v, decreases from V4 to zero in a sinusoidal fashion. The state equations are,

C, (dv./dt) = +ig, “4.21)
C.r (dvfink/d’) =+ iLr - Io (422)
L, (dll,/df) =Viipk + Vac - Va (423)

Solving the above equations, with initial conditions: i, (fg) = - I, and viu(f;) = Vac gives
Viink = (Ve - Va) - [Ua -Io)/(@,Cy)]- sin(wA) + V, cos(wn) 4.24)

I, = '(Ia - [o) COS(CDr‘) - 0,CVs Slﬂ((x),l) (4'25)
where o, = 1/(L,Cs)".

The time taken (fo1 = f1-t5) by the voltage across the capacitor C, to come to zero is given

by

. = Vy —V -1, V,0,C
f01=LSm l( dc a )+—l—tan l( amr b)

O \/Vaz +([1a - 101)2 o, (Ig-1,) (4.26)
0,Cy

The load current continues to flow through the diode D;.
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Fig. 4. 5 Operating waveforms of the proposed converter in different intervals of

operation for reverse power flow.
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Fig. 4. 6 Equivalent circuits during different intervals of operation of the proposed soft-
switched VSI during reverse power flow.
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Interval 2a (t, - t,) (Fig 4. 6(bl)): When the dc bus voltage (vin) reaches zero at ¢, the
diode D, starts conducting. The current through L, (i.,) linearly ramps up and reaches -/,
at 1,. The switch S, and S; are both gated within this interval. To achieve the zero voltage

turn-on of S, the following condition has to be satisfied, i.e.,
Ll -1, = (VulZ) (4.27)
where Z, = (L,/C,)o's. At the end of this interval, the diode D, turns off with zero current.

Interval 2b(f, - t;) (Fig. 4.6(b2)): The switch S; turns on with zero voltage at ¢,. The
resonant inductor current iz reaches zero at ;. The diode D; current also reaches zero at ¢

and the diode turns off with zero voltage at #,. From the equivalent circuit in Fig 4.3(b2),

iy =-Ig+ Vg - Va) (WIL,) (4.28)
The time taken by the resonant inductor current to reach zero is given by

te =ty 0y = L, [l (Vac-Vo)] (4.29)

Interval 3 (t; -t3) Fig. 4.6(d)): The switches S; and S, are on. The inductor current rises
lineraly until the switch S; is turned off at the end of this interval at ;. The duration of
this interval is adjusted such that sufficient energy [equation (4.27) is satisfied] is stored
in the resonant inductor to maintain soft switching at all conditions during reverse power

flow.

Interval 4 (t;-tg)(Fig 4.6(d)): The output current freewheels through switch S,. The
current through L, continues to increase due to resonance between L, and C; The
capacitor C; is charged until the resonance brings its voltage viu to V4 and the voltage
vm reaches zero at t4. The blocking voltage of the switch S; increases and reaches the input

voltage V4. The state equations in this interval are

V= L, (di/dt) + V, (4.30)
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C; (dva/dt) = - it (4.31)

where v,, is the voltage across the dc link switch Sz

Solving the above two equations with initial conditions v,,(0)=V4 and i.(0)=/. gives,
Vm = Va- [(I)N0,C)] sin(@A) + (Vac-Va)cos(wAL) (4.32)

ir, = I, cos(wy) + ©,C; (Vac - Va) sin(eL) (4.33)
where o, = l/(L,C,)O‘5 .

The time taken (f5; = 1,-19) by the voltage across the switch Sz to come to zero is given by

¥ )+Ltan“((Vdc _VabrCS) (4’34)

S S a
for =g AR o)
(Vdc - Va)z*'(m—z.—)

Interval 5 (t4 - t;)(Fig 4. 4(e)): The dc link switch voltage v, tries to go negative but is
clamped by the anti-parallel body diode (D4) of the switch, which starts conducting. The
resonant inductor current i;, reaches the output current value (/) at 6. The switch Sg
should be gated within this interval at time 5 (£4< f5< 17) to obtain zero-voltage turn-on.
The resonant inductor current iz, reaches zero at f7. The state equations remain the same

as in forward power flow.

Interval 6 (t7 - ts)(Fig 4. 4(f)): The dc link switch turns on with zero voltage at f;. The

resonant inductor current i, becomes negative. The switch Sy current i, starts rising.

Interval 7 (ts - (T + £))(Fig 4. 4(g)): The switch S, is turned off at #3. The switch turns
off softly due to snubber capacitors across the switches S; and S,. The switch (S,) voltage

increases while the diode (D)) voltage reduces. When the diode voltage reaches zero, the
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diode D; starts conducting. At the end of this interval, the dc link switch is turned off and

the cycle repeats again.

4.3 Modulation Strategy

The conventional sine-triangle modulation technique [36-39] cannot be used with the
proposed soft switching technique as the operation of the dc link switch and the inverter

switching cycles need to be synchronized.

As seen from the Fig. 4.7 with sine triangle modulation, the switching cycle is not
synchronized to the carrier at turn-on or at turn-off i.e., both rising edge and the falling
edge are modulated. The pulse is placed at the center of the switching cycle. Hence, it
cannot be used with the proposed soft switching technique. The proposed inverter
requires a PWM scheme in which the turn-on of each cycle is synchronized to the carrier
(trailing edge modulation). Therefore, the triangular carrier is replaced by a ramp carrier.
As clearly seen from Fig. 4.8, the turn-on edge of the switching signal is synchronized to
the falling edge of the carrier. The harmonic content of the sine-ramp modulation is
analyzed through PSPICE numerical simulation package and compared to the
conventional sine-triangle modulation scheme The Fig. 4.9 and Fig. 4.10 shows the

harmonic spectrum of both the PWM schemes.
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Fig. 4. 7 Sine-triangle modulation. Fig. 4. 8 Sine-ramp modulation.
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Fig. 4. 9 Harmonic spectrum of the output voltage with sine-triangle
modulation (Fig. 4.7).
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Fig. 4. 10 Harmonic spectrum of the output voltage with sine-ramp modulation (Fig. 4.8).
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There is very little difference in the harmonic contents clearly proving that there is no

detrimental effect in changing the carrier from triangle to ramp.

4.3.1 Modified Unipolar Switching Strategy

Unipolar switching [38, 39] scheme is preferred to the bipolar-switching scheme as it
reduces the number of switching for a given modulation frequency. Fig. 4.11 shows a

conventional VSIL.

Wit wpiT e
e AT

Fig. 4. 11 A Full bridge VSL.

in

Conventional unipolar strategy:

When the desired output voltage is at low frequency (f;), the two switches S>; and Ss
are operated at output frequency while the switches S; and S; are operated with pulse
width modulated high frequency gating signals. Fig. 4.12 shows the sine-ramp
conventional unipolar modulation strategy for lagging power factor load. The VSI has to

operate in four distinct modes namely,

Mode A: Forward power transfer (Inversion) (S; - S; or §; - S conduct).
Mode B: Forward power freewheeling (S2- Ds or Ss - D; conduct).

Mode C: Reverse power transfer (Rectification) (D; - D, or D5 - D4 conduct).
Mode D: Reverse Power freewheeling (S: - D3 or S3 - Dy conduct).
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Fig. 4. 12 Modulation waveforms of the conventional unipolar switching (f, =1/T, ).

The modes of operation in a switching cycle are given in Table 4.1.

Table 4. 1 Conventional unipolar switching scheme in a high frequency switching time

period T.
Forward Power Flow Reverse Power Flow
0<t< DT, DT, <t<T, 0 <t<DT; DT, <t<T,
MODE A MODE B MODE C MODE D
Power transfer Power free wheeling Power transfer Power free wheeling

The transition from Mode A (forward power transfer mode) to Mode B (forward
power freewheeling mode) is with natural ZVS [179, 196, 199]. The transition from
Mode B to Mode A is hard switched. The transition from Mode C (reverse power
transfer) to Mode D is hard switched. Hence, soft switching mechanisms are required for

this transition. The transition from Mode D to Mode C is with natural ZVS. Hence, any

auxiliary assisted soft switching technique should be applied at T, for forward power flow
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and at DT for reverse power flow. This means that the control should detect the point of
transfer from Mode C to Mode D so that the auxiliary circuit can be initiated to obtain
soft switching. Moreover the auxiliary circuit should reset and get ready as it can be
called at any time between O to T (duty cycle D will vary along the low frequency output
voltage cycle) during reverse power flow. This causes a limitation on the minimum
modulation index [171-178,184,216,220] of the PWM inverter. The PWM inverter

should operate with minimum modulation index so that the auxiliary circuit can reset.

Modified strategy: In the modified strategy proposed here, the forward power flow is
similar to the conventional one. Table 4.2 presents the modes of operation in a switching
cycle. Mode A to Mode B transition is with natural soft switching. At the end of the
switching cycle to go to Mode A from Mode B the dc link soft switching auxiliary circuit
is activated and the transition is made soft. During reverse power flow, the switching
cycle starts with power freewheeling and ends with power transfer. (different from the

conventional control)

Table 4. 2 Modified unipolar switching scheme in a switching cycle during
reverse power flow.

Forward Power Flow Reverse Power Flow
0<t< DT, DT, <t<T; 0<t<(1-D)T; (1-D)T,;<t<T;
MODE A MODEB MODED MODE C
Power transfer | Power free wheeling | Power free wheeling | Power Transfer

The transition from Mode D to Mode C is with natural ZVS. For transition from Mode
C to Mode D, the auxiliary circuit is used to obtain soft switching. Hence, the auxiliary
circuit will be activated at the end of each switching cycle to obtain ZVS both during
forward power flow and reverse power flow. Therefore, the auxiliary circuit has the
entire switching period to reset before it is called again for soft transition. As in the
proposed dc link ZVS technique, the auxiliary circuit resets itself, there is no minimum
modulation index restriction as compared to all other auxiliary circuit assisted soft

switching converters [171-178,184,216,220] proposed in the literature.
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Mode A: In this mode, the output voltage and output current are either positive or
negative. Hence, the power is transferred from the dc link to the load on the ac side.
Switches S; and S> will conduct if voltage and current are positive, while switches S; and
Ss will conduct if voltage and current are negative. The switch S; (S;) is operated at
output frequency (much lower than the switching frequency) and remain on as long as
both voltage and current are positive (negative). The switch S is operated with the high
frequency sine-ramp modulated gate signals. Now S is equivalent to S; and D4 is D, in
the Fig. 4.2. Prior to turn on of Sy, the dc link switch S, is turned off and as explained in
section 4.2, the switch S is tumed on with zero voltage switching. Hence throughout this
mode only switch, S; is switched for positive voltage and current, and S; is switched for

negative voltage and current at switching frequency.

Mode B: At the start of this mode the switch S (S3) is turned off, it turns off softly due to
the snubber capacitor C,+Cs (C3;+Cy)(refer to Fig. 4.11). The load current charges the
capacitor C; (C3) and discharges the capacitor C4(C;) and as the voltage across Cs (C2)
tries to go negative, the diode D4(D,) starts conducting. At the end of the switching cycle,
the dc link switch is turned off to obtain zero voltage turn-on of S;. When the load
voltage and load current are positive, the VSI operates in Mode A (S;-S; conducting) and
Mode B (S;-Ds conducting) during each switching cycle. By varying the time duration
spent by the inverter in Mode A, the power flowing to the load is controlled. When the
load voltage and load current are negative, the VSI operates in Mode A with S3-Ss

conducting and Mode B with Ss-D, conducting during each switching cycle.

When the inverter is transferring power to the load, the inverter toggles between Mode
A and Mode B in a switching cycle. By turning of the switches, S; (S3) the inverter
transfers from Mode A to Mode B. To go from Mode B to Mode A the dc link switch is
turned off so that the dc link voltage resonates down to zero and the switch S; (S3) is

turned on with zero voltage. The sequence of events is shown in the Fig. 4.13.
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Fig. 4. 13 Switching sequence in forward power transfer.

Mode D: When the load voltage is negative and load current is positive, the reverse
power freewheeling mode is obtained by turning on switch §;. The load current
freewheels through switch S; and diode D;. When the load voltage is positive and load
current is negative, the reverse power freewheeling mode is obtained by turning on
switch S;. The load current freewheels through switch S; and diode D,. This mode is
terminated by turning off the switch Sj (S3).

Mode C: Prior to this mode, the inverter will be operating in the reverse power
freewheeling Mode D. The switch S (S3) turns off softly due to the snubber capacitors C)
+ C4(C3 + C;). The load current discharges the snubber capacitor C,4 (Cs). As the voltage
across S3 (Sz) reaches zero and tries to go negative, the diode Dy (D) starts conducting.
The power flows from the load side to the dc link through either D,-D, (when load
voltage is positive and the load current is negative) or through Ds;-D,; (when the load

voltage is negative and the load current is positive).
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During the reverse power flow, the switching sequence is altered to obtain soft
switching. As the diodes conduct during reverse power transfer, the reverse power flow
has to be interrupted by turning of the switch S;. (Note that the resonant inductor current
should be greater than the instantaneous load current in magnitude to interrupt the
transfer). So it is clear that the switching cycle should start with the reverse power
freewheeling mode, then the reverse power transfer mode followed by the dc link
resonance to obtain soft switching. The sequence of events is shown in Fig 4.14. To go
from the freewheeling mode to the reverse power transfer mode, the switch S; (S3) is
turned off. The diode D4 (D) starts conducting, transferring power from the load to the
dc link. This change in the sequence of events can be realized by changing the carrier
from rising ramp to falling ramp. The modulation scheme is shown in Fig 4.15.
Summarizing, during forward power transfer, the gating signals are obtained from rising
ramp-sine modulator and during reverse power flow, the gating signals are obtained from
falling ramp-sine modulator. This can be realized by sensing the inverter bridge output

current and obtaining the reverse power flow regions.
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Fig. 4. 14 Switching sequence in reverse power flow.
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Fig. 4. 15 Modulation waveforms of the proposed Dc link inverter during
reverse power flow.

4.4 Design

The design constraints and considerations are discussed in Section 4.4.1. The design

procedure is illustrated with a design example in Section 4.4.2.

4.4.1 Design Constraints and Considerations

4.4.1.1 Turn-off Loss and Snubber Capacitor (C;)

The snubber capacitor is so chosen as to reduce the turn-off losses. A larger snubber
capacitor will reduce the turn-off loss, but it will increase the conduction losses in the dc

link switch Sy.. The snubber and the output capacitance across each bridge switch (S;-Ss)
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be Co(C) = C; = C3 = C4 = Cs,) and the dc link switch (Sic) be Ca. The effective snubber

capacitance C; is given by
Cs=Cac+2Cyy (4.35)

The capacitance C; acts as turn off snubber for dc link switch Sg, while 2C;, acts as
turn-off snubber for the bridge switches at turn-off. However, practically in high
frequency converters, this effect is offset by the accompanying increase in circulating

energy [26]. Moreover, a higher C; will increase the peak current through the switch Sg.
4.4.1.2 Resonant Inductor

With the soft switching operation, the currents in the freewheeling diodes are first
decreased linearly with the slope of V;/L, and then the voltage across the diodes increase
resonantly. Both the intervals are important for removing losses due to reverse recovery.
Larger the value of inductor L,, better the reduction. However, practically the resonant
inductor is also limited by the duty cycle loss associated. Therefore, tradeoffs need to be

made between the duty cycle loss and the resonant inductor value.

4.4.1.3 Modulation Index Limitation and Duty Cycle Loss

Unlike other soft switching techniques [171-178,184,216,220], the proposed technique
does not provide any limitation on the minimum modualtion index. The maximum

modulation index Mpnax is reduced due to T, required to achieve soft switching.

Mpar = 1 T/ T (4.36)
4.4.2 Design Example

A dc-to-ac bridge inverter with the following specifications is designed in this section
to illustrate the design procedure.
Input voltage, Vg4 =220 Vdc Output power, P, =300 VA.
Output voltage, V, =120 V mms. Output frequency, /, =60 Hz.
Switching frequency, f; = 50 kHz
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The top switches (S;-S3) in the full bridge inverter operate at high frequency, while the
bottom switches (S;-S>) operate at low output frequency. Hence, IGBTs are used for
bottom switches and MOSFETs are used for top switches. Moreover, during the forward
power freewheeling, the bottom switch diodes are used. IGBTs with fast antiparallel
diodes are available. Hence, these are preferred to slow antiparallel diodes of MOSFETs.

Fast diodes reduce the circulating energy in the resonant inductor L,.

The switches used are
S1, S3, Sz - IRF450, 500V, 14A @25°C,
S5, S;  :IRG4PC40UD, 600 V, 20 A @ 100°C, internal diode ¢,, = 120 ns.

Low_pass filter (L and Cp: The Bandwidth of the low pass filter depends upon the
switching frequency, output ripple, THD of the output voltage and the output voltage

overshoot during load transients. A higher value of filter capacitor provides better
performance and lower THD. The inductance of the output filter decides the current
ripple. The filter indictor value also decides the distortion at the zero crossings of the
inverter output current. It also limits the.short circuit current through the switches.
Io=P,J(V,) =300/(120) = 2.5 A (rms) @4.37)
Iopeax=V2 - [,=3.53 A (4.38)
Now, during forward power transfer
L, (AilAt)= Vg - v, (4.39)
The duty cycle depends on the modulation index.

At=m-T, (4.40)

where m = v,/V4 is the modulation index and T = 1/f;.
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Neglecting the phase shift due to low pass filer and limiting the ripple current to

0.75 A, filter inductance can be evaluated. At the peak of the output voltage v,
m=(120-¥2) /220 =0.78 (4.41)
Therefore

L= Ve - Vopear) (A/AD) = (220-170)(0.78-20-10%/0.75)
=1.04 mH. (4.42)

The cross over frequency of the low pass filter is given by

fe=U[2n(LCp'"] (4.43)

A cross over frequency f. (1/10 of switching frequency) of 5000 Hz is chosen.
From (4.43)

C;= 1.01 pF. (4.44)

Resonant inductor (L,):

The resonant inductor L, is selected to be 32 puH. This limits the di/dt of the
antiparallel diodes to 7 A/ps. (For deciding the resonant inductor, the design
considerations discussed in the Chapter 2 and Chapter 3 are also valid). With such a low

di/dt the reverse recovery losses will be almost zero.

Snubber capacitors (Cy):

The output capacitance's of the switches are sufficient to reduce the turn off losses.

Therefore, no external capacitance is required.
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Resonant capacitor (C,) :
The resonant capacitor is chosen such that the resonant frequency between resonant
capacitor C, and resonant inductor L, should be less than the switching frequency.

The resonant frequency f; is given by
£ = U[2n(L,C)*%] (4.45)
Choosing a resonant frequency f, = 12 kHz, from (4.45)

C,=5.5 pF. (4.46)

4.5 Prototype Implementation and Experimental Results

A prototype soft-switched VSI with dc link ZVS, rated at 300 VA switching at
/. = 50kHz is designed and implemented. Fig. 4.16 shows the circuit diagram of the
prototype model built in the laboratory. The following components are used in the

prototype

Sde, S1, S3 - IRF 450. S5, 83 -—- IRG4PC40UD.
L, =32puH,C, =SO0pF, Lr=1.0mHand Cy = 1.5 pF.
L, ---- 26 turns on two torroidal 107587 E/J, Amold Engineering (AE), cores stacked
together
Ly---- Split in to two inductors
---- 52 turns on two torroidal D-927156-3, AE, cores stacked together (760 mH)
---- 36 turns on two torroidal D-927156-3 cores, AE, stacked together (250 mH)

A 220 pf capacitor is connected across switches S; and Ss. A 100 pf capacitor is
connected across Sz. A 500 pf capacitor is connected across the inverter bridge (between

drain of S; and source of Sj).

The gating signals for the dc rail switch is generated using UC 3824N unitrode IC.

Using the same ramp generated in the UC 3824N, sine-ramp modulated signals are
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generated. The reference sine voltage is obtained using a step down transformer
connected to the utility line. A falling ramp is obtained using the same ramp by level
shifting. As the same ramp is used, all the signals are automatically synchronized. IR2110
is used to drive the switching devices. The inverter bridge current is sensed using a Hall
effect sensor. From the sign of inverter bridge output voltage and the current the reverse

power flow regions are detected

100 pf
1"l‘ll Sa
(%3
— i, SUE} S5 —IE}
L R
S s ﬁé‘_%
-—‘{16 500 pf:: __1_| E:F—
s
S‘QE}} 220 pf ZJEE”‘O pf

Fig. 4. 16 The prototype dc rail soft switched VSI for UPS applications

Fig. 4.17 shows the experimental results with resistive load at P, = 300 W. Fig.
4.17(a) shows the inverter bridge output voltage. It swings between +V4 (220 V) and
zero in the positive half cycle and swings between -V, (-220 V) and zero in the negative
half cycle. Note that the output frequency is 60 Hz. The inverter bridge output is filtered
using a LC low pass filter and the filtered sinusoidal output is shown in the Fig. 4.17(b).
The filter inductor current is shown in the Fig. 4.17 (c). In Fig. 4.17(d), the output voltage
is shown along with the reference sine voltage used to modulate. It is clear that the any
distortion in the output voltage is mainly due to the distortion in the reference sine
voltage. Fig. 4.17(e) shows the ZVS turn-on of the dc link switch S4. It is seen that the
drain source voltage comes down to zero before the gating signal is applied. ZVS sensing
circuit senses the drain source voltage of Si and allows the gating signal only if the
switch voltage is zero. Fig. 4.17 (f) shows the ZVS of the top switch S; of the inverter
bridge. The switch voltage is reduced to zero before the gating signal is applied.
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In the prototype implementation, to obtain ZVS when the output current goes to decm,
both the switches in one leg of the inverter is turned on (similar to the reverse power flow
condition) for a small interval. During the forward power flow condition, this also helps
the bottom switch diodes to recover with zero voltage across it. Fig. 4.17(g) clearly
shows that the bottom switch S4 turn on with zero voltage. Fig. 4.17(h(1)) shows the
resonant inductor current at output frequency cycle and Fig. 4.17(h(ii)) shows at
switching frequency cycle. As the switch capacitance's are high and due to the poor
recovery characteristics of the anti parallel diodes, the resonant inductor peak current is
as high as 8 A. This is the general problem faced by all the full bridge inverters. If the
resonant inductor L, is made larger, then the peak current will come down, but the duty
cycle loss will increase. In practice, one has to optimize between the duty cycle loss and
the peak current in the resonant inductor. The efficiency of the proposed dc link ZVS VSI
at full load (300 W) is measured to be 96%.

Fig. 4.18 shows the experimental results with resistive load at P, = 60 W (20% of full
load). Fig. 4.18(a) shows the bridge output voltage and Fig. 4.18(b) shows the filtered
output voltage. The filtered output voltage is close to sinusoidal waveshape. The
distortion is because the control is operating in open loop. With the closed loop control
well documented [229, 230] in the literature, the waveshape can be improved. The filter
inductor current is shown in Fig. 4.18(c). The distortion near the zero crossings is due to
the phase shift produced by the output filter. Fig. 4.18(d) shows the ZVS turn on of the ¢
link switch Sy.. The ZVS turn on of the top switch S1 is shown in Fig. 4.18(¢). As
explained earlier, the soft turn on of the bottom switch is shown in Fig. 4.18(f). The
resonant inductor current is shown in Fig. 4.18(g). As the load current reduces, the peak
current in the resonant inductor also reduces. However, the circulating energy is only due
to the switch capacitance's and due to the poor reverse recovery characteristics of the

antiparallel diodes.

To verify the soft switching characteristics of the proposed technique under different
power factor conditions, a R-L load comprising of a inductance of 160 mH and resistance

of 60 ohms is connected across the inverter bridge. This represents a load of 160 VA.
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Note that no filter capacitor is required, as the load inductance itself is sufficient to filter
out the current harmonics. The inverter bridge output voltage is shown in the Fig. 4.19(a).
The load current is shown in the Fig. 4.19(b). The load current is sinusoidal. Fig. 4.19(c)
shows the top switch S drain source voltage and the gating signal in an output frequency
cycle. The reactive power flow region is shown in the circle. The gating signal changes
from the sine-rising ramp modulator to the sine-falling ramp modulator. Fig. 4.19(d) and
(e) shows the ZVS tum-on of the switch S| during the forward power flow and the
reverse power flow condition respectively. Fig. 4.19(f) shows the switch Ss; (bottom
switch) voltage and the gating signal during an output frequency cycle. The gating signal
should be on continuously for half cycle (8.3 ms), but as the load power factor is 0.7
(45°), it is on only for 6.22ms(135°). The soft turn-on of the bottom switch Ss during a
high frequency cycle is shown in Fig. 4.19(g). The ZVS turn-on of the dc link switch Su

is shown in Fig. 4.19(h). The resonant inductor current is shown in the Fig. 4.19(j).
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(a) Inverter bridge output voltage (100V/div).
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(d) Output voltage v, (50 V/div) and reference sine voltage v,;, (2V/div).

Fig. 4.17(contd.)
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(f) Switch S drain-source voltage v (50 V/div) and gate source voltage v, (10V/div).
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(g) Switch S; drain-source voltage v44(50 V/div) and gate source voltage vge (10V/div).
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Fig. 4. 17 Experimental results obtained at P, =300 W and V;, =220 V for the dc-to-ac
VSI designed in Section 4.4.2. The converter details are: V, = 120 V (rms), f; = 50 kHz,
fo=60Hz, L;=1mH, L, =32 uH, C,=5 pF and C,= 1.5 pF.
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(d) Switch Sy drain-source voltage v, (50 V/div) and gate source voltage vgsq(10V/div).

Fig. 4.18(contd.)
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(e) Switch S, drain-source voltage v (S0 V/div) and gate source voltage vg,; (10V/div).
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(f) Switch S4 drain-source voltage v44 (50 V/div) and gate source voltage vg.4 (10V/div).
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(2) Resonant inductor current iz, (2A/div).

Fig. 4. 18 Experimental results obtained at P, = 60 W and V;,, = 220 V for the dc-to-ac
VSI designed in Section 4.4.2. The converter details are: ¥, = 120 V (rms), f; = 50 kHz,
Jfo=60Hz, L,=1mH, L,=32 uH, C,= 5 pF and C;= 1.5 pF.
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Fig. 4.19 (Contd.)
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(d) Switch S; drain-source voltage v4 (50 V/div) and gate source voltage vg, (10V/div)
in a switching cycle in the forward power region.
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(e) Switch S drain-source voltage v4 (50 V/div) and gate source voltage vg,; (10V/div)
in a switching cycle in the reverse power region.
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(f) Switch S, drain-source voltage va4 (50 V/div) and
gate source voltage vg.4 (10V/div) in a Line cycle

Fig. 4.19 (Contd.)



ZVS dc link pulse width modulated single phase voltage source inverter 166

CEENER_f1 10-Ov/ @2 SO.Ov/
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Fig. 4. 19 Experimental results obtained with P, = 170 VA, R-L load across the bridge at
0.7 power factor for the dc-to-ac VSI designed in Section 4.4.2. The converter details are:
V, =120V (mms), /s = 50 kHz, f, =60 Hz, L, =160 mH, R, = 60 ohms, L, = 32 uH and
C.=5uF.
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4.6 3-¢ Voltage Source Inverter

The auxiliary circuit assisted soft switching technique can be extended to 3-phase

voltage source inverter. The Fig. 4.22 shows the dc link ZVS 3-phase voltage source

inverter.
Dy S5 g & Ds
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T—V_

} D, 5 163 De

Fig. 4. 20 Three phase dc lmk ZVS voltage source inverter.

The operating principle is similar to the single phase VSI. For the current transition
from switch to diode, natural ZVS is used, while current transition from diode to switch
dc link ZVS is used. The operation of the inverter for different power factor load

conditions needs to be examined. This is suggested as the future work.

4.7 Conclusions

A dc link zero voltage switching single phase VSI is proposed. The system
performance is optimized using the unipolar, sine -ramp modulation scheme. The soft
switching for all power factor conditions is achieved by modifying the carrier for reactive
power flow conditions. Only one extra switch is required in the dc link to obtain ZVS.
The voltage stress of all the switches in the proposed converter is the dc link voltage V.
Most of the soft switching VSI in the literature suffers from severe voltage stress. The
design procedure is illustrated with a design example. An experimental prototype lab
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model of 300 VA, 120 V, 60 HZ, VSI operating at 50 kHz is implemented using
MOSFETs and IGBTs. Experimental results confirm the theory and shows the soft
switching characteristics of the proposed VSI.
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Chapter 5

Conclusions

This chapter summarizes the main contributions and results of this thesis work. The
major contributions of this thesis work are outlined in Section 5.1. Section 5.2
summarizes the results of the work. The chapter concludes with suggestions for future

work in Section 5.3.

5.1 Major Contributions

The recent trend in power electronics is to apply soft switching techniques to reduce
the switching losses and to utilize the excellent input-output characteristics of PWM
converters. Many auxiliary circuit assisted soft switching techniques are proposed in the
literature. The most important contribution of this thesis work was to identify the
problems in the existing techniques, analyze the problems and propose techniques to
alleviate the same. In almost all the auxiliary circuit assisted soft switching converters,
proposed in the literature, saturable inductors are required to suppress the parasitic
oscillations between the switch/diode capacitance and the resonant inductors. Saturable
inductors are lossy uncontrolled magnetic switches. A novel auxiliary network to
overcome this problem has been proposed in this thesis. A comprehensive analysis and
methods to overcome the diode reverse recovery problem and the tum-on and turn-off

loss reduction are presented. The main contributions of this thesis is summarized below:

{11 A ZCS auxiliary circuit assisted, ZVT boost converter was proposed in
Chapter 2. As the auxiliary switch turns off with zero current, an IGBT can be
used as the auxiliary switch. The resonant inductor in the auxiliary circuit was
weakly coupled to the boost inductor. This reduces the parasitic oscillations in
the auxiliary circuit.

[2] A ZVS auxiliary circuit assisted, ZVT boost converter was proposed in

Chapter 3. Soft switching is maintained for the entire line as well as load range.
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Saturable reactors are not required, as there are no parasitic oscillations. There is
no minimum on time restriction for the main switch. A modified gating scheme
to optimize the soft switching converter and to improve the efficiency was also
proposed in Chapter 3. With the modified gating scheme, the auxiliary circuit
processes the input power partly, thereby reducing the current stress on the main
switch. This is also good for thermal dissipation. The proposed ZVT boost
converter has the highest efficiency compared to other configurations proposed
in the literature [31,57,58,126].

Large signal analysis to analyze the soft switching characteristics during
transients has been presented. Large signal analysis shows that the soft switching
can be maintained for load transients and input voltage transients within the
operating range of the power converter.

A two-switch auxiliary circuit assisted soft switching boost converter is derived
from the proposed auxiliary circuit in Section 3.2. This auxiliary network is
integrated with a full bridge inverter to obtain a simple ZVS dc link single-phase
dc-to-ac VSI. ZVS is achieved without increasing the voltage stress on the
switches. A modified unipolar modulation technique was proposed to obtain
ZVS during reverse power flow.

Several prototype laboratory models (dc-to-dc, ac-to-dc and ZVS VSI) were

built for all the above converters to confirm the theory.

A detailed summary is presented in the next section.

5.2 Summary of the Thesis Work

A detailed literature survey has been presented to study the problems associated with

high frequency soft switching and the work done to overcome these problems.

In Chapter 2, a soft transition boost converter with ZVT for the main switch and ZCS

for the auxiliary switch was proposed. Various operating intervals of the converter are

identified, presented and analyzed. Design considerations are discussed. A design

example with experimental results obtained from a 600 W, 100 kHz, 380 V output, power
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factor correction boost converter has been presented. Results show that the main switch

maintains ZVT while auxiliary switch retains ZCT for the complete specified line and

load conditions. The features are summarized below:

W

As the main switch (zero-voltage turn-on), boost rectifier diode (soft tum-off), the
auxiliary switch (zero current turn-off) and the antiparallel diode of the auxiliary
switch (zero current turn-off) are switched softly, the circuit is particularly rewarding
for high frequency switched dc-dc boost converters and power factor correction
applications.

The energy stored in the resonant inductors due to reverse recovery of the auxiliary
diodes cause oscillations between the resonant inductors, the resonant capacitor C,
and the output capacitor of the switch S,. As the resonant inductor L, is coupled to
the main filter inductor of the boost converter, the reverse recovery energy of the
auxiliary diode is transferred to the main inductor reducing the oscillations.

It is not necessary to change the control timings, i.e. the duration of the auxiliary turn-
on signal or the delay between the auxiliary turn-on and main switch tum-on, with
load or line changes.

As the soft switching is achieved without increasing the main switch voltage and
current, conduction losses are less compared to other soft switching boost topologies.
The auxiliary circuit ensures soft switching at all, load and line conditions specified.
Although the auxiliary switch is operated in ZCS, the reverse recovery current of the

anti-parallel diode is controlled by the presence of resonant inductors.

The following were observed during the experiments with the proposed converter.

ZCS of the auxiliary switch do not eliminate the turm-on losses. ZCS operation does
not take into account the parasitic elements in the auxiliary circuit like switch
capacitance, switch lead inductance and wiring inductance (with the auxiliary diodes).
At high frequencies, these parasitic elements increase the stress on the auxiliary
circuit. Hence, operation at higher frequencies reduces the efficiency.

Although the oscillations are reduced, they are not completely removed. Hence, a

small RC snubber is used across the resonant inductor to further reduce the
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oscillations. This makes further increase in the switching frequency difficult (as at

higher frequencies, oscillations increase and hence losses increase).

In Chapter 3, a ZVT boost converter with ZVS auxiliary circuit was proposed.
Various operating intervals of the converter was presented and analyzed. Design
considerations are discussed and a design example of 300 W dc-to-dc converter is given.
Experimental results obtained from a 300 W, 250 kHz, 300 V output, DC-DC boost
converter has been presented. Results clearly depict the improvement in efficiency at
high frequency than the converters presented in the literature.

All the switches and diodes used undergo soft switching. All the parasitic elements are
absorbed to the fullest extent possible. There are no parasitic oscillations. Hence, high

frequency switching is possible. The features of the converter are summarized below:

1. The auxiliary circuit is completely removed from the main power flow path and there
is no danger of the main power flowing through auxiliary circuit.

2. The auxiliary circuit ensures soft switching for all load and line conditions specified.

3. No parasitic oscillations as all the energy flow/ recovery modes are accounted. Hence,
saturable reactors or lossy RC snubbers are not required.

4. There is no minimum on time restriction for the main switch as compared to all other
techniques in the literature. This is an advantage during large signal transients. The
auxiliary circuit resets by itself.

5. The voltage stress on the switches remain the same as that of a hard switched boost
converter. This is a good aspect of the design, as for PFC front end boost converters
operating with 380 V output, 500 V MOSFET:s can still be used.

A modified gating algorithm to reduce the conduction losses and to utilize the
auxiliary circuit in the main power processing was also proposed in Chapter 3. A 600 W,
380 V dc, 90-250V (rms), 100 kHz, ac-to-dc PFC boost converter using the modified
gating algorithm and the proposed soft switching technique was built in the laboratory.
The experimental results confirm the theory. A low line full load efficiency around 94%

is measured and a high line full load efficiency of 98% was achieved.
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Large signal analysis is presented to analyze the soft switching characteristics during
transients. The analysis shows that the soft switching can be maintained for large signal
transients within the operating range of the converter. The soft switching largely depends
on the closed loop control algorithm used for the control of the power converter. ZVT for
the main switch and ZVS for the auxiliary switches are maintained during load and input

voltage transients.

The proposed soft switching technique was also extended to a family of converters. A
two-switch ZVS, soft-switched boost converter was also proposed. The proposed
converter retains the soft switching characteristics of other converters proposed in this
chapter. However, as the two switches used come in series for part of the duty cycle the
conduction losses are more. The auxiliary circuit was integrated with a full bridge
inverter to obtain a ZVS dc link, PWM VSL

In Chapter 4, a simple ZVS dc link VSI was presented. The auxiliary assisted ZVS
technique allows the use of PWM con(ro] to control the VSI inverter. The unipolar sine-
ramp modulation scheme was used. The unipolar scheme was modified to obtain the ZVS
during reverse power flow. Various operating intervals of the proposed converter are
analyzed. Design constraints and design considerations are discussed. A 120 V, 60 Hz,
300 VA, VSI switching at 50 kHz is built in the laboratory. The experimental results

verify the soft switching characteristics of the proposed inverter.

Unlike other inverters, the proposed inverter is very simple and the voltage stress on
all the switches is the dc bus voltage. The ZVS technique allows PWM techniques to be
used to control the VSI. No parasitic oscillations exist. It uses fewer components than the
inverters proposed in the literature. The conduction loss due to the additional auxiliary
circuit is less than all other inverters presented in the literature. The efficiency of the VSI
at full load was measured to be 96%. The ZVS, VSI maintains soft switching for all
power factor load conditions. This inverter is suitable for uninterruptible power supply

(UPS) applications.
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5.3 Future Work

In the ZCS auxiliary network presented in Chapter 2, the effect of magnetic coupling
coefficient on parasitic oscillations need further study. Application of the ZVS auxiliary
circuit introduced in Chapter 3 for other types of converters including high frequency
transformer isolated dc-to-dc converters is to be investigated. Techniques to unify the soft
switching auxiliary circuit in two stage power conversion, so that a single auxiliary
circuit can be used to obtain soft switching for both the stages of power conversion are
also worth study. The application of the proposed ZVS VSI in UPS is to be studied. The
dc link ZVS technique should be extended for 3-¢ VSI for motor drive applications.

Happiness belongs to no-one but that supremely lazy man for whom

even opening and closing his eyes is a bother 164

ceeceenneeeaae AshtaVakra Gita



175

BIBLIOGRAPHY

(1]

(2]

B3]

[4]

(]

(6]

(7]

(8]

[9]

R.P. Severns, G. E. Bloom, " Modern dc-to-dc switch mode power converter
circuits”, Van Nostrand Reinhold Company, 1985, New York.

R.L. Steigerwald, “A comparison of half-bridge resonant converter topologies,”
IEEE Transactions on Power Electronics, Vol. 3, No. 2, April 1988, pp. 174-182.
A.F Witulski, R.W Erickson, “ Steady state analysis of the series resonant
converter, *“ IEEE Transactions on Aerospace and Electronic Systems, Vol. AES-
21, No. 6, November 1985, pp. 791-799.

S.D Johnson, R.W Erickson, “ Steady state analysis and design of the parallel
resonant converter,” IEEE Transactions on Power Electronics, Vol. 3, No. 1,
January 1988, pp. 93-104.

V.T. Ranganathan, P.D. Ziogas and V.R. Stefenovic, “A regulated dc-dc voltage
source converter using high frequency link,” IEEE Transactions on Industry
Applications, Vol. 18, No. 3, May/June 1982, pp. 279-287.

V.T. Ranganathan, P.D. Ziogas and V.R. Stefenovic, “Performance characteristics
of high frequency links under forward and regenerative power flow conditions,”
IEEE Industrial Applications Society Conf- rec., 1983, pp. 831-839.

A.K.S Bhat, “A Unified approach for the steady state analysis of resonant
converters,” IEEE Transactions on Industrial Electronics, Vol. 38, No. 4, August
1991, pp. 251-259. '

A.K.S Bhat and S.B. Dewan, “A generalized approach for the steady state analysis
of resonant inverters* IEEE Transactions on Industry Applications, Vol. 25, No.
2, march/April 1989, pp. 326-338.

A.K.S Bhat, “ Analysis and design of a series parallel resonant converter,” /IEEE

Transactions on Power Electronics, Vol. 8, No. 1, Jan 1993, pp.1-11.

[10] ALK.S Bhat, “Fixed frequency PWM series parallel resonant converter,” IEEE

Industrial Applications Society Conf. rec., 1989, pp. 1115-1121.



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Bibiliography 176

A.K.S Bhat, “A Generalized steady state analysis of resonant converters using
two-port model and Fourier series approach,” IEEE Applied Power Electronics
Conf. rec., 1995, pp. 920-926.

A.K.S Bhat, “A fixed frequency modified series resonant converter: Analysis,
Design and Experimental results,” JEEE Transactions on Power Electronics, Vol.
10, No. 6, 1995, pp. 766-775.

K.H. Liu, F.C. Lee, “Resonant switches- A unified approach to improve
performance of switching converters,” IEEE Power Electronics Specialists Conf.
rec., 1984, pp. 334-341

K.H. Liu, F.C. Lee, “Zero-voltage switching technique in dc-dc converters,” IEEE
Power Electronics Specialists Conf. rec., 1986, pp. 58-70.

M.M. Jovanovic, F.C. Lee, “DC Characteristics and stability analysis of push-pull
and bridge type =zero-current switched quasi-resonant converters,” [EEE
Transactions on Power Electronics, Vol. 3, no. 3, July 1989.

W. A. Tabisz, P.M. Gradzki and F.C. Lee, “Zero voltage switched Quasi resonant
Buck and flyback converters . -Experimental results at 10 MHz,” JEEE
Transactions on Power Electronics, vol. 4, no. 2, April 1989, pp. 194-204.

J. Wang and A.K.S. Bhat, “Analysis and design of single switch fixed frequency
quasi-square wave zero-current switching converters,” I[EEE INTELEC Conf. rec.,
1992, pp. 123-129.

A.K.S Bhat and F.D. Tan, “A Unified approach to characterization of PWM and
quasi-PWM switching converters: Topological constraints, classification and
synthesis,” IEEE Transactions on Power Electronics, Vol. 6, No. 4, 1991, pp.
719-726.

R. Redl, B. Molnar and N.O. Sokal, “Class E resonant regulated DC/DC Power
converters: Analysis of operations and experimental results at 1.5 MHz,” IEEE
Transactions on Power Electronics, Vol. 1, No. 2, April 1986, pp.111-119.

W.A. Tabisz and F.C. Lee, “Zero-voltage switching, Multi-resonant technique- a
novel approach to improve performance of high frequency quasi-resonant

converters,” IEEE Power Electronics Specialists Conf. rec., 1988, pp. 9-17.



[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

Bibiliography 177

H.J. Kim, C.S. Leu, R. Farrington and F.C. Lee, “Clamp mode zero-voltage
switching multi resonant converter,” /EEE Power Electronics Specialists Conf.
rec., 1992, pp. 78-84.

W. Tang, W.A. Tabisz, A. Lofti, F.C. Lee and V. Vorperian, “Dc analysis and
design of forward zero-voltage switched multi-resonant converter,” IEEE Power
Electronics Specialists Conf- rec., 1990, pp.333-340.

R. Erickson, M. Madigan, S. Singer, “Design of a simple High power factor
rectifier based on the flyback rectifier,” IEEE Applied Power Electronics Conf.
rec., 1990, pp. 792-801.

H. Endo, T. Yamashita and T. Sugiura, “A high Power factor buck converter,”
IEEE Power Electronics Specialists Conf. rec., 1992, pp. 1071-1082.

M. Madigan, R. Erickson and E. Ismail, “Integrated high quality rectifier
regulators,” IEEE Power Electronics Specialists Conf. rec., 1992, pp. 1043-1051.
K. Wang, F.C. Lee, G. Hua and D. Borojevic, “A Comparative study of Switching
losses of IGBT’s under Hard swit_ching, Zero-Voltage switching and zero-current
switching,” I[EEE Power Electronics Specialists Conf. rec., 1994, pp.1196-1204.
K. Chen and T.A Stuart, “A study of IGBT turn-off behavior and switching loses
for zero-voltage and zero-current switching,” /EEE Applied Power Electronics
Conf. rec., 1992, pp. 411-418.

A. Kurnia, O.H. Stileau, G. Venkataraman, D.M. Divan, “Loss mechanisms in
IGBTs under Zero Voltage switching,” Proc. IEEE Power Electronics Specialists
Conf. rec., 1992, pp.1011-1017.

J. Kolar, H. Ertl, F. Zach, “Analysis of turn-off behavior and switching losses of a
1200V/50A Zero-Voltage or zero-current switched IGBT,” proc. IEEE Applied
Power Electronics Conf- rec., 1991 pp. 1508-1514.

R. Rangan, D.Y. Chen, J. Yang and J. Lee, “Application of IGBT to zero-current
Switching converters,” IEEE Transactions on Power Electronics, Vol. 4, No. 1,
pp-2-7, Jan.1989.

R. Streit and D. Tollik “High Efficiency Telecom rectifier using a novel switched
boost based input current shaper,” IEEE INTELEC Conf. rec., 1991, pp.720-726.



(32]

[33]

(34]

(35]

(36]

[37]

[38]

(39]

[40]

(41]

(42]

Bibiliography 178

G. Hua, F.C. Lee, “Novel Zero-voltage transition PWM converters,” IEEE Power
Electronics Specialists Conf. rec., 1992 pp.55-61.

ID. Jitaru, “Soft transition power factor correction circuit,” High Frequency
Power Conversion Conf. rec., May'93, pp. 202-208.

B. Carsten, “Design Techniques for transformer active reset circuits at high
frequencies and power levels,” High Frequency Power Conversion Conf. rec.,
1990, pp. 235-246.

R. Watson, F.C. Lee and G.C. Hua, “Utilization of an active clamp circuit to
achieve soft switching in flyback converters,” JEEE Power Electronics Specialists
Conf rec., 1994, pp. 909-916.

R. Lin, Y. Zhao and F.C. Lee, “Improved soft-Switching ZVT Converters with
active snubbers,” IEEE Applied Power Electronics Conf. rec., 1998, pp.1063-
1069.

G. Moschopoulos, P. Jain, “A Novel zero voltage switched pwm boost converter,”
IEEE Power Electronics Specialists Conf. rec., 1995, pp. 694-700.

L. Yang, C.Q. Lee, “Analysis and Design of boost Zero-voltage transition PWM
converter,” IEEE Applied Power Electronics Conf. rec., 1993, pp.707-713.

J. Bazinet, J. Connor, “Analysis and Design of a Zero Voltage Transition power
factor correction circuit,” IEEE Applied Power Electronics Conf. rec., 1994,
pp.591-600. (Unitrode)

G. Arun, W. Shireen, P.N. Enjeti, “Improved active power factor correction
circuit using a zero voltage switching Boost converter IEEE Transactions on
Power Electronics, Vol. 13, No. 2, March 1998, pp. 308-314.

G. Moschopoulos, P. Jain, “A zero voltage switched pwm boost converter with
an energy feedforward auxiliary circuit,” IEEE Power Electronics Specialists
Conf. rec., 1996, pp. 72-86.

C.M. Duarte and I. Barbi, “A new family of ZVS-PWM Active Clamping DC-to-
DC Boost converters: Analysis, design and experimentation,” IEEE Transactions
on Power Electronics, Vol. 12, No. 5, Sep, 1997, pp. 824-831.



[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

Bibiliography 179

C.M. Duarte and I.Barbi, “A new ZVS-PWM Active Clamping High power
factor rectifier: Analysis, Design and Experimentation,” IEEE Applied Power
Electronics Conf. rec. 1998, pp. 230-236.

C.M.C Duarte, I.Barbi, “An Improved family of ZVS pwm active clamping dc-dc
converters I[EEE Power Electronics Specialists Conf. rec., 1998, pp.669-675.
C.P. Henze, H.C. Martin and D.W Parsley, “Zero-voltage switching in high
frequency power converters using pulse width modulation,” /EEE Applied Power
Electronics Conf. rec. 1988, pp.33 - 40.

S.B. Yaakov, G.Ivensky, O.Levitin and A.Treiner, “Optimization of the auxiliary
switch components in a flying capacitor ZVS PWM converters,” IEEE Applied
Power Electronics Conf. rec. 1995, pp. 503-509.

L. Karadzinov and D. Hamill, “Influence of diode reverse recovery on the
operation and design of High frequency rectifiers,” IEEE Applied Power
Electronics Conf- rec. 1998, pp. 447-453.

K.Harada and H.Sakamato, “Switched snubber for high frequency switching’,
IEEE Power Electronics Specialj.s:ts Conf. rec., 1990, pp. 181-188.

J.P.Gegner and C.Q.Lee “Zero-voltage transition converters using a simple
magnetic feedback technique,” IEEE Applied Power Electronics Conf. rec., 1994,
pp.862-868.

J. Bassett, “ New, Zero-voltage switching high frequency boost converter
topology for Power factor Correction“ IEEE INTELEC Conf. rec., 1995, pp- 813-
820.

J. Qian, I. Batarseh, K. Siri and M. Esani, “ A Novel Zero-Voltage switching
boost converter by using a non linear magnetizing inductor of the Transformer,”
IEEE Applied Power Electronics Conf. rec., 1995, pp. 490-495.

C.J. Mcatee, J.P. Agrawal and H. Moghbelli, “A 100 watt power supply using
ZVS boost converter,” IEEE Applied Power Electronics Conf. rec., 1995, pp.496-
502.



(53]

[54]

[55]

[56]

[57]

(58]

(59]

[60]

(61]

(62]

Bibiliography 180

R. Farrington, M. Jovanovic, F.C. Lee, “A new Family of isolated zero-voltage
switched Converters,” I[EEE Power Electronics Specialists Conf. rec., 1991,
pp-209-215.

D.C. Martins, F.J.M. DeSeixas, J.A. Brilhante and I. Barbi, “A family of dc-to-dc
PWM converters using a new ZVS commutation cell,” /EEE Power Electronics
Specialists Conf. rec., 1993, pp.- 524-530.

J.Cho, C.Jeong, J.Baek and G.H. Rim, “Novel zero voltage transition isolated
PWM boost converter for single stage Power Factor correction,” I[EEE Power
Electronics Specialists Conf- rec., 1998, pp. 1023-1029.

M. Jovanovic, Y. Jang, “A new soft switched boost converter with isolated active
snubber,” IEEE Applied Power Electronics Conf. rec., 1998 pp.1084-1090.
K.M.Smith and K.M. Smedley, “A Comparison of voltage mode soft switching
methods for PWM converters,” I[EEE Applied Power Electronics Conf. rec.,
1996, pp. 291-298.

[. Matsurra, K.M. Smith and K.M. Smedley, “A Comparison of voltage mode soft
switching methods for PWM gdnverters,” IEEE Power Electronics Specialists
Conf. rec., 1998, pp. 94-100.

K.M. Smith and K.M. Smedley, “Properties and synthesis of passive lossless Soft
switching PWM converters,” First International congress in Israel on Energy
Power and Motion control Conf. rec., May 1997, pp.112-119.

A. Pietkiewicz, D. Tollik, “Snubber circuit and Mosfet paralleling considerations
for high power boost-based power factor correction,” /EEE INTELEC, 1995, PP-
41-45.

K.M. Smith and K.M. Smedley, “Engineering design of lossless passive soft
switching methods for PWM converters,” IEEE Applied Power Electronics Conf
rec., 1998, pp. 1055-1062.

C.A. Canesin and 1. Barbi, “Comparison of Experimental Loses among six
different Topologies for a 1.6 kW Boost converter, using IGBT’s,” IEEE Power
Electronics Specialists Conf- rec., 1995, pp. 1265-1271.



[63]

[64]

[65]

[66]

[67]

[68]

(69]

(70]

[71]

[72]

Bibiliography 181

L.Barreto, L. Defreitas, “A boost converter associated with a new non-dissipative
snubber,” IEEE Applied Power Electronics Conf. rec., 1998, pp. 1077-1083.

L. Defreitas, C. Treviso and A. Da Costa, “A new ZCS-ZVS Pwm boost converter
with unity power factor correction,” /EEE Applied Power Electronics Conf. rec.,
1994, pp. 404-411.

L. Defreitas, D. Cruz and V. Farias, “A novel ZCS-ZVS PWM Dc¢-Dc¢ Buck
converter for high power and High Switching frequency: Analysis, simulation and
experimental results,” IEEE Applied Power Electronics Conf. rec., 1993, pp. 693-
699.

L. Defreitas, D. Cruz and V. Farias, “An optimum ZVS PWM Dc-Dc¢ converter
Family: Analysis, simulation and experimental results,” /EEE Power Electronics
Specialists Conf. rec., 1992, pp. 229-235.

L. Defreitas and Gomez, “A high power high frequency ZCS-ZVS PWM buck
converter using a feedback resonant circuit,” /[EEE Power Electronics Specialists
Conf. rec., 1993, pp. 330-336.

M.Vilela, E.A.A.Coelhd, J.Vieira Jr., L. defreitas and V.J. Farias, “PWM soft
switching converters using a single active switch,” /EEE Applied Power
Electronics Conf- rec., 1996, pp. 299-304.

L.R.Barbosa, J.B.Vieira Jr., L. deFreitas, V.J. Farias, “A Boost PWM soft single
switched converter,” IEEE Power Electronics Specialists Conf. rec., 1998, pp.
401-407.

C.H.G Treriso, A.A. Pereira, V.J.Farias, J.B.Vieira Jr., L.C. deFreitas, “A. 1.5kW
operation with 90% efficiency of a two transistor forward converter with non-
dissipative snubber,” IEEE Power Electronics Specialists Conf rec., 1998,
pp-696-700.

Z.Q. Yang, K.lida, h. Hayashi and S.Nagabuchi, “A novel zero voltage switched
PWM converter,” Proc. [EEE INTELEC, 1992, pp. 202-208.

A. Elasser and D. A. Torrey, “Soft switching active snubbers for DC/DC
Converters,” [EEE Applied Power Electronics Conf. rec. 1995, pp. 483-489.



[73]

[74]

[75]

[76]

(7]

(78]

[79]

[80]

(81]

(82]

Bibiliography 182

J Pinheiro and [.Barbi, “An improved TL-ZVS pwm dc/Dc Converter,” Proc
IEEE Applied Power Electronics Conf rec., 1995, pp. 907-912.

R. Ambatipudi, D.Borojevic, S.Hiti and F.Lee, “ Average and Small signal
modeling of ZVT three phase PWM Boost rectifier,” IEEE Applied Power
Electronics Conf. rec., 1995, pp. 870-874.

M.Villaca and A.Perin, “A new bi-directional ZVS switch for direct AC/AC
converter applications,” IEEE Applied Power Electronics Conf. rec., 1995, pp.
977-983.

R.Srinivasan and R.Oruganti, “Analysis and design of power factor correction
using Half Bridge topology, “ IEEE Applied Power Electronics Conf. rec. 1997,
p. 489-499.

G. Spiazzi, P.Mattavelli, L.Rosetto “Power factor preregulator with improved
dynamic response, ” IEEE Transactions on Power Electronics, vol.12, no:2,
March 1997, pp. 343-349.

G. Hua, F.C. Lee and M. Jovanovic, “An improved Zero-voltage switched PWM
converter using a saturable Inducior,” IEEE Power Electronics Specialists Conf-
rec., 1991,pp.189-194.

J.C. Bendien, H. Van der Broeck and G. Freign, “Recovery circuit for snubber
energy in power electronics applications with high switching frequencies,” /EEE
Transactions on Power Electronics, vol.3, no.1, 1988, pp.26-30.

T. Hamada, K.Nishimura, K.Kobayashi, K.Harada, “Jump phenomenon of
feedback control of flyback converter,” IEEE Power Electronics Specialists Conf.
rec., 1998, pp- 79-85.

Y. Hakoda, T. Ninomiya, M. Shoyama, T.Hashimoto “Effect of clamp capacitor
on the stability of active clamp dc-dc converters,” IEEE Power Electronics
Specialists Conf- rec., 1998, pp.355-361.

W.C. Wu, R.M. Bass, “Eliminating the effects of the Right half plane zero in the
fixed frequency Boost converters,” IEEE Power Electronics Specialists Conf.
rec., 1998, pp.362-366.



[84]

(85]

(86]

(87}

(88]

(89]

[90]

(91]

(92]

(93]

Bibiliography 183

J.Sun, D.M.Mitchell, M.F.Grever, P.T.Krein, “Modeling of pwm converters in
DCM- A reexamination,” /EEE Power Electronics Specialists Conf. rec. 1998,
pp- 615-622.

K. Thiyagarajah, V.T. Ranganathan and B.S. Ramakrishna Iyengar, “A high
Switching Frequency IGBT Pwm Rectifier/Inverter system for ac motor drives
operating from single phase supply,” IEEE Power Electronics Specialists Conf-
rec., 1990, pp. 663-671.

T.Onodera “A Voltage resonant single ended Converter with auxiliary switch,”
IEEE Power Electronics Specialists Conf. rec., 1998, pp. 676-681.

H.Tanaka, T.Ninomiya, M.Shoyama, “Steady state analysis of a ZVS pwm series
resonant converter with active clamp technique,” [EEE Power Electronics
Specialists Conf. rec., 1998, pp. 655-661.

O.D. Patterson and D.M. Divan, “ A pseudo resonant full bridge DC/DC
converter,” IEEE Power Electronics Specialists Conf. rec., 1987, pp. 424-430.
D.B.Dalal, “A 500 kHz Multi output converter with Zero voltage switching,”
IEEE, Applied Power EIectroniqs.Conf rec., 1990, pp. 265-274.

Loveday, H. Mweene, M F.Schlect, C.A. Wright, < A 1kW, SO0KHZ Front end
converter for a distributed power supply system,” [EEE Applied Power
Electronics Conf- rec., 1989, pp. 423-432.

Mike M.Walters and William M.Polivka, “ A High density modular power
processor for distributed military power systems,” IEEE Applied Power
Electronics Conf. rec., 1989, pp. 403-412.

J.A .Sabate, V.Vlatkovic, R.B.Ridley and F.C.Lee, “ High-Voltage, High- power,
ZVS Full bridge Pwm converter employing an active snubber,” IEEE Applied
Power Electronics Conf. rec., 1991, pp. 158-163.

J.A.Sabate, V.Vlatkovic, R.B.Ridley, F.ClLee and B.H. Cho, “Design
considerations for High-voltage High power Full Bridge Zero-Voltage switched
Pwm Converter, IEEE Applied Power Electronics Conf. rec., 1990, pp. 275-284.
Richard Redl, Nathan O.Soakal, L. Balogh, “ A novel soft-switching Full Bridge
DC/Dc Converter: Analysis, Design considerations, and experimental results at



[94]

(95]

(96}

[97]

(98]

[99]

[100]

[101]

[102)

Bibiliography 184

1.5 kW, 100 kHz,” IEEE Power Electronics Specialists Conf. rec., 1990, pp-162-
172.

G.Moschopoulos, P.D Ziogas, G. Joos, “ A Fixed frequency ZVS High power
Pwm SMR converter with zero to rated load variation capability,” /EEE
INTELEC Conf rec., 1992, pp. 351-358.

D. Lee, B. Lee and D. Hyun “An improved full bridge zero voltage transition
pwm dc-dc converter with zero-voltage and zero-current switching of the
auxiliary switches,” JEEE Applied Power Electronics Conf. rec. Rec., 1998, pp.
816-822.

J.G Cho, J.A Sabate and F.C. Lee, < Novel full bridge zero voltage transition pwm
dc-dc converter for high power applications,” IEEE Applied Power Electronics
Conf rec., 1994, pp. 143-149.

J.G Cho, J.A Sabate, G.Hua and F.C. Lee, “ Zero voltage and zero current
switching full bridge pwm converter for high power applications,” IEEE Power
Electronics Specialists Conf. rec., 1994, pp. 102-108.

J.G. Cho, J.W Baek and G. Rim, « Novel zero voltage and zero current switching
full bridge converter using a simple auxiliary circuit,” IEEE Applied Power
Electronics Conf. rec., 1998, pp. 834-839.

J.G. Cho, etal,, “Zero voltage and zero current switching full bridge PWM
converter using transformer auxiliary winding,” IEEE Power Electronics
Specialists Conf. rec.,1997, pp. 227-232.

J.G. Cho, G.H. Rim and F.C. Lee, “ Zero voltage and zero current switching full
bridge PWM converter with secondary active clamp,” IEEE Power Electronics
Specialists Conf. rec., 1996, pp. 657-663.

E.S Kim and K.Y. Cho, “ An improved soft switching PWM FB dc/dc converter
for reducing conduction loss,” IEEE Power Electronics Specialists Conf rec.,
1996, pp. 651-656.

B. Cho, B. Lee, S. Yoo, “A novel secondary clamping circuit topology for soft
switching full bridge pwm dc/dc converter,” IEEE Applied Power Electronics
Conf rec., 1998, pp. 840-845.



[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Bibiliography 185

In- Dong Kim, Eui-cheo! Nho, and Gyu-Hyeong Cho, “ Novel constant frequency
pwm dc/dc Converter,” IEEE Transactions on Industrial Electronics, Vol. 39,
No. 5. October 1992.

[.LKim and B.K.Bose, “A New ZCS tum-on and ZVS turn-off unity power factor
pwm rectifier with reduced conduction losses and no auxiliary switches,” IEEE
Power Electronics Specialists Conf- rec., 1998, pp. 1344-1350.

G.Hua, F.C.Lee, “Novel Zero-current transition PWM converters,” [EEE Power
Electronics Specialists Conf. rec., 1993, pp. 538-544.

D. Xu, C.Yang, L.Ma, C.qiao, Z.Qian, X.He, “A Novel single phase active
Clamped PFC Converter,” IEEE Applied Power Electronics Conf. rec., 1997, pp.
266-271.

C.M.O Stein and HL. Hey, “ A true ZCZVT commutation cell for PWM
converters,” [EEE, Applied Power Electronics Conf. rec., 1998, pp. 1070-1076.
G.B.Joung “ New Soft switched PWM converter with minimized conduction loss
of auxiliary switch,” IEEE Power Electronics Specialists Conf. rec., 1998, pp.
1803-1807. )

R.C. Fuentes and Hey H.L “An improved ZCS-PWM commutation Cell for
IGBT'’s Applications,” IEEE Applied Power Electronics Conf. rec., 1997, pp.
805-810.

H.Mao, F.C.Lee, etal. “Improved Zero-current transition converters for high
power applications,” IEEE Tran. Industry Applications, vol.33, no.5, Sep/Oct,
1997, pp- 1220-1232.

H. Dai, K. Xing and F.C.Lee, “Investigation of soft switching techniques for
power electronics building blocks,” IEEE Applied Power Electronics Conf. rec.,
1998, pp. 633-639.

G.Ivensky, D.Sidi and S.B.Yaakov, “ A soft switcher optimized for IGBTs in
PWM Topologies,” IEEE Applied Power Electronics Conf. rec., 1995, pp. 900-
906.



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Bibiliography 186

B. Miwa, D.M. Otten, M.F. Schlecht, “High Efficiency power factor correction
using interleaving techniques,” /EEE Applied Power Electronics Conf. rec., 1992,
pp-557-568.

R.Redl, B.Erisman “Reducing distortion in Peak current Controlled Boost power
factor correctors,” IEEE Applied Power Electronics Conf. rec., 1994,pp.576-583.
M.K.Nalbant, “ Power factor calculations and measurements,” IEEE Applied
Power Electronics Conf. rec., 1990, pp.543-552.

J.Sun, W.Wu and R. Bass “ Large signal characterization of single phase PFC
circuits with different types of current control,” I[EEE Applied Power Electronics
Conf rec., 1998, pp.655-661.

W.M. Moussa and J.E Morris, “ DC and AC characteristics of zero voltage
switching PWM converters,” [EEE Power Electronics Specialists Conf. rec.,
1992, pp. 236-242.

Y. Hakoda, T. Ninimiya, M. Shoyama and T. Hashimoto, “ Effect of clamp
capacitor on the stability of dc-dc converters,” [EEE Power Electronics
Specialists Conf. rec., 1998, pp. _355-361.

[. Jitaru, S. Birca-Galateanu and L.Chantrerie, “Small signal characterization of
the forward-flyback converters with active clamp,” IEEE Applied Power
Electronics Conf. rec., 1998, pp.626-632.

Q. Li, F.C. Lee and M.Jovanovic, “ Large signal transient analysis of forward
converter with active clamp reset,” I[EEE Power Electronics specialists Conf. rec.,
1998, pp.633-639.

R.J. Steigerwald, R.E. Tompkins, “A Comparison of high frequency link schemes
for interfacing a dc source to a utility grid,” IEEE Industrial Applications Society
Conf rec., 1982, pp. 759-766.

A.K.S. Bhat, S.B. Dewan, “A novel utility interfaced high frequency link photo
voltaic power conditioning system,” IEEE Transactions on Industrial Electronics,
Vol. 35, no. 1, 1988, pp. 153-159.



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

Bibiliography 187

I.J Pitel, “Phase modulated resonant power conversion techniques for high
frequency link inverters,” IEEE Transactions on Industrial Applications, Vol. 22,
no. 6, 1986, pp. 1044-1051.

“Gate drive characteristics and requirements for HEXFETSs,” Application notes
International Rectifier, AN-937.

K.M. Smith Jr and K. M. Smedley, “ Engineering design of lossless passive soft
switching methods for PWM converters,” /EEE Applied Power Electronics Conf.
rec., 1998, pp.1055-1061.

M. M. Jovanovic, “A technique for reducing rectifier reverse recovery related
losses in high power boost converters,” /EEE Transactions on Power Electronics,
vol.13, No.S, pp. 932-941, September 1998.

W. McMurray, “ Resonant snubbers with auxiliary switches,” IEEE IAS Conf
rec., 1989, pp. 829-834.

E. Wittenbreder, “ A new active snubber for high frequency PWM converters,”
High Frequency Power Conversion Conf. rec., 1990, pp. 247-261.

.D. Jitaru,” Constant frequency _f(;rward converter with resonant transition,” High
Frequency Power Conversion Conf. rec., 1991, pp. 282-292.

E. Wittenbreder, *“ New simple resonant transition topologies for high frequency
multi phase parallel pwm converters,” High Frequency Power Conversion Conf.
rec., 1993, pp. 142-164.

E. Wittenbreder, “ A simple clamped ZVS pwm converter,” [EEE Applied Power
Electronics Conf. rec., 1993, pp.

G. Hua and F.C. Lee, “ A new class of zero voltage switched pwm converters,”
High Frequency Power Conversion Conf. rec., 1991, pp. 244-251.

Q.Li and F. Lee, “Design considerations of transformer dc bias of forward
converter with active clamp reset,” I[EEE Applied Power Electronics Conf. rec.,
1999, pp. 553-559.

R. Miftakhutdinov, A. Nemchinov and V. Meleshin, S. Fraidlin, *“ Modified
asymmetrical ZVS half bridge dc-dc converter,” IEEE Applied Power Electronics
Conf. rec., 1999, pp. 567-574.



[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

Bibiliography 188

V. Yashukev, V. Meleshin and S. Fraidlin, “Full bridge isolated current fed
converter with active clamp,” IEEE Applied Power Electronics Conf. rec., 1999,
pp- 560-566.

Y. Zhu, “ Soft switched PWM converters with low commutation loss using an
active snubber,” IEEE Applied Power Electronics Conf. rec., 1999, pp. 589-595.
R.T. Bascope and 1. Barbi, “ A double ZVS pwm active clamping forward
converter,” IEEE Applied Power Electronics Conf. rec., 1999, pp. 596-601.

F. Wakabayashi and C. Canesin, “ A new family of zero current switching pwm
converters and a novel HPF ZCS PWM boost rectifier,” IEEE Applied Power
Electronics Conf- rec., 1999, pp. 605-611.

M. Jovanovic and Y. Jang, “ “ A novel active snubber for high power boost
converters,” I[EEE Applied Power Electronics Conf. rec., 1999, pp. 619-625.

R. Liu, “ A comparative study of snubber circuits for dc-dc converters utilized in
high power off line power supply applications,” /EEE Applied Power Electronics
Conf. rec., 1999, pp. 821-826.

Y Xi and P. Jain “ A zero 'vé)ltage switching self reset forward converter
topology,” IEEE Applied Power Electronics Conf. rec., 1999, pp. 827-833.

S. Ryu, D. Lee, S. Yoo and D. Hyun, “ Novel zero voltage -zero current switching
pwm dc-dc converters using one auxiliary switch,” [EEE Applied Power
Electronics Conf. rec., 1999, pp. 853-859.

M. Pong and B. Zhang, “Analysis of a class of ZVT dc/dc converters based on
pulse amplitude modulation controlled by duty cycle,” IEEE Applied | Power
Electronics Conf. rec., 1999, pp. 860-865.

J. Sun, R. Bass, “ Modeling and practical design issues for average current
control,” [EEE Applied Power Electronics Conf. rec., 1999, pp. 980-986.

Y. Panov and M. Jovanovic, “ Performance evaluation of 70 W two stage adapters
for notebook computers,” IEEE Applied Power Electronics Conf. rec., 1999, pp.
1059-1065.



[146]

[147]

[148]

[149)]

[150]

[151]

[152]

[154]

[155]

[156]

Bibiliography 189

C.Dias, J.Vieira, V.Farias and L.defreitas,” A comparison of three self resonant
PWM forward converter,” IEEE Applied Power Electronics Conf- rec., 1999, pp.
1080-108S.

S. Ben Yaakov, I. Zeltser and G. Ivensky, “ A resonant local power supply with
turn off snubbing features,” /EEE Applied Power Electronics Conf. rec., 1999,
pp. 1093-1097.

W. Filho and A. Perin,” A new approach of Boost current control applied in
PFC,” IEEE Applied Power Electronics Conf. rec., 1999, pp. 1136-1142.

K. Yoshida, N. Nagagaka, T. Ishii and H. Harada, *“ ZVS PWM full bridge
converter using active current clamping with synchronous rectifier,” IEEE Power
Electronics Specialists Conf. rec., 1999, pp. 257-262.

Y. Xi, P. Jain, Y. Liu and R. Orr, “A modified ZVS forward converter topology
with self core reset,” IEEE Power Electronics Specialists Conf. rec., 1999, pp.
281-286.

H. Yu, B.M. Song and J.S Lai, “Design of a ZVT soft switching chopper,” IEEE
Power Electronics Specialists Cpﬁf rec., 1999, pp. 287-292.

P.J.M. Menegaz, M.A. Co, D.S. L Simonethi and J.L.F Vieira, “Improving the
ZVT operation of dc-dc converters,” IEEE Power Electronics Specialists Conf.
rec., 1999, pp.

R. Ayyanar, and N. Mohan, “A Novel soft switching dc-dc converter with wide
ZVS range and reduced filter requirement,” /EEE Power Electronics Specialists
Conf- rec., 1999, pp. 433-438. |

J.Sun, G.K. Schoneman and D.E Jenkins, “ Small signal characterisation of a ZVS
dc/dc converter for pulse load applications,” IEEE Power Electronics Specialists
Conf. rec., 1999, pp. 445-450.

S.H. Ryu, D.Y. Lee, S.B. Yoo and D.S Hyun, “New zero voltage zero current
switching pwm dc-dc converters with one auxiliary switch,” /EEE Power
Electronics Specialists Conf. rec., 1999, pp. 445-450.

F.T. Wakabayashi, M.J. Bonato and C.A Canesin, “ A new family of ZCS pwm
converter,” IEEE Power Electronics Specialists Conf- rec., 1999, pp. 451-456.



[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

Bibiliography 190

T.S. Wu, S. M. Liang and C.H. Lee, “ A family of isolated single stage ZVS pwm
active clamping converters,” IEEE Power Electronics Specialists Conf. rec.,
1999, pp. 665-670.

Y. Jang and M.M. Jovanovic, “ A new technique for reducing switching losses in
pulse width modulated boost converters,” IEEE Power Electronics Specialists
Conf rec., 1999, pp. 993-998.

M. Nagao and K. Harada, ' Soft switched high power factor boost type ac/dc
converter and its fundamental analysis,” IEEE Power Electronics Specialists
Conf rec., 1999, pp. 681-687.

P.D. Ziogas, V.T. Ranganathan and V. Stefanovic, “ A four quadrant current
regulated converter with high frequency link,” IEEE Transactions on Industry
Applications, Vol.IA-18, no.5, pp. 499-506, Sep-Oct 1982.

D.M. Divan, “ The resonant DC link converter--- A new concept in static power
conversion,” IEEE Transactions on Industry Applications, vol. 25, pp. 317-325,
March/April 1989.

D.M. Divan and G. Skibinski,_“Zero switching loss converters for high power
applications,” in Conf. Rec. IEEE IAS, 1987, pp. 627-634.

P.K. Sood and T.A. Lipo, “ Power conversion distribution using a high frequency
AC link,” IEEE Transactions on Industry Applications, vol. 24, pp.288-299,
Mar/April 1988.

R. Tymerski, V.Vorperian and F.C. Lee, “ DC-to-AC inversion using quasi
resonant techniques,” IEEE Transactions on Power Electronics, vol.4, pp. 381-
390, Oct 1989.

D.Divan, G. Venkataraman and R. DeDoncker, « Design methodologies for soft
switched converters,” in Conf. Rec. IEEE IAS, 1989, pp.758-766.

S.K. Sul and T.A Lipo, “ Design and performance of a high frequency link
induction motor drive operating at unity power factor, “ /EEE Transactions on
Industry Applications, vol. 26, pp. 434-440. May/June 1990.

G. Hua and F.C. Lee, “ An overview of soft switching techniques for PWM
converters,” EPEJ, vol. 3 no.1, pp. 39-50, Mar 1993.



[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

Bibiliography 191

M_.Ehsani and T.S. Wu, “Zero current soft switched capacitively coupled DC-AC
converter for high power,” in Conf. Rec. IEEE IAS, 1993, pp.803-805.

A. Cherti, K. Al-haddad, L. A. Dessaint, T.A Meynard and D. Mukhedar, “ A
rugged soft commutated PWM inverter for AC drives,” IEEE Power Electronics
Specialists Conf- rec., 1990, pp. 656-662.

R.W DeDoncker and J.P. Lyons, “The auxiliary quasi resonant dc link inverter,”
proc. IEEE Power Electronics Specialists Conf. rec., 1991, pp. 248-253.

J.S Lai, R.W Young, Sr., G.W. Ott, Jr., C.P. White, J.W McKeever and D. Chen,
“A Novel resonant snubber based soft-switching Inverter,” /EEE, Applied Power
Electronics Conf- rec. 1995, pp. 797-803.

J.S Lai, R.W Young, Sr., G.W. Ott, Jr., C.P. White, J.W McKeever and F.Z. Peng,
“A delta configured auxiliary resonant snubber Inverter,” IEEE Transactions on
Industry Applications, Vol.32, no.3, may/Jun.1996, pp. 518-525.

J.S. Lai, R.W Young and J.W Mckeever, “ Efficiency consideration of DC link
soft switching inverters for motor drive applications,” in Conf. Rec. IEEE PESC,
1994, pp.1003-1009. B

C.Cuadros, D.Borojevic, S. Gataric, V. Vlatkovic, H. Mao, F.C. Lee, “Space
vector modulated, zero-voltage transition three phase to dc bi-directional
converter,” [EEE Power Electronics Specialists Conf- rec., 1994, pp. 16-23.

J.S. Lai and B.K.Bose, “ An induction motor drive using an improved high
frequency resonant link inverter,” IEEE Transactions on Power Electronics,
vol.6, pp. 504-513, July 1991.

G. Venkataraman and D. M. Divan, “ Pulse width modulation with resonant dc
link inverters,” IEEE Transactions on Industry Applications, vol.29, pp. 113-120,
Jan/Feb. 1993.

G. Venkataraman and D. M. Divan, *“ Control of Pulse width modulated resonant
dc link inverters,” in Conf. Rec. IEEE IAS, 1992, pp. 737-743.

J.S. Lai and B.K. Bose, “ High frequency quasi resonant DC voltage notching
inverter for AC motor drives,” in Conf. Rec. IEEE IAS, 1990, pp.1202-1207.



[179]

[180]

{181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

Bibiliography 192

V.G. Agelidis, P.D. Ziogas and G. Joos, “ An optimum modulation strategy for a
novel notch commutated 3-phase pwm inverter,” IEEE Transactions on Industry
Applications, vol.30, pp.52-61, Jan 1994.

Y. Murai, T.A Lipo, “ High frequency series resonant DC link power conversion,”
in Conf. Rec. IEEE IAS, 1988, pp. 772-779.

J.G. Cho, H.S. Kim and G.H. Cho, “ Novel soft switching PWM converter using
a parallel resonant dc link,” JEEE Power Electronics Specialists Conf- rec., 1991,
pp-241-247.

L. Malesani, P. Tenti, P.Tomasin and V. Toigo, “ High efficiency quasi resonant
dc link converter for full range PWM,” IEEE Applied Power Electronics Conf.
rec., 1992, pp.472-478.

J.He, N.Mohan, “Parallel resonant dc link circuit -- A novel zero switching loss
topology with minimum voltage stresses,” IEEE Power Electronics Specialists
Conf. rec., 1989, pp. 1006-1012.

K. Wang, Y. Jiang, S. Dubovsky, G. Hua, D. Boroyevich and F.C. Lee, “ Novel
Dc-Rail soft switched three phgsé voltage source inverters,” proc.of IEEE IAS,
1995, pp. 2610-2617.

[.Oh, M.J. Youn, “A simple soft switched pwm inverter using source voltage
clamped resonant circuit,” IEEE Transactions on Industrial Electronics, Vol. 46,
No.2, pp- 468-471, April 1999.

[.Oh, Y.S.Jung and M.Youn, “A source voltage clamped resonant link inverter for
a discrete time current control,” IEEE Power Electronics Specialists Conf. rec.,
1998, pp. 443-449.

M.D. Bellar, T.S Wu, A Tchamdjou, J. Mahdavi, M. Ehsani, “A Review of Soft
switched DC-AC Converters,” [EEE Transactions on Industry Applications,
Vol.34, NO.4, July/August 1998, pp. 847-860.

R.W DeDoncker and J.P. Lyons, “The auxiliary resonant commutated pole
converter,” proc.of IEEE IAS, 1990, pp. 1228-1235.

B. Agarwal and K. Shenoi, “ Design methodology for £AM,” IEEE Transaction
on communications, vol.31, no:3, March 1983, pp.360-369.



[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

Bibiliography 193

M. Kheraluwala and D.M. Divan, “Delta modulation strategies for resonant link
Inverters,” IEEE Power Electronics Specialists Conf. rec., 1987, pp.271-278.

R.D. Lorenz and D.M. Divan, “ Dynamic analysis and experimental evaluation of
delta modulators for field oriented Ac machine regulators,” proc.of IEEE IAS,
1987, pp- 196-201.

T. Habetler and D.M. Divan, “ Performance characterization of a new discrete
pulse modulated current regulator,” proc.of IEEE IAS, 1988, pp. 758-766.

L. Malesani, P. Tenti, D.M. Divan and V. Toigo, “ A synchronized resonant dc
link converter for soft switched PWM,” proc. of IEEE IAS, 1989, pp. 1037-1044.
D.M. Divan, G. Venkataraman, L. Malesani and V. Toigo, “ Control strategies for
synchronized Resonant Link Inverters, “ proc. of IPEC, 1990, pp. 338-345.

P.D. Ziogas, I. Moran, G. Joos and D. Vincenti, “ A refined PWM source for
Voltage and Current source converters,” proc. of IEEE IAS, 1990, pp. 977-983.
V.G. Agelidis, P.D. Ziogas and G. Joos, “ Optimum use of DC side commutation
in PWM Inverters,” IEEE Power Electronics Specialists Conf. rec., 1991, pp.
276-282. '

M. Boost and P.D. Ziogas, “ Sﬁte of the art carrier PWM techniques: A critical
evaluation,” [EEE Transactions on Industrial Applications, vol. 1A-24, No: 2,
pp-271-280, March-April 1988.

P. Enjeti, P.D Ziogas and J.F Lindsay, “Programmed PWM techniques to
eliminate harmonics-A critical evaluation,” [EEE Transactions on Industrial
Applications, vol. IA-26, No: 2, pp.302-316, March-April 1990.

R.S. Lai and K. Ngo, “ A PWM method for reduction of switching loss in a full
bridge inverter,” IEEE Applied Power Electronics Conf. rec., 1994, pp. 122-127.
A. Dosreis, J. Vieira.Jr, L. defreitas and V. Farias, “ A full bridge three level
single phase inverter with stressless commutation cell and special pwm
technique,” IEEE Applied Power Electronics Conf. rec., 1998, pp. 551-557.

B.M. Song, S.R Lee and J.S Lai, “An improved three phase auxiliary resonant
snubber inverter for ac motor drive applications,” IEEE Power Electronics
Specialists Conf. rec., 1998, pp. 423-428.



Bibiliography 194

[202] X. Yuan and I. Barbi, “ A transformer assisted ZVS scheme for the neutral point
clamped inverter,” IEEE Applied Power Electronics Conf. rec., 1999, pp. 1259-
1265.

[203] X. He and Z. Qian, “ A composite soft switching circuit for power inverters,”
IEEE Applied Power Electronics Conf. rec., 1999, pp. 1272-1278.

[204] J. Mahdavi, J. Roudet, R. Scheich and J.P. Rognon, “ Conducted RFI emission
from an AC/DC converter with sinusoidal current,  in Conf rec., [EEE IAS,
1993, 1048-1053.

{205] J.Mahdavi, M Tabandeh and A.K. Shahriari, “ Comparison of conducted RFI
emission from different unity power factor AC/DC converters,” IEEE Power
Electronics Specialists Conf. rec., 1996, pp. 1979-198S5.

[206] A.K.S Bhat and V.Belaguli, “ Analysis and design of hybrid parallel- series
resonant converter,” IEEE Transactions on Circuits Systems I, vol.44, pp.705-
711, Aug 1997.

[207] S. Farhangi, U.Kirchenberger and D. Schroeder, “Energy based closed form
solution of ZCS multi resonant éeﬁes parallel converter,” IEEE Transactions on
Power Electronics, vol. 11, pp. 285-291, mar 1996.

[208] J.G. Kassakian, “ A new current mode sine wave inverter,” JEEE Transactions on
Industrial Applications, vol. IA-18, pp.273-278, May June 1982.

[209] A.K.S Bhat, “ Operation of the high frequency resonant converters on the utility
line with improved characteristics,” I[EEE Transactions on Power Electronics,
vol.12 pp.623-636, July 1997. |

[210] X.Yuan, I. Barbi, “Control simplification and stress reduction in a modified pwm
zvs pole inverter, [EEE Applied Power Electronics Conf. rec., 1999, pp. 1019-
1025.

[211] T. Habetler, R. Naik and T. Nondahl, “ Design and implementation of an inverter
output LC filter used for dv/dt reduction,” JEEE Applied Power Electronics Conf.
rec., 1999, pp. 1279-1284.



Bibiliography 195

{212]) J. Jafar, B. Fernandes, “ A novel quasi resonant dc link PWM inverter using

(213]

(214]

[215]

[216]

(217]

[218]

[219]

[220]

minimum number of switching devices,” IEEE Applied Power Electronics Conf.

rec., 1999, pp. 1285-1290.

J. Jafar, B. Fernandes, “ A novel quasi resonant dc link PWM inverter using single
switch for soft switching,” IEEE Applied Power Electronics Conf- rec., 1999, pp.
1291-1298.

J. Jafar, B. Fernandes, “ A novel quasi resonant dc link PWM inverter for IM
drive,” IEEE Power Electronics Specialists Conf- rec., 1999, pp. 482-487.

X. Yuan and [. Barbi “ Evaluation of soft switching techniques for the neutral
point clamped inverter,” IEEE Power Electronics Specialists Conf. rec., 1999, pp.
659-664.

J. Y. Choi, D. Boroyevich and F.C. Lee, “ A novel ZVT three phase inverter with

coupled inductor,” IEEE Power Electronics Specialists Conf. rec., 1999, pp. 975-
980.

J. Chang, J. Hu and F.Z. Peng, “ Modular pinched dc link and soft commutated
three level inverter,” IEEE Pt_m.zer Electronics Specialists Conf. rec., 1999, pp.
1065-1070.

A.S. Ba-Thunya and H. A. Toliyat, “ High frequency transformer assisted a new
passive clamp ZVS quasi resonant dc link pwm inverter with low voltage stress
across the switches,” [EEE Power Electronics Specialists Conf. rec., 1999, pp.
981-986.

H.Ishikawa and Y.Murai, “A new series resonant dc link pwm inverter,” /IEEE
Power Electronics Specialists Conf- rec., 1998, pp. 436-442.

V.Vlatkovic, D.Borojevic, F.C. Lee, C. Cuadros and S. Gataric, “A new zero-
voltage transition, three-phase PWM rectifier/inverter circuit,” [EEE Power
Electronics Specialists Conf. rec., 1993, pp. 868-873.

[221] C.C.Chan, K.T.Chau, D.T.W.Chan, J.Yao, J.S.Lai, Y.Li, “Switching characteristics

and Efficiency improvement with auxiliary resonant snubber based soft switching
inverter,” IEEE Power Electronics Specialists Conf. rec., 1998, pp. 429-435.



[222]

[223]

[224]

[225]

[226)

[227]

[228]

[229]

[230]

Bibiliography 196

P.Tomasin, “A Novel topology of zero-current switching voltage source pwm
inverter for high power applications,” IEEE Power Electronics Specialists Conf.
rec., 1995, pp. 1245-1251.

J. Noon and D. Dalal, "Practical design issues for PFC circuits", IEEE Applied
Power Electronics Conf. rec., 1997, pp. 51-58.

J. Rajagopalan, F. Lee and P. Nora, " A generalized technique for derivation of
linear average current mode control laws for power factor correction without
input voltage sensing", JEEE Applied Power Electronics Conf. rec., 1997, pp. 81-
87.

L.H. Dixon, " Average current mode control of switching power supplies”,
Unitrode Power Supply Design Seminar Handbook, 1990.

W. Tang, F.C. Lee and R.B. Ridley, "Small signal modeling of average current
mode control", IEEE Transactions on Power Electronics, vol. 8, No.2, pp.112-
119, 1993.

J.P. Noon, "UC 3855A/B high performance power factor preregulator”, U-153,
Application notes, Unitrode quﬁoration.

C. Zhou and M.M. Jovanovic, " Design trade-offs in continuous current mode
controlled boost power factor correction circuits", High Frequency Power
Conversion Conf. rec., 1992, pp.

Y. Miguchi, A. Kawamura and R. Hoft, " Optimal pole assignment for power
electronic systems", IEEE Power Electronics Specialists Conf. rec., 1985, pp. 74-
88.

D.M. Mitchell and G. K. Schoneman, " On the selection of control-Law
coefficients for multiloop pwm switching regulators”, IEEE Transactions on
Power Electronics, vol. 4, No. 2, pp. 181-185, April, 1989.



197
APPENDIX A

Boost Converter Power circuit Design

The circuit diagram of a boost converter is shown in Fig. A.1.

L, D,
It 2 _9 idmw
n
Y i,}l’
4 Vi Y C .*Lyoé R,

w7

Fig. A.I PWM Boost converter

Table A.1 Definition of variables for Boost converter equations

173 L/(R.T)
T Switching period (1/£;)
D Duty cycle of switch S,

M Vo/Vi
I Minimum inductor current in a switching cycle
Iy Maximum inductor current in a switching cycle

ty Hold up time required by the load

Vomin | Minimum output voltage at which the load can work

The boost converter parameters for continuous inductor current (1) are summarized
below:

M=V, Vy=1/1-D) (A.1)

The ripple current in the filter inductor

Alin = Iy -1a) (A.2)



For a given ripple current inductor Lscan be found from /; and /.

v 1 M-1 P, Al;
1 =_0_ M_ - m n
? RL[ (2'TL)(M2 )] Vin 2

V 1 M -1 P; Al;
Iy =—2-| M+ =, i
b RL[ (2"‘LJ(M2H Vi 2

The average input current is given by
Iip (avg) = VoM /R,

The input rms current is given by
1/2
2 2
V 1 1 M-1
in(rms) RL[ 32, ) U M

The rms current through the output capacitor is given by

oo ) Gl

The rms current through the switch S, is given by

) L Vgt 12
Lsm(rms) =;°;{(M(M "»*(E)(z-q] ( e ) ]

The average current through the diode D,, is given by

1/2

Limavg)= Vo/RL

The output capacitor is usually determined by the hold up time required.

Co=QPottt) ! (Vo2 -Vomin®)
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(A.3)

(A4)

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

(A.10)
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If hold up time is not the prime concem, then the output capacitance is decided by the

output voltage ripple. The RMS ripple voltage across the output capacitor is given by

Vripple(ms) = Iermsy/ @Co (A.1D)
where © = 2nf..

The specifications of the boost converter designed in Section 3.4.2 are,

[nput voltage, Vin =100to 150 V DC
Output power, P, =300 W

Output voltage, ¥, =300V
Switching frequency, fs =250 kHz

The peak to peak ripple current in the input inductor from (A.2),(A.3) and (A .4) is given

v 157

M= V/V;, =300/100 =3

From the Table A.1

Substituting for t. from the Table A.1 in (A.11) and rearranging

Ly= [R.T/AL][(M-1)M?] (A.13)
With Al;,, = 0.5 and R, =300,

Ly= 533 uH. (A.14)

From (A.7)

Ic(m) =144 A (A15)
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With the RMS ripple voltage across the output capacitor set at 2 mV, from (A.11)

C= [[c(rms)/(a)VnppIe(rm))] =458 pF. (A.16)

The RMS current through the Switch from (A.8)

Lmemsy=2.5 A (A.17)

The average current through the diode from (A.9)
Iim@g=1.0 A (A.18)
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Power factor correction boost converter control design

The design of current compensator and the voltage compensator [223-228] is

presented here. Fig B.1 shows the basic control loop for average current controlled PFC

boost converter.

Lr b1 'q
et Y
. _)_gs yaN o] v
Sm oI
Zs ZS L:
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X N\ &

Multiplier
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>

=

To Gate of S,y

5~

Fig. B.1 Control circuit of the PFC boost converter
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Current Loop design

The cross over frequency of the current loop /. is selected to be
fe=//10 (B.1)
where f; is the switching frequency.
The gain Gig4, of the current loop amplifier
Gid= Vo Rsense/ Qrfc-Lr V) (B.2)
where ¥V, = output voltage, R,.... = Boost input current sense resistor, Ly = input boost
inductor, V; = peak of the ramp.
Choosing a value of R;, Rycan be calculatgd from
R=RilGi4 (B.3)
The cross over frequency 1. is given by
Je=1Q2nRsC.) (B.4)
To reduce the switching noise a pole is placed at half the switching frequency.

Jo =12 = /2R, [C.CAC-+Cp))) (B.5)

Using the above equations, the current loop can be designed.
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Voltage Loop design

The voltage loop error amplifier gain is the allowable error amplifier ripple voltage

divided by the output ripple voltage.
GVEA = Ver/ Vor (B-6)

where V., = error amplifier output ripple voltage
V.- = ripple voltage at the output of the boost converter.
This determines the THD of the line current.
Usually to maintain < 3% THD at full load and low line, the error amplifier ripple voitage
should be 1.5%.

Cv=1/Q2n-f-Gye)-R.) (B.7)
The power stage gain is given by
Gplp) = Vo/Ved = Pin | Ruf-VorAVgy-Co) (B.8)

where AVg, is the error amplifier output voltage swing.

At the cross over frequency f,

Grea(£)-Gps(fi) = 1 (B.9)
From (B.9), /. can be calculated.
The pole is placed at the cross over frequency so that a 45° phase margin can be attained.
The pole due to R, and C, should be placed at the cross over frequency.

Therefore,
Rv = 1/2nf,-C,) (B.10)



Appendix B 204

For the boost PFC converter designed in section 2.2.4.2, the closed loop parameters are

designed below.

Input ac voltage, Vi = 1701t0 250 V rms.
Output power, P, =600 W.

Output dc voltage, V¥, =380V.

Switching frequency, f; = 100 kHz.

Input inductor, L, = 500 uH.
Riense =0.1 Q.
Output capacitor C, = 1000 pF.

Current Loop design

From (B.1)
/e =100-10%/10 = 10 kHz

The power stage gain Gz from (B.2)
G:Af2) = (380-0.1)/(2n-10-10%%-500-10%.5.2) = 0.2326
With R, = 3.3 kQ, from (B.3)
Rr= R/Gy4 = 14.187kQ.

From (B.4)
C.=1/(2n-10-10%.14.187-10%) = 1.12 nF.

From (B.5)
C, = 1/(21-50-10%.14.187-10%) = 224 pF.

(B.11)

(B-12)

(B.13)

(B.14)

(B.15)



Voltage loop design

Vor =2P;n/21-120-Co-V, =439V

Ver =0.015(5)=0.075 V

From (B.6)
Grea =0.075/4.39=0.017V

With R. = 940 kQ, from (B.7)

C,= 1/(21-120-0.017-940-10) = 83 nF.

Substituting (B.7) and (B.8) in (B.9) and simplifying,
f»=10Hz.
Then, from (B.10) the resistor R, is obtained as

R,=1/(2%-10--83-10%%) = 191.75 kQ.
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(B.16)
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