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ABSTRACT

A ZERO VOLTAGE SWITCHING BOOST CONVERTER USING A SOFT
SWITCHING AUXILIARY CIRCUIT WITH REDUCED CONDUCTION
LOSSES.

NIKHIL JAIN

Modern AC-DC power supplies utilize power factor correction in order to minimize
the harmonics in the input current drawn from the utility. The Boost topology is the most
popular topology for power factor correction today but it has some disadvantages like very
high EMI due to reverse recovery of the boost diode and high switching losses caused by
hard switching of the boost switch.

Many variations of the original boost topology have been suggested to overcome
these problems. The Zero Voltage Transition Boost converter is one such solution. In such a
converter an auxiliary resonant circuit is employed which is activated only when the boost
switch is turning on or off. This auxiliary circuit allows the boost switch to turn on and off
under zero voltage conditions thus reducing the switching losses. However the auxiliary
circuit might be very complex and conduction losses in it might offset the expected rise in
efficiency.

In this thesis a soft-switching boost power converter is proposed and analyzed. This
converter reduces the EMI and increases the efficiency because the auxiliary circuit is itself
soft-switching and has low conduction losses due to creative placement of the resonant
capacitors. Characteristic curves are generated for the proposed converter which not only
give valuable insight on the behavior of the converter but also aid in designing the converter.
The feasibility of the proposed converter is examined by means of results obtained from an

experimental prototype.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

In modern power applications a reliable ac—dc power converter is required. For
power applications above 250 W, a two stage process is usually used to provide an isolated
and regulated dc output voltage. The first stage of such a converter is a rectifying stage that
converts the ac voltage to dc and the second stage is an isolated dc—dc converter that
converts the dc input voltage into a regulated dc voltage at the output as shown in Fig. 1.1.
One of the most important functions of the rectifying stage is to provide Power Factor
Correction (PFC) of the input current in order to minimise the harmonics in it.

Historically diode bridge rectifiers with a large capacitor at the dc bus have been
used to convert the ac voltage to a dc voltage. But diode bridge rectifiers draw a very high
peak current from the ac utility as shown in Fig. 1.2(b) which is rich in harmonics and thus
gives a very poor power factor of about 0.6. International standards such IEC 61000 and
IEEE 519-92 lay down the maximum amount of harmonics that can be tolerated in the
system and diode bridge rectifiers cannot match these criteria.

Many topologies such as Buck, Boost, Single Stage converters etc. can be used for
PFC applications to overcome these problems. These topologies are shown in Fig. 1.3 and
their input currents are shown in Fig. 1.4. The filtered input current in most of these

topologies resembles Fig. 1.2 (c) closely giving a power factor close to unity.
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The most popular among these topologies is the Pulse~Width—-Modulated (PWM)

boost converter which is used in almost 85% of PFC applications today [1] —[5].

1)

The reasons why boost topology is preferred as a PFC pre-regulator are:

The input current in the boost topology has the smallest current ripple as can be seen
from Fig. 1.4(a). Thus the filtering requirements for this topology are the lowest
resulting in a small filter.

Buck pre-regulators require a larger filter at the input since the input current is
“chopped up.” They also provide an output voltage that is always lower than the
minimum input voltage and this causes problems at zero crossings of the input ac
voltage. Although with some modifications buck pre-regulators can give an almost-
unity power factor the solutions require a large output inductance for continuous
conduction [6] — [7]. This increases the size of the converter as well as cost. For same
power level the boost topology gives same Total Harmonic Distortion (THD) with a
much smaller inductance.

Single-stage converters improve efficiency over two-stage converters by processing
power only once to give a regulated dc output voltage which also reduces the cost of
the overall control circuit. However they require a larger high voltage dc bus capacitor
than the two stage approach which increases cost of converter as the power level
increases [8]. Also it is preferable to operate these converters in discontinuous
conduction mode to keep the control simple but this increases both the input rms
currents resulting in higher conduction losses as well as higher Electro Magnetic
Interference (EMI). A large EMI filter has to be provided at input [9] to filter the input

current shown in Fig. 1.4(c). Some of the converters rely on variable frequency



control making design of filter complex [10] so the power level of single-stage

converters is limited to a maximum power of 150-250 W.

1.2 PWM B0OST CONVERTER FOR PFC APPLICATIONS

The switch mode boost converter can perform power factor correction by shaping
the input current to be sinusoidal and forcing it to follow the input voltage waveform. This
achieves a power factor close to unity and the harmonics are also reduced. However boost
converters suffer from their own set of disadvantages:

1) The output of a boost converter is always greater than the peak input voltage. So if a
converter is designed for Universal Input Line Applications (90-265 Volt) the output
dc bus voltage must be greater than the peak of the 265 Volt ac wave. Thus the output
voltage of the boost must be kept at least 400 V and turning on the main switch of the
converter at such a high voltage causes a lot of turn—on losses in the switch.

2) The boost switch has hard turn-on as well as hard turn-off and the boost diode has a
hard turn—off and as can be seen from Fig. 1.4(a). This causes additional losses.
During the reverse recovery of the boost diode the output capacitor is shorted to
ground and this causes a very large and negative current spike to appear in the
converter switching waveforms. This current spike causes a large amount of EMI in
the circuit and can cause problems in telecommunication systems.

Thus a converter which can minimise these switching losses and reduce the EMI is

required. The losses can be substantially reduced by using soft switching techniques



1.3 LOSSES IN HARD SWITCHING

The reason why there are switching losses in any switch mode power converter is
that when the switching element turns on or off, high voltage and current are present
simultaneously in the switch. This leads to very high instantaneous power loss in the

switch resulting in a low efficiency of the converter as shown in the following Fig.
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Fig. 1.1.1 Generic Switching Waveforms a) Control Signal b) Switch Current and

Voltage, c) Instantaneous Switch power loss.

As there are f; such turn—on and turn—off transitions during each switching cycle

then the switching loss in the switch as given in [1] shall be:

'(ton +toj’) (1'1)



This equation shows that the switching loss in any semiconductor switch varies
“linearly with switching frequency f; and the delay tirhes. Such a switch mode converter is
therefore unsuitable for operation at high frequencies above 20 kHz. Although switching
stresses can be reduced by using simple dissipative snubbers across the switch the
efficiency of the converter is not improved as the switching power loss shifts from the
switch to the snubbers.
From equation (1-1) an important result can be deduced that switching losses can
be reduced by two methods:
(i) By reducing the turn—on and turn—off delay times. This is done by using faster and
more efficient switches in the converter.
(ii) By making the current or voltage across the switch zero before turning it on or off.

Soft switching resonant converters are based on this concept.

1.3.1 RESONANT SOFT SWITCHING SCHEMES

There are two types of resonant soft switching depending on whether the voltage
across switch or the current through switch is made zero:

(i) Zero—Current Switching (ZCS): A switch that operates with ZCS has an inductor in
series with it and a series blocking diode if the switch is bi-directional. The switch is
turned on with ZCS as the series inductor slows down the rate of rise of current after
voltage across switch goes to zero. If a negative voltage from a resonant circuit is
made to appear across the switch—inductor combination, then the current through
switch will naturally reduce to zero and switch is turned off with ZCS as shown in

Fig. 1.1 (a).



(ii) Zero—Voltage Switching (ZVS): A switch that operates with ZVS has an anti- parallel
diode and a capacitor across it. If negative current is forced to flow through the anti—
parallel diode then voltage across switch reduces to zero and then the switch is tumed
on with ZVS. During turn—off the capacitor across switch reduces the rate of rise of

voltage across device as current reduces to zero as in Fig. 1.1 (b).
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Fig. 1.1 (a) ZCS turn—off using negative voltage (b) ZVS turn—on using negative

current.



ZVS is preferred over ZCS because with ZVS the parasitic switch capacitance
dissipates its energy into the load. If there were no ZVS this parasitic capacitance would
dissipate as heat in the switch which lowers the efficiency of the system.

There are three main types of resonant converters — 1) Series resonant 2) Parallel
resonant and 3) Series-parallel resonant converter. These converters have been discussed in
[11] and operate with variable frequency control. They are suitable for the dc-dc converter
stage only since it is difficult to implement power factor correction as well as output
voltage regulation in the control circuit. Several modifications of the original topologies
have been proposed which work under fixed switching frequency but almost all are
suitable for use as dc-dc converters only.

For use as ac-dc converter, a new class of resonant converters utilising PWM
techniques called Quasi-Resonant Converters (QRC) was developed in [12]-[13]. These
converters have ZVS of the main switch but they suffer from parasitic oscillations between
the resonant inductor and parasitic capacitance of the rectifying diode. These oscillations
affect the stability of the system and damping them results in power loss in the converter.
Multi-resonant converters solved this problem by using the various parasitics of the
converter as a part of the resonant network [14]-[15]. But they suffer from increased
complexity of converter leading to more cost. Also the size of the converters is not reduced
much even though the switching frequency can be pushed to as high as 10 MHz.

Another approach to achieve high efficiency in ac-dc converters was to integrate
the diode bridge with a resonant boost PFC pre-regulator by using controllable switches in
the diode bridge [16]. This resulted in lesser conduction losses in the converter as the input

current flowed through two switches only instead of three which was the case when the
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diode bridge and boost stage were separate. But these did not result in high efficiency [16]
because of hard switching or because the switches had ZCS and not ZVS which is more
efficient [17]. The converter in [18] works with slightly higher efficiency but with variable
frequency operation. Some of the converters were very complex [19] — [20] which have
isolated sensing of voltage and current which makes converter expensive as well. The

converter in [21] has many sub-circuit modes which makes converter design difficult.

1.3.2 ZERO VOLTAGE TRANSITION CONVERTERS

Zero Voltage Transition (ZVT) converters were proposed in [22] and [23]. In ZVT
converters there is an auxiliary resonant circuit across the main switch. The auxiliary
circuit is activated only during the main switch transitions and so it is on for only a small
time during the switching cycle. Therefore resonance occurs only during the switch
transitions. This limits the auxiliary circuit losses. As the resonant inductor slows down the
rate of fall of current through the boost diode, the EMI of the ZVT boost converter is also
low.

Although highest efficiency of the rectifier is achieved using the ZVT boost
converter, some common disadvantages of this class of converter are:

1) The circuit suffers from high stress in across the auxiliary switch as in [22] —[26].

2) The converter in [27] suffers from higher conduction loss due to high rms currents in
auxiliary circuit and the boost diode.

3) The converter in [28] suffers from parasitic resonance between the resonant inductor
and parasitic capacitance of the auxiliary switch. The saturable inductor limits the

switching frequency also.
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4) Control of the converter in [29] is very complex.
5) The converter in [30] cannot be used for PFC applications as optimum design for ac
input is difficult.

The converter proposed in [31] and [32] overcomes all the above problems at the
cost of slightly greater voltage stress across the auxiliary switch. However it makes use of
an auxiliary transformer to feed-forward some of the energy of the auxiliary circuit to the
output. The design of this transformer is difficult as the leakage inductance of this
transformer causes severe oscillations in the current through the main switch. Also there
are conduction losses in the auxiliary circuit which limit the rise in efficiency. So it is
desirable to have a feed-forward mechanism in the auxiliary circuit without using this

transformer.

1.4 THESIS OBJECTIVES

This thesis presents a ZVT converter with a soft switching auxiliary circuit which
has reduced conduction losses, for PFC applications. The main objectives of the thesis are
to:

(1) Analyse the steady—state operation of the proposed converter under the worst case
condition that is defined as the peak of the input ac voltage wave when input current is
maximum and the ZVS interval is the least.

(i1) Present design characteristics of the converter based on the steady state analysis,
which help in understanding the internal working of the converter.

“(i11) Present the control scheme used to achieve power factor correction.

(iv) Specify the design guidelines with a design example to assist in the design process.

12



(v) Verify with results from an experimental prototype the design procedure and

feasibility of the proposed converter.

1.5 THESIS OUTLINE

The contents of the thesis are as follows:
In Chapter 2 the proposed ZVT converter is described and its operation explained. The
steady state analysis is performed during a single switching cycle of the main switch.
Analytical results are given at the end of the chapter.
In Chapter 3 characteristic curves of the converter are obtained based on the steady state
analysis of Chapter 2. These curves help provide insights into the working of the converter.
In Chapter 4 control of the proposed converter for PFC applications is described.
In Chapter 5 a design example is given which makes use of the design curves of Chapter 3.
Experimental results from a laboratory prototype are given which verify the design
procedure and the usefulness of the topology.
In Chapter 6, a summary of the thesis is given. Conclusions and contributions of this thesis

are discussed. Suggestions for future work in this area are also suggested.
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CHAPTER 2

A ZERO VOLTAGE SWITCHING BOOST
CONVERTER USING A SOFT SWITCHING
AUXILIARY CIRCUIT

2.1 INTRODUCTION

In examining previous ZVT converters it is found that many [22]-[25] do not offer
a lossless turn—on and turn—off of the auxiliary switch which results in lower efficiency in
the converter. These converters also have to incorporate a capacitor as a snubber across
the main switch in orde;' to achieve its zero voltage turn—off. The addition of this
capacitor results in higher rms current in the auxiliary switch that results in more
conduction losses in the auxiliary circuit. Also it is seen from [31] that adding this
capacitor also results in lesser ZVS tumn-on interval of the main switch if other
parameters in the auxiliary circuit are kept the same. All these points indicate that it is
desirable to keep the value of this capacitor the least possible. As the switch always has
some parasitic capacitance associated with it so this capacitance is the minimum which a
converter should have across the main switch.

This chapter presents a new topology which overcomes the above mentioned
drawbacks. Steady state analysis of the proposed converter during a switching cycle is
presented from which design curves are obtained in Chapter 3 which are then used in
Chapter 5 in designing the ZVT converter. Experimental results obtained from a

prototype are shown and finally the main points of this chapter are summarised.
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The outline of this chapter is as follows:

Section 2.2 gives a short functional description of the proposed converter.

The converter’s features are presented in Section 2.3

The steady state analysis of the ZVT converter is presented in Section 2.4.
Section 2.5 presents analytical waveforms obtzained from the steady-state analysis.

Section 2.6 summarises the key points of this chapter.

2.2 FUNCTIONAL DESCRIPTION

Fig. 2.1 shows the ZVT converter that is being presented and analysed in this
thesis. The circuit can be assumed to be made up of two parts:
1). The main power circuit consisting of a diode bridge, main boost switch S;, boost
inductor L;, the boost diode D;, and the cutput capacitor C,.
2). The auxiliary circuit consisting of the resonant inductor Z,, resonant capacitor C, and
another capacitor Cp, auxiliary switch S and diodes D;, D3, D4 and Ds.

The output load is represented by an output resistance Rj.qs. The diode bridge
rectifies the variable input AC source voltage at 60 Hz into an uncontrolled DC voltage.
The boost inductor L;,, main switch S; and boost diode D, form a simple boost converter
which converts the uncontrolled DC into a controlled DC bus voltage at the output
capacitor C,. Capacitor C, filters the second harmonic current and prevents its appearing
at the load. Switch S, is turned on just before S, and serves to achieve a zero current turn—
off of the diode D; and also discharges the parasitic capacitance across S; to ensure ZVS

of §;. Auxiliary circuit resonant components C, and L, make possible the ZCS turn—on
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Fig. 2.1 The proposed ZVT PWM boost converter.

and ZVS turn—off in S>.
Diode D: is placed in series with S, to prevent conduction of the body diode of the
auxiliary switch which is a slow recovery diode. This will also prevent the parasitic

capacitance of S from resonating with L,. Diode Ds is a fast recovery diode which is

placed across S, and allows current to flow in direction opposite to switch S, current.
Diode D, forces this reverse current to flow through capacitor C, which will store
a part of the energy from the resonant capacitor C, and will acquire a negative voltage. If
capacitor C, was not present then all the energy from the resonant circuit would have
been dissipated in the main switch as conduction losses. But C; is able to store some of
this energy which is sent to the output load at the end of the switching cycle.
When the switch S, is turned off it will do so with ZVS because the net voltage

across S; will not be the output voltage V, but voltage ¥V, minus voltage across C;. The
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resonant peak current through the main switch is also reduced because capacitor Cb is
able to store some of the energy of the resonant circuit which would have otherwise been
wasted as conduction losses. Diode D; is prevented from turning on by the negative
voltage across Cp and so the current first discharges C; into the load through diode Dj; and

only then does D; conduct.

The brief description of the converter’s principle of operation is:

The auxiliary switch S> is turned on before S;. L, limits the rate at which current
falls from diode D; to S>. When D; is turned off then the parasitic capacitance of S;
begins to discharge into the auxiliary circuit. The voltage across S; begins to fall as it is
no longer clamped to output voltage V,. Switch S, is turned on with ZVS when voltage
across it goes to zero. Sometime after this turn—on the resonant current in auxiliary circuit
reverses direction and current begins to flow through S;. Diode Ds begins conduction and
as voltage across S goes to zero it is turned off with ZVS. Capacitor C, is charged by this
resonant current and is latched to a particular voltage after the auxiliary circuit stops
conduction. When S, turns off then the full output voltage ¥, does not appear across it as
diode D; cannot conduct and so it turns off with ZVS. When capacitor C, discharges its
energy into the load through diode Dj, then circuit is reset for the next switching cycle

and behaves as a conventional boost converter.
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2.3 CONVERTER FEATURES

The main feature of this converter is the simple auxiliary circuit containing few
components. A floating gate drive for the auxiliary switch S, is not required as it is
connected to ground.

The auxiliary switch S> has a soft turn—off in this converter which is a feature not
found in many ZVT converter topologies. This soft turn—off is important as without it
some of the reduction in switching losses of the main switch is offset by increased
switching loss in the auxiliary switch. Most ZVT topologies use a dissipative snubber in
the auxiliary circuit to minimise the oscillations caused by resonance between inductor
and output capacitance inside the auxiliary switch. However these problems do not arise
in the proposed converter as switch S, has a ZVS tumm—off because of conduction of anti—
parallel diode Ds.This makes the voltage across the parasitic capacitance of S, zero while
1t is being turned off and so these oscillations are reduced to a minimum.

Another feature in the converter is that feed-forward of part of the auxiliary
resonant circuit energy is made possible by using only a single capacitor Cp. In [31] and
[32] the same feature is implemented by using a transformer in the auxiliary circuit. The
leakage inductance of this transformer causes ringing in the auxiliary circuit current and
selection of the turns-ratio of this transformer is also difficult.

Another feature is the ZVS turn—off in the main switch §; without using an
external capacitor across it. This is because during turn—off the whole output voltage does
not appear across S;. The voltage across C; prevents D, from conducting and the voltage

that appears across S is the difference of the output voltage and voltage across Cj.
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2.4 STEADY STATE ANALYSIS

This section describes the steady state analysis of the auxiliary circuit of the
converter during one switching cycle. The purpose of this analysis is to obtain
characteristic curves of the converter which aid in designing the converter.

The converter has two modes of operation — Mode 1 occu;ring at larger duty
cycles when current in auxiliary circuit goes to zero before the main switch S; is turned
off and Mode 2 occurring at lower duty cycles when switch S; turns-off before current in
auxiliary circuit has gone to zero. The difference between these two Modes is that in
Mode 1 the auxiliary circuit stops conduction before S; is turned off while in Mode 2, S;
turns-off while the auxiliary circuit is still conducting and this leads to partial charging up
of capacitor C, and more turn-off losses. However Mode 2 occurs at high input voltages
only when the input current is low and so conduction losses in this mode will also be low.
Later on it will become clear from the design curves of Chapter 3 that converter must be

designed in Mode 1 because ZVS interval under it is lesser than under Mode 2.

2.4.1 SIMPLIFYING ASSUMPTIONS

The steady state analysis of the auxiliary circuit is carried out using the following
assumptions:
1. The input inductor L;, is assumed to be large enough to be considered a constant
current source, [, during the working of the auxiliary circuit in one switching cycle.
2. Output voltage ¥, across the load is constant over one switching cycle of the

auxiliary circuit as the output capacitor C, is large.
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3. Diodes Dy, D», D3, D4 and D5 are all assumed to be ideal with no voltage drop or on-
state resistance.

4. Auxiliary switch S is assumed to have a small on-state resistance R, of | Ohm and
zero parasitic capacitance while main switch S; has a parasitic capacitance C; and no
on state resistance.

5. All inductors and capacitors are ideal with no ESR of capacitors or parasitic

resistance of inductors.

2.4.2 DESCRIPTION AND ANALYSIS OF THE CONVERTER SWITCHING INTERVALS IN

MODE 1

The proposed converter has eight different operating intervals for a single steady
state switching cycle under this Mode. The key waveforms of the converter are shown in
Fig. 2.1 and the equivalent circuit for each interval is shown in Fig. 2.2. Mathematical
equations which define the converter's behaviour during each of the switching intervals

are derived here.

1) Interval 0 [t < t,]

Before time t = to the main boost switch S; is on and conducting the full input
current /;,. The auxiliary circuit is inactive and the converter is behaving as a simple
PWM boost converter. The resonant capacitor has a voltage V¢, and the voltage across

the auxiliary switch is ¥V, — Viro-
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2) Interval l [t,—1t]

At instant to the auxiliary switch S, is turned on. The whole output voltage 7,
appears across the auxiliary circuit and current through resonant inductor Lr begins to rise
from zero. This rate of current rise is limited by L, and so current is slowly diverted from

the boost diode D1. The equations characterising this interval are:

d, . 1°
Lr 7 - I/o —E:Té[[bdt -VCro -I[J' -Rr (2‘1)
d
G- ;VCr =1, 2.2)

Using the initial conditions / ;- =0, and ¥V ¢ = V ¢, €q. (2.1) and (2.2) can be

solved to give:

[, === V(j e}"; -sin(@,) (23)
Ve, = 220 —V,)- €7 -cos(@t —y) +7, (2.4)
where
f=5 @)
0, = ——— @.6)
L-C.
0, =Jo] & @.7)
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y =tan™ () (2.8)
@

The current flowing in the auxiliary circuit at the end of this interval equals the

input current /;, and the resonant capacitor acquires a negative voltage V..
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Fig. 2.1 Ideal Auxiliary circuit switching waveforms under Made 1.
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Fig. 2.2 Operating intervals for a single switching cycle of the proposed ZVT

converter under Mode 1.
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3) Interval 2 [t; —t,]

As the whole input current is flowing through auxiliary circuit at instant t; there is
no current through diode D). At this point the parasitic capacitance of switch S; begins to
discharge into the auxiliary circuit. The auxiliary circuit current /. continues to rise in
this interval and will be the sum of the input current and the current through C;. The

equations in this interval are:

d 1 |
L,;t-[u=—VC,1—C—-IIL,-dt—R,-IL,+Vc: (2.9)
r o
C,%Vc, -1 (2.10)
d
C:ZI/C: = ([in -ILr) (2'11)

Using the initial conditions I;, = I;, and V¢, = Very and Ve, = V, the eq. (2.9)-(2.11)

can be solved to give:

C
I, =e* (4. cos(@,1) + B -sin(@,, 1))+ 1,, = (2.12)

5

Ves =e ¢! ,[EE_.cos(a),pt)+Ci-sin(w,,,t)}+l,—,, ‘%’-—'t"'Vo "f (2.13)

S s Ky s

Ve, = —-[ RAE [—éi cos(@, 1) + (I;

r r

C
-sin(aJ,pt)I’-i»Im-c ”C -t+VC,l+—§— (2.14)

r 5 r
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where

Cc = C -C,
P C +C,
. = 1
op T
L-C,
o, = w,,” =&
C
A=1,-—£
C,
B l70 VCr-l—[b.Rr-*-Lr.é'A
@, -L
=§-A+.B-a),p
@,
=§ B-4-w,
w 2

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

This interval ends when the capacitance C; has been fully discharged into the

auxiliary circuit. At end of this intervall the current in the resonant inductor equals ;> and

the voltage across resonant capacitor bsecomes V¢;,.
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4) Interval 3 [t; —t;]

At instant t, the capacitance C, has been fully discharged and now the current
starts flowing through the anti—paralle! diode. This is because the current drawn by the
resonant inductor L, is still greater than the input current J;; and KirchhofFf’s current law
must be satisfied. The main switch S; is turned on with ZVS during this interval as

conduction of the body diode make voltage across S; zero. The equations in this interval

are:
d 1 ¢
L le = Ve ——Cj-g'lu .dt—I,-R (2.22)
d
C=Vor =1y, (2.23)
Using initial conditions ;- = I1,> and V¢, = V2 €q. (2.22) - (2.23) can be solved to
give:

V'Cr2+Lr'§.ILr2
o, L

r r

I, =e**. [I 12 - COS(@, ) — . sin(a),t)) (2.24)

I,y +&-Vep,-C
GJ,.'C,.

Ve, =75 -[VC,Z - cos(@,t) + . -sin(w,t)) (2.25)
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This interval ends when the current in the auxiliary circuit becomes equal to the
input current. The current in the auxiliary circuit becomes /;,; and the voltage across the

resonant capacitor becomes Vcr3.

5) Interval 4 [t;—t4]

After instant t; the current in the auxiliary circuit becomes less than the input
current. The difference between the input current and auxiliary circuit current will flow
into the main switch S;. This interval has the same equations as those for the previous
interval except Iz, is replaced by I3 and V¢, is replaced by Ve¢,s in eq. (2.24)-(2.25). this
interval ends when the current in the auxiliary circuit becomes zero at instant t;. At the
end of this interval the voltage across resonant capacitor becomes V¢4 and current [;,

becomes zero.

6) Interval 5 [ty—t5]

In this interval the current in the auxiliary circuit reverses and begins the negative
portion of the resonant current. Current through the main switch S; becomes the sum of
the sum of the input current and the auxiliary circuit current. The diode D; in series with
auxiliary switch S, prevents the body diode of S, from conducting and as a result anti —
parallel diode Ds across S: is forced to conduct. The voltage across Sz goes zero and the
auxiliary switch can be turned off with ZVS during this interval. Typically the switch S
is turned off between time 0.6 T, to 0.9 T,. The current causes capacitor C, to charge. The

equations are:

d 1 o
L2, =V~ (1, -di——- (I, -dt 226
r dt Lr Cr4 Cr 6[[-'- Cb 6[Lr ( )
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(2:27)

(2.28)

Using initial conditions /;, = 0 and V¢, = V¢4 €q. (2.26) — (2.28) can be solved to

give:
I, =={Cpy @, Very -sin(@, 1)) (2.29)
V. = Cov V., -cos(@, 1)+ 22V (2.30)
r Crd opb Crd °
G C ” C,
C C
Ve =22V, -COS(wopbt)—C—””- Vers (2.31)
b b
where
C - Cb
=" 2.32
®C +C, (2.32)
@, = (2.33)
opb Lr - C,pb .

This interval ends when the current /;, goes to zero and the auxiliary circuit
becomes inactive for the duration of the switching cycle. The voltage on the resonant

capacitor goes back to V¢,, at the end of this interval and C; is charged to Veps.
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7) Interval 6 [ts—ts]

The converter operates exactly like a standard PWM boost converter during this
interval as the auxiliary circuit is not in operation. The input current drawn from the input
inductor increases linearly to [, p if D is the duty cycle of the converter. The equations in

this interval are:

L, p=1,+ =_.D-T, (2.34)

This interval lasts until the main switch is turned off at instant t.

8) Interval 7 [ts—t;]

When main switch S; is turned - off at the beginning of this interval the voltage
across capacitor C, prevents boost diode D, from conducting. As a result the voltage that
appears across S; is the difference of output voltage and voltage across C;. The internal
capacitance of S; also limits the rate of rise of voltage across the switch and so S; is
turned—off with ZVS. The input current [, p begins to discharge the capacitor C; into the

output through the diode Dj;. The equations in this interval are:

Cy ~ZVCb =1, (2.35)

The above equation can be solved using the final condition that V¢, = 0 at the

end of this interval. eq. (2.35) gives:
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Iin
Voo = =2 1+ Vs (2.36)

This interval lasts until the capacitor C, has discharged fully into the output.

9) Interval 8 [t; —ts] (same as Interval 0)
As soon as Cj, is discharged it is no longer able to latch diode D; which begins to
conduct the current. The current continues to flow through diode D; until the next

switching cycle begins and auxiliary switch S is turned on again.

2.4.3 DESCRIPTION AND ANALYSIS OF THE CONVERTER SWITCHING INTERVALS IN

MODE 2

The auxiliary circuit switching waveforms in Mode 2 are given in Fig. 2.1. The
equations (2.1) — (2.25) hold true under this mode also. The difference occurs in the rest

of the equations which are:

1) Interval 5 [ty—ts5]:
The equations in this interval are same as (2.26) — (2.33) above. However the

interval ends suddenly when S, turns-off at minimum duty cycle given by:

D, =1-——_fm (2.37)
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By finding out D, from above and multiplying it by T, instant ts can be found.
Replacing variable t in (2.29)-(2.31) by (ts-ts) the equations can be solved. At the end of

this interval the current through L, is I;,s and voltage across C, isVc¢;s.

2) Interval 6 [ts—ts]:

In this interval the remaining resonant current /;,s is discharged directly into the
output via diode Dj; without charging up the capacitor C; fully. At the same time the
partial voltage across C, prevents boost diode D, from conducting and the boost inductor

current starts discharging Cj into the output through diode D; only. The equations are:

Vo = Vs +—2 — (2.38)
b
I, =C, -wv[[— 2.V, —V,)-sin(w,2)]+ C[ L'; -cos(a)ot):l (2.39)
V., =(Q2-V.,, —V)-cos(w,) + c[ LS . sin(@,t) = (Ves ~V,) (2.40)
-,

r o

This interval ends at instant t when current through L, has gone down to zero and
voltage across C, goes back to V¢,,. Note that the value of V¢, under Mode 2 is different
from that under Mode 1 for the same set of parameters. During this interval capacitor C,

is also discharging into the output and the equation for its discharge is given by
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VCb — _in_Dmin 'I+VC[>5 (2.41)
Cb
where
4
[in_Dmin :Iin+2i-Dmin'T:w (2’34)

3) Interval 7 [ts —t7]:
In this interval also C, is discharging to the output and the interval lasts until t; by
which capacitor C;, has completely discharged and the auxiliary circuit is reset for another

switching cycle.

2.5 ANALYTICAL AND SIMULATED WAVEFORMS OF THE PROPOSED

CONVERTER

The steady state analysis in the previous section can be verified by using selected
values of resonant inductance L,, resonant capacitance C,, capacitor Cp ,variable K etc. in
the program and plotting the waveforms so obtained. Then these waveforms can be
checked by simulated waveforms obtained by using the same values of components in a
circuit simulator tool such as Psim. These results can also be compared to the ideal
waveforms in Fig. 2.1 and Fig. 2.1 to test the accuracy of the mathematical model defined
by the equations in the previous section.

The values used to obtain these analytical and simulated waveforms were selected
to be in accordance with the design example in Chapter 5. It will be seen later that these

analytical waveforms match very closely the experimental waveforms of Chapter 5.
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Fig. 2.1 Analytical waveforms of the Auxiliary circuit in Mode 1.
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Fig. 2.2 Simulated waveforms of the auxiliary circuit in Mode 1.
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Fig. 2.3 Exploded Simulation waveforms of the auxiliary circuit in Mode 1

emphasizing the turn-on and turn-off periods of main switch.
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Fig. 2.1 shows the analytical waveforms obtained from the program and Fig. 2.2
shows simulated waveforms from Psim. On comparing the two figs. it is seen that they
match to a great extent. The only significant difference is that in the analysis the input
current [, from input inductor is assumed to be constant while in the simulated results of
Fig. 2.2 this current rises to [in_acruar due to boost action.

Fig. 2.3 shows the exploded simulation waveforms which emphasize the turn-on
and turn-off conditions in the auxiliary circuit. This fig. is the same as Fig. 2.2 except that
it shows more clearly what is happening in the auxiliary circuit. This fig. is seen to match
the ideal auxiliary circuit waveforms of Fig. 2.1 except that at turn-off the voltage across
the main switch V5, starts not from zero but at a voltage level slightly higher than zero.
The reason for this will be made clear in Chapter 3 and Chapter 5.

Fig. 2.4 shows the analytical waveforms for Mode 2 of operation. The values for
which this fig. has been drawn is different from those used in the design example of
Chapter 5. This is because the values chosen in Chapter 5 allow the converter to work in
Mode 1 throughout the input Universal Voltage range. This will be clarified further in
Chapter 5.

So it can be deduced that the steady state analysis of this chapter is valid as it has

been verified by simulation results.

2.6 CONCLUSIONS

The proposed ZVT Boost converter was introduced in this Chapter. This
converter has an auxiliary circuit which has low conduction losses and simple

construction.
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The steady state analysis of this converter was also covered in this chapter.
Analytical waveforms were then obtained from the equations and were found to be in
good conformance with the ideal waveforms of the auxiliary circuit. This steady state
analysis will then be used in Chapter 3 to obtain characteristic curves of this converter

which help in the design process.
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CHAPTER 3

CHARACTERISTIC CURVES OF THE ZERO
VOLTAGE TRANSITION CONVERTER

3.1 INTRODUCTION

In order to properly design the converter, characteristic curves showing the
relationship between switch voltages, currents and various auxiliary circuit component
values are needed. Using the analytical equations derived in Section 2.4 of Chapter 2
these curves can be drawn both for Mode 1 and for Mode2. Due to the nature of
equations in Section 2.4, the closed form solution of the equations can only be obtained
by using an iterative method. So the Newton—Raphson method is implemented using a
simple computer program built in Mathcad.

The underlying principle which makes the program work is that for the converter
to be in steady state the voltage Ve, across the resonant capacitor at the beginning of a
switching cycle must equal the voltage across it when the switching cycle has ended. This
is as a consequence of principle of conservation of energy. If input is a dc source and
converter is in steady-state then the energy put into the converter must equal the energy
drawn out of converter and the energy dissipated in it assuming auxiliary circuit is in
equilibrium. If there is a difference between the two as in transient conditions then the
difference must be accounted for by an increase or decrease in the energy stored by the
resonant capacitor C, until energy balance is reached. Therefore if voltage across C; is

Vero at the beginning of the switching cycle it must remain V¢, after the switching cycle
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has ended for converter to be in steady—state. This holds true whether the converter
operates in Mode 1 or Mode 2.
The outline of this chapter is as follows:
Section 3.2 gives a brief description of the program used in the steady state
analysis.
Section 3.3 presents the characteristic curves for Mode 1 and Mode 2
obtained from the steady state an:alysis of Chapter 2.
The main points of this chapter are summarised and some conclusions

made in Section 3.4.

3.2 DESCRIPTION OF PROGRAM

The working of the program in Made 1 is as follows:

1). An mitial value V¢, which is the voltage across the resonant capacitor before the
switching cycle begins, is assumed.

2). Step by step the equations derived in Chapter 2 for Mode 1 are solved for each
interval using the initial and final operating conditions of each interval.

3). When all the equations have been: solved the final value of voltage across C, is
compared with the initial value i.e. ®¢,,. If the difference between these two values is
small the circuit is in steady state amd values for voltages and currents in the circuit
can be extracted. If difference is greater than a specified tolerance then a new value
of V¢, is assumed and the process is repeated until the solution converges.

A similar procedure is followed for obtaining the design curves for Mode 2 using

the equations for Mode.2.
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3.3 CHARACTERISTIC CURVES OF THE CONVERTER

In this section the characteristic curves of the converter operating in Mode 1 are

derived.

3.3.1 DEFINITION OF VARIABLES USED IN CHARACTERISTIC CURVES

The variables used in drawing the characteristic curves are defined in this section
as follows:
1) Base voltage is the constant dc output voltage required from the converter. Thus base

voltage is V;, =400 V.

2) Base current /, is taken as the maximum current that is drawn from the input of the
converter just before the auxiliary circuit is activated. For ac input with PFC the
maximum current drawn will be at the peak of the ac voltage wave. The maximum
current also depends on the rms magnitude of the input voltage. This is because for
constant power output the ac input current is inversely proportional to the input ac

voltage as given by the equation:

B, =V, -1,-cos(6) 3.1)
So the base current is a function of the input voltage and the power level of the
converter if the power factor Cos(6) is assumed to be 1. Assuming output power of the

converter to be 250 W, the maximum current will occur at minimum value Vi, min, of

input voltage as given by eq. (3.1) and is found out as follows:



Peak input current for minimum input voltageis [, ., =

[5.250

= 095 _4135a (3.2)
90

Maximum peak—peak ripple current:

Al =1 -AIl =4.135-20% =0.827 A 3.3)

rpp pk _ max
Therefore maximum base current according to definition is:

Al .
I, =1 - 2”’"=4.135—¥=3.722A 3.4)

pk _ max

e

A plot of the variation of base current with input voltage is shown in Fig. 3.1.
From this characteristic curve the base current for different values of input voltage can be

easily found out.

3) Variable Z,; is defined as the base impedance and is given mathematically by the ratio

of the base voltage to the base current:

Z, = % =107.48Q (3.5)

b
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Fig. 3.1 Variation of Base Current as a function of Input Voltage for Output
Power 250 Watt.

4) Vardable Z, is defined as the characteristic impedance of the auxiliary circuit:

Z = |= (3.6)

5) Var3able T, is defined as the natural resonant cycle of the auxiliary circuit given by:

T =2-7-L,-C (3.7)

6) Varxzable KX is defined as the ratio of capacitor C; to capacitor Cp:

K==r (3.8)
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3.3.2 SOFT-SWITCHING OF THE MAIN SWITCH IN MODE 1

Characteristic curves to determine the boundary of the soft—switching operation
are easily drawn using the steady state analysis of Chapter 2. The characteristic curves
presented in this section have been drawn using certain selected values of components in
the converter. However this component selection does not affect the curves as they are
plottad for per unit values and will give the same results for a different set of base values.
General conclusions about the performance of the converter can still be made using these
curves.

The curves are plotted with respect to resonant impedance Z, for various values of
K keeping R, is fixed at | ohm. The base impedance Z,; is fixed at its minimum value
because this is the case when maximum current Ig is drawn from the input and the ZVS
interval is the least. If the circuit is able to achieve ZVS for this worst case condition then
it will have ZVS over all other conditions. From the curves the effect the values of L, and
C, and C, have on the vertical axis parameter can be studied. Per unit values are used and
actual values can simply be obtained by multiplying the per unit value by the
corresponding base value.

S; will have a soft turn-on only if it is turned on at some appropriate time instant t
=to after the auxiliary switch S> has been turned on at instant t;. The ZVS time interval
is bounded between instant [t — t3] as shown in Fig. 3.1 because at t = t, the parasitic
capacitance C; has been fully discharged and after t = t; this capacitance begins charging
up again if S, has not been turned on by that time.

As the input is an ac source, the ZVS interval length does not remain fixed but

changes as the input current changes. For example the ZVS interval at peak of input
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current (ot = 90) is different from the ZVS interval when input current is zero (wt = 0).
There are two possible approaches to ensure ZVS over the whole ac cycle. One is to
sense the voltage across the main switch and turn it on when the voltage across it goes to

zero. This results in a variable instant t,” with respect to ty.

[ ZV_S
‘ period

Fig. 3.1 ZVS Interval for Soft turn—on of S;.

The other approach is to fix the instant t, that is always in the ZVS interval no
matter what the input current. The disadvantage of this approach is that this gives a
longer than necessary ZVS interval at lighter loads which leads to increasing ZVT circuit
conduction losses as shown in [34]. Therefore the preferred approach is to use a voltage

sensor across the main switch.
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Fig. 3.2 shows the ZVS interval [t;—t»] with respect to Z, for different values of K.
The ZVS interval is plotted with respect to the natural resonant cycle T, of the auxiliary
circuit and its actual value can be found by reading the appropriate value off the graph
and multiplying by T,. These curves are plotted for minimum value of Z, i.e. at
maximum value of input current, as at this point the ZVS interval is least.

It is seen from Fig. 3.2 that higher the value of Z, lower is the ZVS interval. This
is because higher Z, implies lower auxiliary circuit current from Ohm’s Law. As this
current is responsible for discharging Cs so if this current is low obviously the ZVS
interval will be also low. Similarly lower value of K means larger value of C, which
results in higher auxiliary circuit current and higher ZVS interval. For K > 1 the ZVS
interval disappears very fast. For example for K = 1.5 ZVS turn-on interval becomes
negligible above Z,.=0.55 pu.

As ratio C,/C, gets smaller it implies C; is getting larger which will discharge
more energy into capacitor C,. This means that the discharge current which flows into the
auxiliary circuit becomes greater and this means larger ZVS interval as explained above.

The characteristic curves drawn in this section have been generated for those
conditions which have a ZVS interval. Some curves terminate abruptly in the graphs
because after that point the ZVS interval 3 [t» — t3] disappears completely and the steady
state analysis of Section 2.4 does not apply. For example in Fig. 3.2 for curve K =1 the
ZVS interval disappears for Z, > 0.63 pu and so for all following graphs drawn in this
section, the curve for K =1 does not extend beyond Z, = 0.63 pu. After this limit the

steady-state analysis of Chapter 2 no longer applies.

49



ZVS interval (p.u.) for Cr/Cs = 20

0.25
0.2
0.15
0.1
0.05 -

1

Il

ZVS Interval

0 K=2 K=1.5
0.08 0.23 0.39 0.55 0.71 0.86 1.02

Resonant Impedance Zr (pu)

(a)

ZVS interval (p.u.) for Cr/Cs =30

| 0.2
% 0.15 _/\ K=0.25
E 011 -

‘ N 0.05 - «—K=0.5
: KE3 ~—K=1

0 = S
K=2 K=15
0.08 0.23 0.39 0.55 0.71 0.86 1.02

Resonant Impedance Zr (pu)

(b)

Fig. 3.2 ZVS Interval for R, =1 Q and (a) C/C; =20 and (b) C,/C;=30.



From the graphs we can deduce that the length of ZVS interval depends mainly on
the discharge current that flows into the auxiliary circuit. Any factor which results in
larger value of this current will also result in larger ZVS interval and vice—versa.

An important point to consider is the effect the value of X has on the polarity of
voltage across the resonant capacitor C; just before the auxiliary circuit is activated. For K
< 1 the voltage is negative and for K > 1 the voltage is positive as shown in Fig. 3.3. For
K =1 the voltage across C, is essentially zero. From Fig. 3.3. it can be seen that negative
voltage across C, results in larger voltage across the resonant inductor L, when the
auxiliary circuit is activated and positive voltage across C, results in lower voltage across
L,. If voltage across L, is larger then the build—up of auxiliary circuit current will be faster
and larger. This gives a larger ZVS interval as explained above. Lesser the value of X
from 1, larger will be the negative voltage across C, and vice-versa. This increase of the

ZVS interval with decreasing value of K is verified by Fig. 3.2.

+ +
T l Lr T J' Lr
lin | _ lin |, .
<D L e, c (D L7, e
S2 _Iq S2
(a) (b)

Fig. 3.3 Polarity of Voltage across resonant capacitor C.for (a) K<1

() K>1.
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3.3.3 AuXxiLIARY CIRCUIT CHARACTERISTIC CURVES WHEN CONVERTER OPERATES

IN MODE 1

Most of the curves drawn here are to aid in the rating of the auxiliary circuit
devices. Peak and rms values are used to rate switches while peak and average values are
used for selection of the diodes. As the converter is operating in Mode 1 it is assumed
that the duty cycle of main switch S; is large enough to allow the resonant cycle of
auxiliary circuit to complete before S; is turned off.

The method of reading the auxiliary circuit characteristic curves is as follows:

If the value of the resonant inductor L, is known then by properly selecting Z,
from the design curves the value of the resonant capacitor C, can be found using eq.(3.7).
Then a proper value of variable X is selected from the value of C, can be found using eq.

(3.8).

3.3.3.1 PEAK VOLTAGE AND PEAK CURRENT GRAPH FOR THE CONVERTER SWITCHES

IN MODE 1
These graphs are plotted with respect to Z, for various values of X and ratio C, /C;.
No graph of main switch peak voltage is presented as it is simply the sum of the output
voltage and peak to peak voltage ripple and is independent of the auxiliary circuit

parameters.

(1) Peak Voltage across Auxiliary Switch Graph
Characteristic curve of auxiliary switch peak voltage Vs> p« is shown in Fig. 3.1.

It is seen from curves that as resonant impedance Z, increases the voltage across S
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increases for K < 1 but decreases for K >1 and for K = 1 the voltage across S, remains 1

pu. The reason for this behavior is twofold:

1) For K < 1 the voltage polarity across C, is negative and for K > 1 this voltage is
positive as shown in Fig. 3.3. Just before the auxiliary circuit is activated the voltage
across resonant inductor L, is zero. Fig. 3.3 (a) shows that for K < 1 the voltage across
C. is negative and this adds up with voltage across C; to give the voltage across S,. In
such a case the voltage Vs i is always greater than 1 pu. Fig. 3.3 (b) shows that for
K > 1 the voltage across C, is positive and is subtracted from voltage across C; to give
voltage across S:. In this case the voltage V2 p« will always be less than 1 pu.

2) Regardless of auxiliary circuit parameters the current flowing through resonant
inductor L, at end of interval 1 [to—t;] is always the input current /;,. Thus the energy
in L, at end of this interval is 4 LJ;,°. By increasing the resonant impedance Z, the
value of L, is actually increasing as seen from eq.(3.6) and increasing L, means
increasing the energy which L, will transfer to resonant capacitor C,. The resonant

capacitor can store more energy only if its voltage V¢, increases.

From above two points it is concluded that as Z, increases the value of L, also
increases as in eq. (3.6) and this means energy stored in C, increases. For K < 1 the
resonant capacitor C, stores this increased energy as an increasing negative voltage and
for K > 1 the energy is stored as an increasing positive voltage. The negative voltage adds
to the voltage V2 o« and positive voltage decreases Vsz pi. This explains the trend of the
graph of Fig. 3.1.

Lower the value of X from 1, larger is the increase of peak voltage across. Too

low values of K are to be avoided because these give an excessive voltage stress across
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the auxiliary switch S>. For example from the graph it is seen that for X = 0.25 over—
voltage can go as high as 1.7 pu which in this case means 680 Volt. A higher value of X
gives a lower peak voltage across S> but it is clear from Fig. 3.2 that this will result in a
lower ZVS interval. So one of the design guidelines is to keep K < 1.so as to keep voltage
stress across S2 lower than 1 pu and at same time have an adequate ZVS turn-on interval.

From the graph it is also seen that as C; gets larger (ratio C/C; gets lower) the
peak voltage Vs; , increases more if K < 1 and will decrease more if K > 1. This is
because larger value of C; means more energy stored in C, which affects the voltage

Vs2 pr as explained above.
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Peak voitage across S 2 for Cr/Cs = 20
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Fig. 3.1 Peak Voltage Across auxiliary switch S, vs. resonant impedance Z,

for R, =1 Q and (a) C,/C; =20 and (b) C,/C; =30
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(i1) Auxiliary Switch Peak Current Graph

The characteristic curve showing Isz pi vs. Z, is shown in Fig. 3.2. From the curve
it is seen that as resonant impedance of the auxiliary circuit Z, is increased the current
Is> o« decreases. This is easily seen as a consequence of Ohm’s Law.

Another thing to note is that as K is decreased the peak current increases. This is
because by decreasing K the auxiliary circuit current is being increased as explained in
Section 3.3.2. Increased auxiliary circuit current also means increased auxiliary circuit
peak current and hence higher Is>,t. This is also why /;; . increases for lower values of

ratio C,/C;.

(ii1) Main Switch Peak Current Graph

A graph of the main switch peak current Is;  vs. Z, is shown in Fig. 3.3. The
basic characteristics of these curves are the same as those of the auxiliary switch peak
current graph. This is because the peak current through the main switch is simply the sum
of input current /;, and the peak resonant current flowing in interval 5 [ty — ts] of the
switching cycle. It is because of this reason that the current /s, ,+ will never be lower than

the input current /;, = 1 pu.
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Fig. 3.2 Graph of Peak Current Of Auxiliary Switch for R, =1 Q and

(a) C,/ C;=20 (b) C,/C; = 30.
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Peak current of S1 for Cr/iCs = 20
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Fig. 3.3 Graph of Peak current of Main Switch for R, =1 Q and

(a) for C,/ C; =20 (b) for C,/C, = 30.
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(iv) Voltage Across Capacitor C; just before Main Switch is turned off

A graph showing voltage Vcy vs. Z; where V¢ is the voltage across the capacitor
Cp just before switch S; is turned—o-ff is shown in Fig. 3.4 This graph is important as it
provides guidelines on the selection ©f capacitor C;. The voltage V¢, should be as close to
—1 pu as possible because it is the sum of the output voltage ¥, and V¢, that appears
across the switch §; when it is turned—off. If V¢ is close to —1 pu then ¥V, which is 1 pu
on addition to V¢, will give a zero resultant voltage across S;. Thus S; will be turned—off
with ZVS.

From Fig. 3.4 it is seen that as K decreases keeping Z, and ratio C,/C; the same the
negative voltage V¢, decreases. This is because decreasing K is equivalent to increasing
Cp as in eq. (2.45) and as energy stored in Cp is /% Cy VCbz therefore as C, increases Vep
has to reduce. As this affects turn-ofT, so the value of K must be kept lower than 1 to get
as high rise of voltage V¢ as possible.

Decreasing ratio C,/C; or incxeasing resonant impedance Z, increases the negative
voltage across Cp. This is because both situations result in an increase of energy stored in
the resonant capacitor C, as explaimed earlier. This increased energy is transferred to
capacitor Cj during interval j [ts—ts] and this results in an increase of the negative voltage

across Cj.
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Fig. 3.4 Graph Showing Voltage V¢, across Capacitor C;, for R, =1 Q and (a)
C,/Cs=20 (b) C,/C;=30
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3.3.3.2 GRAPHS OF RMS CURRENT FOR AUXILIARY SWITCH AND AVERAGE CURRENT

FOR AUXILIARY CIRCUIT DIODES IN MODE 1

Unlike peak values rms and average values are time dependent. The vertical axis
parameters of the following graphs have therefore been per unitised with respect to the
length of the resonant cycle 7, of the auxiliary circuit and the switching frequency Fj,. So

the graphs can be read in the same way as peak value graphs in the previous section.

(i) Auxiliary Switch RMS Current Graph
The characteristic curve of auxiliary switch rms current Is; ,ms Vs. Z, is shown in

Fig. 3.1. The actual value of /s> s can be found by reading off its value from Fig. 3.1 and

multiplying the per unit value by:

X=1I,-T.-F,, (3.9)

where T, is given by eq. (3.8) and Fi,. is the switching frequency.

(11) Average Current of Series Diode D>
A graph of the series diode average current Ip; g VS. Z, is shown in Fig. 3.2.
Similar to the above graph the actual value of diode average current can be found by

multiplying the value from the vertical axis of Fig. 3.2 by:

X=I,-T.-F,, (3.10)

61



The current Ip; v is exactly same as average current /ps ave Of diode D, as both
diode are in series in the auxiliary circuit. The average current of diode Ds is
approximately the same as Ip:_avg.

From the rms and average current graphs it is clear that as Z; increases the
currents decrease. This is a consequence of Ohm’s Law. Also as ratio C/C, decreases or
variable K decreases, the currents increase. This behaviour is because both these
conditions result in an increase of the negative voltage across resonant capacitor C, as

shown in Section 3.3.2 and this leads to an increase in the auxiliary circuit current.
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Fig. 3.1 Graph of RMS current of Auxiliary Switch Is; s for R,=1Q and
(a) for C,/C; =20 and (b) for C,/C, = 30.
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(a) for C./C, =20 and (b) for C,/C; = 30.
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3.3.3.3 BOUNDARY BETWEEN MODE 1 AND MODE 2 OPERATION OF THE CONVERTER

As the input voltage to the ZVT converter goes higher and higher the duty cycle
of the main switch S; keeps getting lower and lower according to eq.(2.37) which is

reproduced below:

(3.11)

From eq. (3.11) it is seen that greater the value of input rms voltage lesser will be
the duty cycle. So at the maximum value of ¥V, = 265 Volts, the value of D will be
minimum at D,,;,, = 6.3%. At this low value of duty cycle it may be possible that the main
switch §; is not on long enough to allow the auxiliary resonant circuit to complete its
resonant cycle. If the main switch turns off before auxiliary circuit current has gone down
to zero then the steady state analysis of Mode 1 will fail and the converter begins to
operate under Mode 2 for high input voltages.

Characteristic curves depicting the minimum time that the main switch S, has to
remain on so that the proposed ZVT converter can still operate in Mode 1 is shown in
Fig. 3.1. These curves are similar to previous curves of the auxiliary circuit as they are
per unitized and plotted with respect to the per unit resonant impedance Z, of the
auxiliary circuit. Form the curves of Fig. 3.1 the minimum duty cycle of the converter for
it to operate in Mode 1 i.e. Dpir s can be found out by multiplying the appropriate value
on Y- axis by:

X=T-F. (3.12)
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If the value of D,.i»_; from above curves comes out to be less than Dy, then the
steady state analysis for Mode 2 has to be carried out. Another set of curves has to be
drawn for Mode 2 so that it can be found out whether there are any over-voltages, over-

currents or any other abnormal behavior of the converter in this mode.

3.3.4 AuUxILIARY CIRCUIT CHARACTERISTIC CURVES WHEN CONVERTER OPERATES

IN MODE 2

In this mode of operation it is assumed that the main switch S; does not remain on
long enough to allow the resonant current in the auxiliary circuit to complete its cycle. It
should be noted that these curves are drawn for a peak input rms voltage Viy max = 265 V
which is the maximum voltage this converter is designed to operate on. The base
impedance of the circuit remains Z,, = 107.48 €2 which is the same value as for 90 V. The
reason for not changing the base impedance is that the auxiliary circuit should be
designed for optimum operation at the minimum rms input voltage which the converter is
expected to handle. After designing for this minimum voltage, it is to be seen whether the
design can work at high voltages also. Mode 2 operation occurs at high voltages only
where duty cycle of the converter will be low. As the design which was done on low
voltage is now being tested for high voltage, so the base values for both must be the

same.
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3.3.4.1 PEAK VOLTAGE AND PEAK CURRENT GRAPH FOR THE CONVERTER SWITCHES

IN MODE 2

These graphs are plotted with respect to Z, for various values of X. The value of
the ratio C, /C; is kept 20 only as looking at the design curves for Mode 1 it is seen that
lower the value of this ratio the larger are the current and voltage stresses on the

converter components.

(1) Peak Voltage across Auxiliary Switch Graph

Characteristic curve of auxiliary switch peak voltage Vs; y is shown in Fig. 3.1 .
[t is seen from curves that as resonant impedance Z, increases the voltage across S;
increases up to Z, =0.86 pu and then starts to decrease. On comparing this graph with Fig.
3.1 1t is seen that peak voltage across S> in Mode 2 are much less than in Mode 1. This
behaviour is easily explained because Mode 2 is at higher input voltage which also
implies lesser input current according to eq. (3.1). Lesser input current means lesser
energy is stored into the resonant capacitor C, of the auxiliary circuit. Lesser energy in C,
means voltage across it will be less and as voltage across S is sum of output voltage 7,
and voltage across C,, so voltage across S; will also be less.
(1) Auxiliary Switch Peak Current Graph

Graph of peak current through auxiliary switch S; is given in Fig. 3.2. From the
graph it is seen that the peak currents are much less as compared to peak currents in Fig.
3.2. This is also because Mode 2 occurs at high input voltage and low input current. The
low input current means less energy transferred to the auxiliary circuit. Hence the lower

peak currents.
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Fig. 3.1 Graph of pea k voltage across Switch S1 for R, =1 QQ when the
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Fig. 3.2 Graph of peak current through switch S2 for R, =1 Q when

converter operates in Mode 2.
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(ii1) Main switch peak current graph.
The graph showing peak current through main switch S; in Mode 2 is given in

Fig. 3.3. This graph also shows lesser peak currents as compared to Fig. 3.3. The reason

is same as for peak current graph of auxiliary switch S; above.
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Fig. 3.3 Graph of peak current through main switch S1 for R, =1 Q2 when the

converter operates in Mode 2.

(iv) Voltage Across Capacitor C, just before Main Switch is turned off

The graph showing the peak voltage V¢, across capacitor Cp just before the main
switch §; is turned off in Mode 2 is given in Fig. 3.4. On comparing this graph with Fig.
3.4 it becomes apparent that peak voltage across Cj is lesser in magnitude than that
predicted under Mode 1. This behavior becomes obvious on examining Fig 2.5 and 2.7.

From these figures it is clear that the flow of resonant current through capacitor C, is
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interrupted suddenly at instant ts of the resonant cycle. The voltage V¢; stops rising at ts
and starts decreasing until it becomes zero at instant t;. If the whole of the resonant
current had been allowed to pass through C; as in Mode 1, then rise of voltage V¢, would
have been greater.

The lesser negative voltage across C, when S; turns off, forms the main
disadvantage of operating the converter in Mode 2. When S, turns off the voltage that
appears across it is the sum of the output voltage V, and voltage across V¢p. A large
negative value of V¢, will thus result in lesser voltage across S; and the switch will have a
soft turn-off. But in Mode 2 the voltage V¢, is not allowed to rise to its full extent and this
will affect the soft turn-off of switch S;. It is to be noted that S; still has a ZVS tum-off

under Mode 2 but it is not as efficient as Mode 1 turn—off.

Voltage across Cob for Cr/Cs = 20

- .01 K=0.25
é e
8 -0.3 “K=0.5
>
® -05 - AN TN
g K=2 =15 K=1
S -0.7 -
; >
| -0.9

0.08 0.23 0.39 0.55 0.71 0.86 1.02

Resonant Impedance Zr (pu)

Fig. 3.4 Graph showing the Voltage V¢, across Capacitor C;, for R, =1 Q
when S; turns Off in Mode 2.

71



3.3.4.2 GRAPHS OF RMS CURRENT FOR AUXILIARY SWITCH AND AVERAGE CURRENT

FOR AUXILIARY CIRCUIT DIODES IN MODE 2

Like the average and rms current graphs of Fig. 3.1 and Fig. 3.2 the characteristic
curves in this section have also been per unitised with respect to the length of the
resonant cycle 7, of the auxiliary circuit and the switching frequency F,. So the graphs

can be read in the same way as peak value graphs in the previous section.

(i) Auxiliary Switch RMS Current Graph

The graph of auxiliary switch rms current Zsz yms vs. Z, in Mode 2 is shown in
Fig. 3.1. The actual value of Is; ms can be found by reading off its value from the graph
and multiplying the per unit value by a constant given by eq. (3.9) which is reproduced

below:

where 7, is given by eq. (3.8) and Fi, is the switching frequency.

(i1) Average Current of Series Diode D»

The graph of the series diode average current Ip;_avg Vs. Z, in Mode 2 is shown in
Fig. 3.2. Similar to the above graph the actual value of diode average current can be
found by multiplying the value from the vertical axis of Fig. 3.2 by a constant given by
€q.(3.10) which is reproduced below:

X=]in.7:"FSw

72



RMS current of S2 for Cr/Cs =20
2 045 -
g
5 0.35 -
]
S 025 / \/ K=oz
t K=3 I/‘ \ \
S 0.15 K=2 K=15 K=1 ~K=05

x 0.08 0.23 0.39 0.55 0.71 0.86 1.02

i Resonant Impedance Zr (pu)

Fig. 3.1 Graph of rms current of Auxiliary Switch S, for R, =1 Q when the

converter is operating in Mode 2.
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Fig. 3.2 Graph of Average current in Series diode D2 for R, =1 Q when the

converter is operating in Mode 2.
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The current Ip; avg is exactly same as average current Ips o Of diode D, as both
diodes are in series in the auxiliary circuit. The average current of diode Djs is
approximately the same as Ipz_avg.

Comparing the above graph of rms switch current Isz ,ms with Fig. 3.1 and the
graph of average diode current Ip; 4z With Fig. 3.2, it is again seen that the above graphs
predict a much lower value of these currents than the graphs of Mode 1. This is to be
expected as the input current in Mode 2 is lower than in Mode 1 and so lesser energy is

transferred to auxiliary circuit. This causes the average and rms currents to be lower.

3.3.5 SOFT SWITCHING OF THE MAIN SWITCH IN MODE 2

The graph showing the ZVS interval vs. per unit resonant impedance Z, for
different values of variable X is given in Fig. 3.1. Although the graph is different from
that in Fig. 3.2 it can still be said that for proper design of the converter the value of
variable K and Z, should be such that the ZVS interval in both Mode 1 and Mode 2 is

adequate.
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Fig. 3.1 Graph of the ZVS interval for R, =1 Q when the converter operates
in Mode 2.

3.4 CONCLUSIONS

In this chapter characteristic curves based on the steady state analysis of Chapter
2 were presented. From these curves certain insights towards the working of the converter
were gained. The curves were drawn for that particular point on the input AC wave where
the ZVS turn-on interval is the least which is same as the point when input current is
maximum. This makes up the worst case condition of the converter.

From the curves it can be concluded that X should be kept equal to or below 1 to
keep the voltage stress across auxiliary switch less than 1 pu. Although the ZVS turn-on
interval will be reduced, by keeping resonant impedance Z, low, an adequate interval can
still be achieved. A higher value of K also causes capaci-tor Cp to charge up to a higher

voltage V¢, which assists in turn-off of main switch S;.
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CHAPTER 4

CONTROL OF THE ZERO VOLTAGE TRAN SITION
CONVERTER

4.1 INTRODUCTION

The objective of the control circuit of any power factor correction ceonverter is to
make the non-linear rectifier look like a simple resistor with respect to the imput mains. If
this is the case then the input current will track the voltage like it does in casse of a simple
resistor and the input power factor shall be 1.0. An active power factor corresctor does this
by programming the input current to follow the instantaneous input rectified —voltage.

In practice there is always some distortion in the input current. This harmonic
distortion can be as a result of many factors like the ripple across the output capacitor, the
input inductor, feedback loop and input rectifiers. This distortion is harmfrul because it
increases the rms value of input current without increasing the power deliv-ered to load.
Also any other equipment which is connected in parallel with the power conwerter will be
affected by the harmonic currents. So regulatory agencies have set up standards such as
the IEC-1000-3-2 which specify the maximum limits for the amount of these harmonic
currents. This chapter deals with the control circuit which is used to implemment PFC in
the ZVT converter.

The outline of this chapter is as follows:

Section 4.2 gives a brief description of the average current controll scheme for

power factor correction applications.
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Section 4.3 gives the step-by-step procedure for designing the voltage loop
compensator and current loop compensator.

Conclusions are made at the end in Section 4.4

4.2 ACTIVE POWER FACTOR CORRECTION CONTROL CIRCUIT

An active power factor corrector can program the input current to follow the input
voltage using two methods of current mode control:
(1) Peak current mode control:

(i1) Average current mode control

Average current mode control is preferred as the peak current method has lower
gain, wide bandwidth current loop and results in significant error between programmed
signal and actual current [33]-[35]. Also slope compensation is a must with peak current
control otherwise the converter will not be stable and can go into sub-harmonic
oscillations.

The active power factor corrector control circuit uses a voltage error amplifier in
the feedback loop to control the output voltage. A current error amplifier is also provided
in an inner current loop so that the programmed current signal can be compared with
actual input current which can then be forced to follow the rectified input voltage. The
inner current loop is at least ten times faster than outer voltage loop and this increases the
transient response of the converter. The basic control circuit is given in the Fig. 4.1.

The Fig. 4.1 shows some circuitry other than the current and voltage error
amplifiers. The additional circuitry is a squarer, divider and multiplier network. The

function of this network is to detect the input voltage Vi, and feed-forward it as voltage

77



V. The output of the voltage error amplifier is divided by the square of V¢ before being
multiplied by the rectified input voltage signal. All this is done to keep the gain of the
voltage loop constant and independent of the input voltage variations. The output of the
voltage error amplifier will become a power control in this case. This can be proved by an
example:

Assuming the output V., of voltage error amplifier to be constant and the input
voltage increases two times. So the output of the voltage error amplifier will be divided
by square of input voltage signal or by four times the previous value Vg The multiplier
will then multiply this by the input voltage signal which will become twice because of
Vin becoming two times. The result is that twice the input voltage signal divided by four
times feed-forward voltage will give half the current programming signal. Half the input
current signal to twice the input voltage gives the same amount of power. This means that

the actual control is constant power control.
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4.3 CONTROL LOOP DESIGN

In the control loop design of the proposed ZVT converter it is assumed that a PFC
controller like UC — 3855A/B is used. Therefore the following results hold true for this

controller although the general design approach will be the same.

4.3.1 SMALL SIGNAL MODEL OF THE CONVERTER

The small signal model of the proposed ZVT converter is the same as that of the
basic PFC boost converter as both of the converters operate similarly during most of their
switching cycle. The only difference is during the turn-on and turn-off transitions of the
main switch and this has no bearing on the design of the control loop.

The small signal model of the boost converter is given by the following eq.:

G, =—2 4.1)

This is a simplified model in which the effect of the ESR of the output capacitor
has been neglected. However this model is still accurate and matches the exact model at
higher frequencies. The power stage has a single pole response with a 20 dB/decade roll-

off rate and a phase lag of —90 degrees as shown in Fig. 4.1.
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Fig. 4.1 Gain characteristic and Phase characteristic of power stage.

4.3.2 COMPENSATION OF THE CURRENT LOOP

A type 2 error amplifier is used to provide the required compensation. This
compensator has the gain characteristic given in Fig. 4.1 (b) with a zero placed at the
cross over frequency f.- to give adequate phase margin of about 45 degrees at cross over.
This makes for a very stable system with low overshoots. A pole is put at half the
switching frequency in order to reduce the switching noise.

The first step in designing the current error amplifier is to fix the cross over
frequency f. after which signals of higher frequency will be attenuated. The frequency f-
must be high enough to give a wide bandwidth which translates into a fast transient

response but should also be low enough to attenuate any noise in the circuit. Usually
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frequency fc is chosen to be a tenth of the switching frequency and so a cross over
frequency of 10kHz will be adequate for the current error amplifier.

Due to the specific UC — 3855 A/B being used the gain of the power stage at

10kHz is given by:
V,-R
- [+] sense 4.2
” S ) Llll : VS ( )

where Rq.ns 1s the current sense resistor used to sense the actual output current and
Vs is the peak of the internally generated oscillator ramp. As can be seen by comparison
eq.(4.1) is the same as eq.(4.2). For this design Ryense = 2.9 Q with a current transformer
of turns ratio 50:1 is used and V; = 5.2 V for the specific IC. So gain at cross over
becomes:

400 (%)
G

o5 for = =0.0675 (4.3)
- 2-1-10kH=z -1050uH -5.2

So in order to keep cross over 10kHz the overall gain at this frequency must be 1.

Therefore the gain of the current error amplifier at cross over frequency must be:

11
0.0675

GCEA_fc: = G =14.81 4.4)

ps_ Je

but looking at Fig. 4.1 of current amplifier the gain is given by:

R (4.5)
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Taking value of Gcey - from eq.(4.4), the value of R, from eq. is found to be
44.44 KQ.

For a type 2 error amplifier the relationship between zero at cross over frequency
fer ,and circuit parameters is given by:

1
fc_f‘cr—'2> (4'6)

r-R,-C.

Therefore rearranging above eq. gives the value of capacitor C..:

c = 1
2-m-10kHz-44KQ

=350pF 4.7)

The high frequency pole placed at £, = SO0kHz is given by following eq.:

1 1

c_-c.\ 2zR, C.
cp =

S = (4.8)

This equation is true since £, is a high frequency pole and C,, is low compared to

Ce- So value of capacitor C,, can be found from above eq.(4.8) as:

1
C, =
P 2.m-44KQ-50kHz

=70pF (4.9)

The open loop gain plot of the current compensator and power stage is given in
Fig. 4.2. From the figure it is clear that cross over frequency is about 11kHz and phase

margin is 35 degrees which is adequate.
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4.3.3 COMPENSATION OF THE VOLTAGE LOOP

The design of the voltage loop is given in [34]. The primary function which the
voltage loop has to meet is to keep the input current distortion to a minimum. The
bandwidth of the voltage loop is typically about 15 Hz and for such a low bandwidth
stability is not a problem. The reason for such a low bandwidth is that the output voltage
on DC bus contains a small 2*® harmonic voltage and if this voltage is fed back to the
voltage error amplifier it will modulate the output of the amplifier. This modulation by
the 2™ harmonic voltage will cause a considerable 3™ harmonic distortion in the input
current. So by keeping the bandwidth of voltage control loop low, the unwanted
modulation of the error amplifier output by the 2"¢ harmonic ripple voltage is minimised.

At the low frequency of the voltage loop the power stage with the closed current
loop form an integrator. This has a gain characteristic which rolls off at 20 dB/decade and
has a 90 degree phase lag. The voltage loop must have a pole in order to reduce the
second harmonic ripple and to shift the phase by 90 degrees. The Fig. 4.1 shows a type —
1 voltage error amplifier with the characteristic gain curve

The first step is to determine the amount of 2°¢ harmonic ripple in the output. This

can be found from eq.(3.16) and eq. (3.17) as shown below:

" I P 0.625 _ @.10)
Pt 2.n-F-C, 2-m-120Hz-207uF
Vchg _pk-pk = 2- Vchg_pk =8 Vpp (4.11)
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The next step is to determine the maximum ripple which can be tolerated on Vyga
which is the output of the voltage error amplifier. The converter should meet the 3%
THD specification. The distortion due to the multiplier which feeds forward the input
voltage to the control is limited to 1.5 %. Allowance for distortion due to other sources is
limited to 0.75 % and so distortion due to 2™ harmonic output ripple must be limited to
0.75 %. According to ref [35] for 0.75% distortion the ripple on Voltage Error Amplifier
must be limited to 1.5%. The output of the voltage error amplifier of UC-3855A/Bis 1 —

6 V. So peak ripple voltage on output of error amplifier is:

Ve = %oripple-V,, =%.(6-1) —0.075 V (4.12)

The required gain of the error amplifier at 2°¢ harmonic ripple must be the

allowable error amplifier ripple divided by the output ripple:

Ved o i
Ges 5= B = 0.975 =0.0093 =—40.6 dB (4.13)
B lyz:hg_pk-pk

The value of resistors of the voltage divider network shown in Fig. 4.1 is
arbitrary. Resistor R,; is chosen to be 1.32 MQ to keep power dissipation low and so
resistor R,y becomes 10 K. This divider network will scale down the output 400 V to 3
V and this is compared with the internally generated reference which is 3 V also. The

value of capacitor C,rcan be found easily as:

1 1
C' = =
Y27 f,-Gypsy p-R; 2-m-120Hz-0.0093-1.32MQ

=0.1uF  (4.14)
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Now a pole due to combination of R, and Cy has to placed at cross over
frequency so that 2°¢ harmonic ripple frequency is attenuated as well as an adequate
phase margin of 45 degrees is provided. The cross over frequency f,- can be found from
the fact that at cross over frequency the voltage loop gain which is the product of the gain
of error amplifier and power stage shall be 1.

For all cases of Average Current Mode Control, the gain of the power stage is

expressed as:

250

. 1
_ -/ 2-1t- f, -207 -7 2
Gp; ﬁ-r= vo = ‘Dm R jXCo = 0-95 LS f;-r !J'F J 101- (4.15)
e AV, V. (6-1) 400 7.

VEA o

The error amplifier gain is:

-7 -7 . 1.206
J J —j-

Gigy pr = = = (4.16)
- 2-r-f, R,-C, 2.7 f, -1.32MQ2-0.1uF I

The product of Gres sr and Gps - Is 1 at cross over frequency f,,. Therefore
solving above eq.(4.15) and eq.(4.16) for f,, we get:

1=G —/j-101.2 —;-1.206

os_ e Ovea_pr = 7 - 4.17)

Solving above eq. f,, if found to be 11 Hz. Now the feedback resistor R,s can be

easily found as:
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1 I

= = =~ 145K (4.18)
2-r-f,-C, 2-m-11Hz-0.1uF

R,

The closed loop response of the voltage loop and power stage is given in Fig. 4.2.
As can be seen the bandwidth is about 12 Hz and there is no steady state error in the

output of converter.
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Fig. 4.2 Gain Characteristic of Closed Voltage Loop and Power Stage
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4.4 CONCLUSIONS

In this chapter the control circuit for the proposed ZVT converter was designed
for PFC application. A compensated current error amplifier was designed for the inner
current loop and a compensated voltage error amplifier was designed for the outer voltage
loop. The closed loop performance is judged on the basis of Bode Plots drawn for each
error amplifier. The final design satisfies all requirements of minimum THD in input

current.
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CHAPTER S

PROTOTYPING AND DESIGN

5.1 INTRODUCTION

This chapter presents the design procedure to be followed when designing the
pr-oposed converter. The design procedure is followed by a design example to illustrate
the design process and help in the selection of proper converter components. The design
of the converter is based on the characteristic curves derived in Chapter 3 and other
considerations such as proper ZVS interval, proper turn-off, output voltage ripple, input
current ripple, duty cycle range among others.

Although the example utilizes characteristic curves, which have been generated
for a specific operating point, the basic principles are the same for all operating points.
Characteristic curves that are generated for values other than the ones used in the
example will yield the same results as those already derived.

The outline of this chapter is as follows:

Section 5.2 presents the design objectives for the ZVT converter that was
proposed and analyzed in Chapter 2. A design example follows and demonstrates the
selection of components of the converter.

Section 5.3 presents simulated and experimental waveforms which validate the
design process

Section 5.4 summarizes the main points of this chapter.
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5.2 DESIGN OF THE PROPOSED ZVT CONVERTER

The design specifications and design procedure of the proposed ZVT converter

are presented in this section.

5.2.1 DESIGN OBJECTIVES AND SPECIFICATIONS

The converter is designed to meet the following objectives:

1) The main switch must have a ZVS turn—on to minimize the switching losses.

2) The main switch must have proper ZVS turn-off to minimize turn-off losses.

3) The reverse-recovery current of the boost diode must be eliminated in order to reduce
the EMI that results from such a current.

4) The resonant cycle of the auxiliary circuit 7,, must be kept as short as possible
because larger the cycle length, larger will be the losses in the auxiliary circuit. Also
smaller the value of 7,, larger will be the length of the period over which the
converter operates in Mode 1 at high voltages.

The specifications for the design of the converter are as follows:

(1) Output Power, P, =250 W

(i1) Output Voltage, V, =400 V

(i11) Input Voltage V;, =90 — 265 V rms

(iv) Switching Frequency, F,. = 100 kHz

(v) Desired Efficiency, n1 > 95 %.

(vi) Input Current peak — to peak ripple, Al = 20 %

(vii) Output Voltage peak ripple, Vp s <1 %
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5.2.2 DESIGN PROCEDURE AND EXAMPLE

The design procedure is divided into two parts:
(1) Design of the Power Circuit.

(i1) Design of the Auxiliary resonant Circuit.

5.2.2.1 DESIGN OF THE POWER CIRCUIT

The guidelines for the design of the power circuit are presented in this section
except for the main boost switch as its peak current rating depends upon the operation of
the auxiliary circuit. The equations used have been previously derived in Section 2.4 of

Chapter 2.

a) Input Inductor

The value of the input inductor L;,, must be determined first because its value sets
the peak input current which the converter switches have to withstand and therefore this
current is necessary to rate other power circuit components. As PFC is required the peak
current at input of converter shall occur at the peak of the minimum rms AC input

voltage, Vig_min =90 V. This maximum current without ripple is:

P
«/5F J2. 20

95 - 4135 4 (5.1)
90

in _ pk = Vi"
The maximum peak — peak ripple current is

Al =1 Al =4.135x20% =0.827 4 (5.2)

op pk _ max
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Therefore the maximum peak input current with ripple is

Al
—7 +va=4,135+()'82l=4.55 A (53)

pk _max

I

rpk _ max

Since the input current is a sinusoid with some ripple, the peak current occurs
around ax = 90°. The duty cycle of the converter at this point when the maximum current
occurs can be found by applying the following eq. (5.4), which holds true for any boost

converter:

J2-v, :
D, =l——" fmmn _ 1—‘/3030 =0.682 (5.4)

Pk 14

o

The input inductor value can be simply found from the following equation which

holds true for any boost converter:

V2V, wnDu  N2-90-0.682
" Al,-F, 0.827-100kHz

=1050 uH. (5.5)

Where Fgy-is the switching frequency.

b) Output Capacitor
The output capacitor acts as an energy storage element. It stores energy when the
input voltage and current are near their peak and provides this energy to the output load

when the line is low. The output capacitor filters the 2" harmonic current that flows
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through the boost diode. The criterion for selection of this capacitor is the amount of
tolerable ripple in the output voltage.

Since the converter operates with PFC the input current and voltage are
sinusoids and the input power is therefore a sin’ function which is equivalent to
K'(1 — Cos (2wt)) where K is the average value. The average output power has the same
waveform as the average input power and so the output current must also be a sin’
function as output voltage is a constant DC. The amplitude of this AC component of

output current is the same as the DC component which is given by:

P, 250
[chg_pk =7=m=0.625/1 (56)

o

The amplitude of the ripple voltage across C, is:

_ chg _ pk
Verg _pt = 2—7‘1,7—67 (5.7

o

Eq. (5.7) can be re—arranged to give:

I

chg _ pk

C,=
2w 1 T,

hg _ pk

B 0.625
2-m-120Hz-(0.01-400

7= 207 uF (5.8)

c) Boost Diode
The maximum voltage across the boost diode is the output voltage ¥, = 400 V

which appears across the diode when the main switch is turned—on. The peak current that

flows through the diode is the peak current with ripple that flows through the converter
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namely [t moe = 4.55 A as obtained from eq. (5.3). The average current that flows

through the diode is:

P 250
I = ="""-06254 5.9
Pl-=e 400 59

d) Input Rectifier Diodes
The maximum voltage that appears across an input bridge diode is the maximum
input voltage that is encountered during high line conditions Vi, me at input of the

converter:

V.

ook =V N2 =265-42=375 ¥ (5.10)
The peak current that flows through them is /pt mac = 4.55 A as obtained from eq.
(5.3). The average current that an input diode must conduct is the average of half a

sinusoid:

2-1

-sin(ax)- d(ax) = ===~ (5.11)

Din _avg = in_avg

|-
o\;‘r!
~

Therefore

_2-4.135

Din _avg —

=263 A (5.12)
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5.2.2.2 DESIGN OF THE AUXILIARY CIRCUIT AND MAIN SWITCH

Guidelines for designing the auxiliary circuit are presented in this section.

(1) Base Values
The graphs of characteristic curves for auxiliary circuit voltages and currents that
are presented in Chapter 3 are per unitized graphs. In order to correctly use these graphs

proper base values are to be selected. The base voltage is defined as:
V,=V, =400 ¥ (5.13)

The base current is defined as:

Al
__27;":4_135————:3.722 A (5.14)

v
z, =1—"=——=107.48Q (5.15)
. 3.

The base time is defined as the length of the natural resonant cycle of the auxiliary

circuit:
I = 2-7z-1/L, -C, (5.16)
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The worst case condition where the ZVS interval is the least occurs when the
input current is at its maximum peak. At this value of peak current the impedance is Z,; =

I pu. and so the auxiliary circuit should be designed for this value only.

(ii) Resonant Inductor

The selection of the resonant inductor L, is made keeping in mind that the
reverse recovery current of the boost diode is to be made zero. Therefore the selection of
resonant inductor depends on the boost diode’s turn-off di/dt and this can be controlled
by slowly diverting the current flowing through it to the resonant inductor.

Increasing the value of L, increases the rise time of the current flowing through it
which in turn decreases the reverse recovery current of the boost diode. But this results in
an increase in duration of the resonant cycle 7,, which leads to increased rms currents in
the auxiliary circuit and increased conduction losses. So a compromise must be made in
the selection of the resonant inductor. L, is so chosen that it allows the auxiliary circuit
current to ramp up to the maximum input current [;; ,, within three times the specified
reverse recovery time ¢, as determined experimentally in [36]. The boost diode must be a
ultra-fast recovery diode with as low a value of ¢, as possible because a slower diode
would require a larger value of L,. Increasing L, would increase resonant cycle length 7,
and this would increase the conduction losses in the auxiliary circuit. So an ultra-fast
diode which will satisfy all voltage and current requirements as outlined in Section
5.2.2.1 and have minimum ¢, is selected. Assuming that ¢, = 30 ns the value of L, can be

found from following eq.:

34, Vs n 3-30ms-(0.7-400)
L o=——7 S0k _ =58 uH 5.17
’ I, 3.722 -17)
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where Vs, ¢ is the peak voltage across switch S; and is assumed 0.7 pu and has

been obtained by iteration as will be explained later.

(iii) Resonant Capacitor

The value of the resonant capacitor C, is selected from the graph of ZVS interval
vs. resonant impedance Z, shown in Fig. 3.3 (a) Since L, has already been selected, we
have to look for the least value of C, that will give an adequate ZVS turn-on interval as
well as good turn-off. Also a low value of resonant period T, is required so that auxiliary
circuit conduction losses are low. For proper design we select from Fig. 3.3 (a) the curve

K =3 and Z,=0.21 pu and the value of C, can be determined from eq (3.6) to be:

c =t ___38H __y.F (5.18)
(Z -2, (0.21-107.48)

Addition of a capacitor across Switch S; is not required as it gives higher rms
currents in the auxiliary circuit which leads to more conduction losses. ZVS at turn-off is
provided by capacitor Cp. The main switch has an internal capacitance of about 500 pF

and so ratio C,/C; becomes:

C 11 _5 (5.19)

C. 05

Although this value is different from the values of C/Cs for which the
characteristic curves in Chapter 3 have been drawn, the graph for C,/Cs = 20 can still be
used to design the circuit as the difference is not that much as far as auxiliary circuit

design is concerned.
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From the values of K, Z;, and ratio C,/C; chosen it can be found Fig. 3.5 (a) that
the peak voltage across auxiliary switch Vs; ¢ will be 0.64 pu. x 400 =256 V. This value
of Vs pi is almost the same as the one used in eq.(5.17). T, can be found out from eq.
(5.16) to be = 1.587 us. From the graph of Fig. 3.3 (a) the value of the ZVS time interval
for Z,=0.21 pu and K = 3 is found to be 0.025 pu. The actual value of the interval can be

found by multiplying this value by 7 to give 0.025 x 1.587 us =40 ns.

(iv) Auxiliary Capacitor Cp
The selection of capacitor C; is easy. By fixing the value of parameter K = 3 and
knowing the value of the resonant capacitor C, then by applying eq. (3.8) the value of C,

becomes:

=3.67 nF. (5.20)

(v) Rating of the Auxiliary Switch
The peak voltage across the switch is 0.64 pu. or 256 V as found above. Knowing
Z, and K the peak current Is» ,x can be determined from Fig. 3.6 (a) to be 1.61 pu. x 3.722

=5.99 A. The rms current of the switch is found from graph of Fig. 3.9 (a) to be:

Loy e =Ly pmerpu)-1,-JT, - F,, =(0.53)-3.722-[1.587ps - 100kHz =0.786 4 (5.21)

) Rating of auxiliary circuit diodes
The auxiliary circuit diodes have the same voltage rating as that of boost diode.

This is simply done to simplify the selection of the diodes because in actual practice the
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voltage appearing across the auxiliary circuit diodes will be less than that appearing

across the boost diode.

The two series diodes D; and D4 will conduct the same peak current as the
auxiliary switch S,. This peak current /s; o« was found from above to be 1.6 pu. =5.95 A.
The peak current through diode Ds will also be somewhat the same as for diodes D; and
Dy. The peak current through diode Dj is the peak current with ripple [ ¢ _max that flows in

the converter which was found to be 4.55 A from eq. (5.3).

For Z, = 0.21 pu and K = 3 the average current through diode D is found from

Fig. 3.10 (a) to be 0.21 pu which is:

Ips ws =Ups agoptt)-I,-T.-F, =(0.21pu)-(3.7224)-1.587us - 100kHz = 0.12 4

(5.22)

The rest of the diodes in the auxiliary circuit also have approxirnately the same

average current.

(vi) Rating of Main Switch
The maximum voltage that this switch must be able to handle is the output voltage
V, with ripple. The ripple in the output voltage can be found as

Verg pi = 0.1 x 400=4 V. (5.23)

Thus the switch S; must handle 404 V.
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The peak current that flows through the main switch can be found from graph of
Fig. 3.7 (a) for Z,=0.21 puand K =3 to be 2.27 pu x 3.722 = 8.448 A. In order to find
the rms current of main switch an assumption is made that the current flowing in
auxiliary circuit does not significantly increase the rms current through this switch. The

duty cycle of the main switch is expressed as a time varying function as follows:

V.-V, . -sinlax
l)(ax)= [) mpela; Sln( )

-4

(5.24)

From the definition of rms, the maximum rms current for the switch can be found

out to be:

(R =\/i-’f(f,,k mae - Sin(a@r)f} - D(ax)- d(ax) (5.25)
i p. _

o

eq. (5.25) can be simplified to give:

4-v, .2 -90-2
Loy o= o imamin N2 395 JL_200N2 555 4 (5.26)
- P~ 2 3-n-V, 2 3-m-400

(vil) Voltage across Main Switch at turn-off

From Fig. 3.8 (a) it can be seen that for K =3 and Z, = 0.21 the voltage across
capacitor Cp = -0.87 pu. This means that at turn-off switch S, has a net voltage across it of
only 1-0.87 =0.13 pu. Multiplying this by the base value V, = 400 V the actual voltage

across S; comes out to be 0.13 x 400 = 52 V. Therefore turn-off losses are also greatly
reduced.
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(viii) Boundary between Mode 1 and Mode 2 of Operation

The boundary between Mode 1 and Mode 2 of operation can easily seen from Fig.
3.11. From the fig. it can be seen that the minimum time that switch S1 has to remain on
to operate in Mode 1 for K =3, Zr = 0.21 and Cr/Cb = 20 is 0.31 pu. So the minimum
duty cycle in Mode 1 will be:

D, =T, -T -F,=031-1.587us-100kHz = 0.05 (5.27)

As this value is below 0.063 which is the duty cycle of the converter at peak of

the 265 V input ac wave, so it is concluded that the converter is designed to operate under

Mode | only.

5.3 SIMULATED _AND _EXPERIMENTAL RESULTS OF THE PROPOSED

CONVERTER

The feasibility of the converter presented in this chapter was verified by results
obtained from a 250 W experimental prototype switching at 100 kHz. The value of
resonant inductor used was L, = 6 H, resonant inductor C, = 15 nF and C; = 2.5 nF. A
higher value of resonant capacitor was used than that predicted theoretically as the
capacitor C; charges up to the expected value only by using a larger resonant capacitor.
As voltage across C, causes ZVS of S, so this change was necessary. IRF840 was the
Mosfet used for both the main switch S; and auxiliary switch S,. Although a larger switch
such as IRFP460 can be used as main switch to give lower conduction losses, it was not

used because a larger switch also requires a faster gate driver to charge up its large gate-
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source capacitance. As this requires a Mosfet driver with higher current capability so a
smaller switch which requires a smaller gate driver was used. The components used are
listed in Table 5.1.

The experimental setup was not exactly as that shown in Fig. 2.1. In the
experimental setup a large dc capacitor was placed in the input as shown in Fig.5.1. The
purpose of doing so is that the analysis and design of the proposed converter have been
done for one particular point of the input ac wave. This point is the peak of the 90 V input
ac wave at which the input current will be the maximum. This point is also the point
where the ZVS turn-on interval is the least. So by putting a large dc capacitor at the input
and adjusting the voltage across it to be the same as the peak of the 90 V input ac wave,
the circuit conditions are being set for this particular point only. This setup will thus
verify the analysis and design procedure of the converter.

From Fig. 5.2 and Fig. 5.3 it can be seen that S; has ZVS at both turn-on and turn-
off. The negative current through S, at turn-on decreases the voltage across it slowly and
then its body diode starts conduction. As voltage across switch is zero at turn—on there
are no switching losses. At turn-off the voltage appearing across S, is not absolutely zero
but around 80 V. This means that the voltage across C is around 320 V or 0.8 pu. The
characteristic curves of Fig. 3.8(a) predict a voltage of 0.76 across C; at turn-off for the
selected parameters and this is quite close to the actual value. The rate of voltage rise
across the switch is lesser than in hard switching and so turn-off losses are also reduced.

Fig. 5.4 shows the auxiliary switch S, switching waveforms. As shown in figure
the turn—on of S is at ZCS. Also the voltage appearing across Sz i.e. Vsz pearis only 220 V

instead of the full output voltage of 350 V. The value of Vs; peax predicted by
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characteristic curve Fig. 3.5(a) is 0.64 pu or 256 V. The reason for this small mismatch is
that the output voltage ¥, has been kept low to 350 V for safety reasons and so
experimental value of Vg2 pear Will be lower. Turn-on losses of §; will be low due to
reduced voltage. Turn-off losses are eliminated as switch is tuned off at negative voltage.
Fig. 5.5 shows the switching waveforms of S; on a larger time scale.

Fig. 5.6 and Fig. 5.7 show the turn-on and tumn-off of S; under reduced load of
200 W. It is seen from these figs. that turn-on of S1 is still under ZVS but the turn-off is
at slightly higher voltage than that under full load as shown in Fig. 5.3. This means that
turn-off of S; depends on the input current and therefore at low load conditions or near
zero crossing of the input ac wave where input current is lesser, the turn-off will become

more and more lossy.
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Fig.5.1 Experimental Setup for obtaining the Switching Waveforms of the
proposed Converter.
Table 5.1 Components Used in the Design Prototype.
Component Value
Resonant Inductor L, 6 uH (Self wound)
Resonant capacitor C, 15 nF (Vishay)

Capacitor C,

3 5oF (Vishay)

Switches S, S,

IRFP840 (International Rectifier)

Boost diode D, HFAO8TB60 (International Rectifier)
Auxiliary diodes D—Ds MUR1540 (Motorola)
Boost Inductor L;, 1050 uH (wound on Magnetics Kool-Mu 77716A7 core)

Output Capacitor C,

470 pF (Nippon Chemi-Con)
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Scale: Voltage 100 V/div, Current 2 A/div, time 0.1us/div

Fig. 5.2 Switching waveforms of the main switch S; at turn-on for V=127V,

Vo =350 V, Po =250 W, Fsw = 100kHz.
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Scale: Voltage 100 V/div, Current 2 A/div, time 0.2us/div

Fig. 5.4 Switching waveforms of main switch S; at turn-off for V;,=127V,

Vo =350 V, Po =250 W, Fsw = 100kHz.
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Fig. 5.5 Auxiliary switch S; vol@tage and current waveforms at turn-on and
turn-off for Vi,=127V, Vo =3:50 V, Po =250 W, Fsw = 100kHz.
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Fig. 5.6 Switching waveforms oof main switch S; on a larger time scale for
Vin=127V, Vo =350 V, lPo = 250 W, Fsw = 100kHz.
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Fig. 5.6 Switching waveforms of the main switch S; at turn-on for OQutput
Power Po =200 W.
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Fig. 5.7 Switching waveforms of the main switch S; at turn-off for Power
Output Po =200 W.
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Fig. 5.9 Simulated waveforms of the main switch S, showing switch current
Is: and voltage V1 (upper waveform) and gating Vs, _patfor V=127 V, Vo =350 V,
Po =250 W, Fsw = 100kHz.
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Fig. 5.10 Simulated waveforms of the auxiliary switch S2 showing switch
current Is; and voltage Vs; (upper waveform) and gating Vs,  patfor Vin=127 V, Vo
=350 V, Po =250 W, Fsw = 100kHz.
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Fig. 5.10 (a) and Fig. 5.10 (b) shows the turn-on of main switch S; under hard
switching and soft switching respectively. Fig. 5.11 (a) and Fig. 5.11 (b) show the turn-
off of S; under hard switching and soft switching conditions respectively. From both the
figures it is seen that the instantaneous power loss during these switch transitions is lower
under soft-switching than under hard switching because the area under the current and
voltage waveforms in soft-switching is lesser than the area under hard-switching. Thus
the efficiency of the converter will be more.

There is some ringing in the switching waveforms of switch S;. This is because
the ant-parallel diode D5 is not ideal and for the reverse recovery duration it conducts the
resonant current in the reverse direction. As soon as it recovers reverse blocking
capability the current across resonant inductor L, is abruptly terminated resulting in a
large voltage spike across Sz.

From these experimental results the advantages of this converter can easily be
seen. The only disadvantage is that turn-off of switch S; is dependent on input current
also instead of on only the output voltage. This means that under reduced loads or near
zero-crossings the soft turn-off of S, will be at higher voltages. This might not be a big
disadvantage because at reduced input currents the rate of fall of switch S1 current will be
faster and so the overle;p of higher switch voltage and lesser switch curmrent will be
smaller. This will lead to smaller losses.

The only reason for keeping the output voltage ¥, at 350 V instead of 400 V is
because of safety considerations as the maximum voltage that can be measured by a

probe in the experiment is 400 V only.
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5.4 CONCLUSIONS

In this chapter design guidelines were laid down and a design example was
presented for designing the proposed converter. Use was made of the characteristic
curves presented in Section 2.5 and equations were developed in this chapter to assist in
the selection of the component values of the converter.

From the design example a prototype was developed from which experimental
results were taken. Simulation results were also presented. Both simulation and the
experimental results verify that the main switch has ZVS at both turn-on and tum-off.
The losses in auxiliary switch are also low. These results match the simulated results too
and prove the validity of the design procedure used.

Experimental results in Mode 2 were not obtained as it is more difficult to have
ZVS in Mode 1 than in Mode 2 as proved by the graphs of Chapter 3. So if the converter

has ZVS in Mode 1 it will surely have ZVS in Mode 2 also.
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CHAPTER 6

CONCLUSIONS

6.1 SUMMARY

This thesis proposed a new ac—dc power factor corrected ZVT converter as the
first stage of the conventional two stage converter. The primary objective was to achieve
a high efficiency for the boost stage by achieving ZVS turn-on and turn-off of the main
switch and boost diode which leads to smaller losses and hence smaller heat sinks. This
decreases the size and cost of this converter.

The basic principle of operation for this ZVS converter was explained and steady
state analysis was performed. The steady state analysis was verified from analytical
waveforms which match the simulated waveforms from Psim. The steady state analysis
was then used to draw characteristic curves which give valuable insights into the working
of the proposed converter and its design. Control theory for the PFC boost converter was
explained and a proper voltage compensator and current compensator were designed. The
characteristic curves were later used for designing an experimental prototype which was

used to test the usefulness of the converter and verify the design procedure.
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6.2 CONCLUSIONS

1)

(2)

(4)

(%)

(6)

From this thesis it can be concluded that:
ZVS occurs for the main switch S; at that point on the input ac voltage wave where
the ZVS turn-on interval is the least. At that point auxiliary switch S, has ZCS turn-
on and ZVS turn-off. The boost diode D; also has a soft turn-off at that point.
From design curves it is apparent that in order to have a large ZVS interval the value
of resonant impedance Z, should be low. Also to keep low voltage stress on the
auxiliary switch low and at same time achieve a proper turn-off of main switch S;
the value of K = C,/C, should be less than 1. But the price paid is larger rms and
peak currents in the auxiliary circuit which lead to increased losses. So a
compromise must be made.
The converter should be designed for values of K less than 1 and for low values of
resonant impedance Z; as possible in order to ensure that the converter operates
mostly in Mode 1, which is more efficient than Mode 2, for high input voltages.
By decreasing the value of variable K = C,/Cy, the length of the ZVS interval can be
increased but at the cost of increased voltage stress on the auxiliary switch S; and
lesser ZVS turn-off of the main switch S;.
The selection of the resonant inductor L, is based on the reverse recovery time £, of
the boost diode. This places a limit on the minimum length of the resonant cycle of
the auxiliary circuit and by extension a limit on the switching frequency.
The optimum design of the converter is obtained by keeping the value of variable K

at 3 and selecting resonant impedance Z, in such a way as to achieve sufficient ZVS
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turn-on interval. At this value of K the main switch S; has a proper ZVS turn-off as

well.

6.3 SUGGESTIONS FOR FUTURE WORK

In order to extend the work presented in this thesis the following topics can be
examined:

(i) It was seen that there is a sharp voltage spike at the auxiliary switch S, because diode
Ds is not able to regain reverse blocking capability instantly. Ways of reducing this
spike while keeping the auxiliary circuit simple would greatly improve reliability of
the converter.

(ii) A limitation was imposed on how high the switching frequency of the converter can
be extended due to the limitation of reverse recovery time ¢, of the boost diode. By
using better fabrication methods a better device might be produced which has a
reduced reverse recovery time and this will improve the performance of the
converter.

(iii) It can be examined whether the results of this thesis can be extended to three phase

circuits as well.
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