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ABSTRACT

This thesis presents the steady-state and dynamic analysis of a soft-switching single-
phase, single-stage high frequency (HF) transformer isolated ac-to-dc converter with
low line current harmonic distortion. The converter topology integrates a discon-
tinuous conduction mode (DCM) boost converter and a soft-switching asymmetrical

pulse-width-modulated (PWM) constant frequency dc-to-dc converter.

The steady-state operation of the converter is explained with equivalent circuits
for various intervals of operation. Design curves are obtained based on steady-state
analysis. The design procedure is illustrated with an example. Detailed PSPICE
simulation results and experimental results obtained from a 500 W, 48 V output lab-
oratory prototype are given to verify theory. The measured total harmonic distortion
(THD) of the line current is between 9.5% to 28% for the complete operating range
of load and line voltage. Zero-voltage-switching (ZVS) is maintained for the complete

operating range.

Small-signal analysis of the ac-to-dc converter is done based on the state averag-
ing technique. Control-to-output and line-to-output transfer functions are obtained.
Control-to-output transfer function indicates that the duty cycle has to be restricted
to 0.5 to obtain fast regulation of output voltage. PSPICE simulation results are
compared with the theoretically obtained frequency response of the control-to-output

transfer function. A feedback loop network is designed to regulate the output voltage.

Discrete-time large signal analysis is presented to study the closed-loop behaviour
of the converter for typical line and load transients. The output voltage recovers
within 1 ms for 50% load transients. Theoretical results are verified with PSPICE

simulation. Experimental results for load transients are given.
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Chapter 1

Introduction

This thesis is concerned with the steady state and dynamic analysis of a soft-switching
single-stage single-phase ac-to-dc converter with high frequency (HF') transformer iso-
lation operating on the utility line at high power factor (pf) and low line current total
harmonic distortion (THD).

In Section 1.1 a brief review of ac-to-dc converters and the associated problems
are presented. The literature survey on various power factor correction converters,
mainly single stage converters, is given in section 1.2. The motivation for work is

presented in section 1.3. The thesis outline is given in section 1.4.

1.1 AC-to-DC Converters

Most of today’s electronic products, viz, computers, telecommunication equipment,
instrumentation equipment, battery chargers, etc. require DC power supplies. But
as AC supply is commonly available and easily accesible through a wall outlet it is

essential to convert the available AC voltage to the required DC voltage.

The conversion of an AC voltage to DC voltage is conventionally done by a diode
rectifier followed by a large capacitive filter as shown in Fig. 1.1(a). This gives a raw
unregulated DC voltage. For low power applications, the output voltage is regulated
using a Linear Regulator. This has a disadvantage of poor efficiency and if isolation
is required, then, bulky line frequency transformer has to be employed. Hence the
output voltage is regulated by using a Switched Mode Power Converter. This offers

many advantages as high efficiencies can be achieved and HF isolation can be pro-
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vided. The main disadvantage of such converters is that the current drawn from the
AC mains is highly distorted as shown by i, in Fig. 1.1(b). The amplitude of the
input current is very high compared to the fundamental current. The THD of the
input line current is more than 100% thereby deteriorating the power factor. This
would then grossly derate the active power available at the outlet. This would also

cause harmonic disturbance in the neighbouring electrical network.

iin
= DC - DC 2
o raw
Vin DC CONVERTER
@ . E... REGULATED
Sl »
(with HF | yoLTAGE
transformer
Z§ ZE |_ isolation ) h

(a) Conventional Off-the line power supply schematic

(b) Line current drawn from mains

Figure 1.1. Conventional rectifiers with a large capacitive filter and its associated
line current. The fundamental component of the line current is shown in a dotted

line.
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With increasing and expanding area of application of power electronic convert-
ers, harmonic standards such as IEC1000-3-2, ANSI/IEEE - 519, VDE - 0838, 160,
712 have been implemented to regulate the amount of harmonic current that can be
drawn from the utility. This has led researchers to combat the problems associated

with conventional converters operating on the utility line.

The solution to this problem is to have a pre-conditioning stage, also referred to
as Power Factor Corrector (PFC), which would control the input line current to draw
near sinusoidal current from the utility [1]-[6]. The output of this stage is a high
voltage bus (usually about 380 V) which then becomes the input to the dc-to-dc con-
verter which regulates the output voltage and also provides HF transformer isolation.

This kind of pre-conditioning is becoming increasingly popular.

An additional stage of power conversion for power factor correction calls for addi-
tional components, This means size of the power supply increases, cost increases and
also results in lower efficiency. This has led to the exploration of integrating the two
stages, 1.e, the PFC stage for input line current shaping and the dc-to-dc converter
stage for regulating the output voltage and also providing HF transformer isolation
into one single stage [7]-[24]. In the following section a review of some of the single

stage PFCs are presented.

1.2 Background on Single Stage PFCs

At the outset of the work several single stage configurations were considered. These
PFCs suffer from one or more of the following drawbacks. These drawbacks are
enumerated in [20].

1. Presence of large low frequency ripple at the output [8],[9],[10],[13].

2. Slow regulation of the output voltage [8],[9],[10],[13].

3. Complex circuit topology [11],[16],[17].

4. Complex control scheme [11], [14], [16],[17],[18],[19],[22].

5

. Large variation of intermediate storage capacitor voltage at varying loads [15].



6. Low exploitation of power transformer due to transmission of pulsating power

across the power transformer [8],[9],[10],[13].
7. Hard switching of power semiconductor devices [8],[9],[14]-[21].

Reference [7] was one of the earliest publications to suggest the possibility of a Pulse
Width Modulated (PWM) single stage PFC. But its design and implementation were

not discussed.

Efforts to implement a single stage PFC was first described in [8]. Here, the
authors present a full bridge configuration which operates alternately between the
boosting mode and the inverting mode to control the line current and the output
voltage. In [9], a flyback converter was operated at constant duty cycle in discontin-
uos conduction mode (DCM) to draw sinusoidal current from the utility line. This
converter offers a simple and inexpensive solution to the poor power factor problem.
In [10] and [13], resonant converters, which were until then studied mainly for de-to-dc
converters, were operated in a high power factor mode on the utility line. This gives
good power factor and due to soft-switching (zero voltage switching or zero current
switching), the switching losses are low and hence high frequency operation up to a

few hundred kHz is possible.

In all the converters mentioned above the main problem encountered is the ap-
pearance of large low frequency ripple at the output. Due to the pulsating nature of
input power in single phase systems, the low frequency energy has to be stored some-
where in the circuit. In these converters this energy storage appears at the output,

which results in large filter capacitors and slow regulation of output voltage.

Reference [11] presents an elegant solution to this problem in which a boosting
supply in series with the input was produced to obtain a more or less constant bus
voltage. This boosting supply is a frequency controlled resonant converter and the
output is regulated by phase-shifted soft-switching PWM. Due to independent con-
trol fast regulation of output voltage can be obtained. But the main problem in this

converter is that the THD is high and control circuit is complex.
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In [14], a conventional boost converter such as the one described in [6], is inte-
grated with a two-switch forward converter. Here, the input line current is controlled
to give low harmonic distortion. The disadvantage here is that the converter has a
constraint on the operating range of the load and hence cannot operate for the entire

load range (i.e, near zero to 100% load). Also, the control circuit is complex.

A boost converter operating in DCM gives good power factor [2]. This feature
is exploited by many researchers by integrating the main switch of a DCM boost
converter with a switch of a dc-to-dc converter. For example in [15] a new family of
ac-to-dc converters were derived which integrate the functions of low harmonic recti-
fication, low frequency energy storage and wide bandwidth control of output voltage
into a single converter. These converters utilize a DCM input inductor, an internal
energy storage capacitor and transformer isolated secondary circuits which resemble

the bridge, forward, flyback or Cuk dc-to-dc converters.

The main disadvantage in such converters is the large variation of energy storage
capacitor voltage at varying loads. The physical explanation is as follows. The output
voltage in a simple buck converter operated in continous conduction mode (CCM) is
directly proportional to the duty cycle and the storage capacitor voltage (which is
the input to the buck converter). Suppose the load now decreases, there is an energy
imbalance between the energy transferred to the storage capacitor from the source
and the energy that is discharged by the load and hence the capacitor voltage would
increase. This causes the output voltage to increase and the duty cycle decreases
via the feedback loop. The end result is a new energy equilibrium at an increased

capacitor voltage and reduced duty cycle.

Remedies to the above mentioned problem has been suggested in [18] and [19]. In
(18] a combination of duty cycle and frequency control is employed. In [19] a com-
bination of duty cycle and phase shift control is employed. But these techniques do

not totally solve the problem.

Reference [20] gives a simpler solution by operating both the PFC and the dc-to-dc

converter sections in DCM. This ensures an inherent energy balance at varying loads
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and the voltage across the storage capacitor becomes independent of the load current.
The penalty to pay for DCM operation is an increase in conduction loss, however, the
switching losses associated with hard turn-off of the output rectifier diodes are elimi-
nated. But the power switches are hard-switched and hence the switching frequency
is limited to about 50 kHz. Higher switching frequencies result in higher switching

losses for the power switches.

In reference [22], a new family of soft-switching single stage PFCs is presented.
Here a boost converter, where the line current is actively shaped is integrated with
a soft-switched dc-to-dc converter. The advantage is that due to soft-switching, the
conducted EMI is reduced. The disadvantage with these converters is that the control
scheme is complex and the soft-switching is not guranteed at low loads. Also there
is a limitation on the depth of modulation of the duty cycle which is related to the

peak current rating of the switches.

In (23] and [24] asymmetrical dc-to-dc converters have been extended for single
stage PFCs. These converters integrate the soft-switched asymmetrical dc-to-dc con-
verters with a DCM boost converter for PFC. Since the DC characteristics of the
dc-to-dc converter section are similar to a traditional square wave converter operat-
ing in DCM, it is expected that this converter would also show only a little variation

of voltage across the storage capactitor.

References [16] and [17] present a novel PFC scheme in which the PFC circuit
comes in parallel with the major power flow path instead of being cascaded. This
converter yields good efficiency and power factor but circuit topology, operation and

control 1s complex.

1.3 Motivation for work

In the previous section it was seen that various topological alternatives for single-
stage PFCs are available in literature. The converter topology shown in Fig 1.2 and

described in [23] presents a single-stage soft-switching (ZVS) PFC. Advantages of
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soft-switching converters include low switching losses and hence they can be operated
at high switching frequency. This would improve the efficiency while reducing the
size, weight and cost. The converter of Fig 1.2 is simple and operates at constant

switching frequency. The output voltage is regulated by duty cycle control.

In [23], the effect of switch and snubber capacitors have been neglected in operation
and analysis of the converter. However in practice, the effect of switch capacitance
has to be taken into account and also external snubber capacitors have to be added
to reduce the turn-off losses. Based on PSPICE simulation results for the converter
described in [23], it is observed that when switch and snubber capacitors are added,
zero-voltage-switching (ZVS) for the bottom switch is lost at reduced loads. This
happens even at half load at nominal supply voltage for a regulated output voltage.
The loss of ZVS results in large current spikes in bottom switch, at the instant of

turn-on. This is demonstrated in Fig. 1.3.

The ZVS at lower loads can be achieved by increasing the dead gap between the
top and bottom switch gating signals. But this would result in ZVS being lost at high
loads because of re-charging of switch and snubber capacitors after the antiparallel

diode ceases to conduct.

[t is important to maintain ZVS, otherwise the entire energy in the switch and
snubber capacitors would be dissipated in the switch at the instant of turn-on. The
power loss would be high due to operation at high switching frequency. Therefore,
a modification to the converter topology is done to ensure ZVS even at lower loads.
This modification is the addition of a Zero-Voltage-Transition (ZVT) network based
on [25]. The added auxiliary circuit is small and consumes only a fraction of the total

power. The proposed configuration is shown in Fig. 1.4.

Also in [23], no detailed analysis or systematic design procedure was given. Small-
signal analysis and large-signal transient analysis were not presented. Therefore,
in this thesis, detailed analysis, design, simulation and experimental results of the

proposed converter are presented. An outline of the thesis is given in the next section.
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Figure 1.2. The circuit configuration of the original two-switch soft-switched PFC
described in [23].
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Figure 1.3. PSpice simulation results of the original converter. The current spikes
at the bottom switch clearly show that ZVS is lost. The converter details are : V;
= 115 V rms, Ly = 250 pH, L. = 250 pH, C; = 470 pF, Output voltage reflected to
primary, V! = 210 V, Load resistance reflected to primary, R} = 1 k) (approximately
half load), D = 0.33, Switching frequency, f, = 100 kHz.
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Figure 1.4. The proposed configuration of the single-stage soft-switching ac-to-dc converter with HF transformer iso-
lation. The ZVT network is shown in dotted lines.
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1.4 Thesis Outline

In Chapter 2, the steady state operation of the proposed single-stage single-phase
ac-to-dc converter with the ZVT circuit shown in Fig. 1.4 is presented. Steady state
analysis is done to obtain various design curves. The design procedure is illustrated
with an example. PSPICE simulation results and experimental results of a 500 W,

48 V laboratory prototype converter are given to verify theory.

In Chapter 3, small-signal analysis of the ac-to-dc converter described in Chap-
ter 2 is presented. The analysis is based on the state averaging technique [28], [33].
Frequency response of control-to-output and line-to-output transfer functions are ob-
tained. PSPICE simulation results for a few discrete frequencies are given to verify
the frequency response of the control-to-output transfer function. The design of the

feedback loop for the ac-to-dc converter designed in Chapter 2 is given.

In Chapter 4, a large-signal transient analysis of the ac-to-dc converter described
in Chapter 2 is done based on a method presented in [29] and [30]. The closed loop
behaviour of the converter is studied for a few typical input supply voltage and load
transients. PSPICE simulation results are given to verify theory. Experimental re-

sults for load transients are given.

The thesis is concluded in Chapter 5 with a summary of main contributions and

results along with some suggestions for future work.
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Chapter 2

Steady-State Operation

2.1 Introduction

[n this chapter, the steady-state analysis, design, simulation and experimental results
of the soft-switching, 1-¢, single-stage high frequency (HF) transformer isolated power
factor corrector (PFC) ac-to-dc converter introduced in Chapter 1 are discussed. The

circuit configuration is shown in Fig 2.1.

The main objectives of this chapter are :

1. To present the steady-state operation and analysis of the proposed single-stage

PEL.

o

To give a systematic and detailed design procedure along with a design example.

3. Provide PSPICE simulation and experimental results and compare them with

theoretical predictions.

The objectives of this chapter are achieved in the following sections : In Section 2.2
the steady state operation of the proposed converter is discussed describing each
interval. Steady state analysis is also presented. In Section 2.3 normalized design
curves are given and the design procedure is illustrated with a design example. The
analysis is then verified by PSPICE simulation in Section 2.4. Experimental results
for a 500 W laboratory prototype are given in Sections 2.5. Finally, the chapter is

concluded with a discussion of the results in Section 2.6.
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Figure 2.1. The proposed configuration of the soft-switching single-stage ac-to-dc Power Factor Correction converter.

The Zero-Voltage-Transition circuit is shown within dotted lines.
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2.2 Circuit Operation and Steady State Analysis

2.2.1 Circuit Description

The proposed configuration of the single stage PFC is shown in Fig. 2.1. This is ob-
tained by adding a Zero Voltage Transition (ZVT) circuit based on [25] to the circuit
configuration of [23].

S1 and S2 are the main switches and D1 and D2 are their respective antiparallel
diodes. Ly is the boost inductor which along with switch S1 and diode D2 operates as
a boost converter. Output of the boost converter is V;,s which is the voltage across
the bulk energy storage capacitor, Cy,s. D; is a fast-recovery diode which comes
in series with the boost inductor so that low-speed diodes can be used at the input

rectifier. Cy is a capacitor to filter the switching frequency ripple current at the input.

Vius Which is the voltage across the bus capacitor, Cys, is the input to the de-to-dc
converter section and L. is the main inductor. 7, is the HF transformer to provide
isolation and load matching. C1 is the primary side DC blocking capacitor and C2
is the secondary side DC blocking capacitor. Diodes, D3-D6 are output HF rectifier
diodes. C, is the output filter capacitor. Ry is the load resistor. Snubber capacitors,
(s, are added in parallel to the main switches, S1 and 52, to reduce the turn-off
losses. S, is the auxiliary switch. L, is the auxiliary inductor. Any parasitic ringing
of L, with the auxiliary switch capacitance is prevented by the saturable reactor, L;.
Diode D,; prevents the conduction of the body diode of switch S,. Diode D,, returns
the energy stored in L, back to Vj,s.

2.2.2 Assumptions used

The following assumptions are used in discussing steady state operation of the con-

verter :

1. The capacitors, Cy,s, C'l, C2 and C, are sufficiently high so that the voltages

across them are ripple-free and are constant at steady state.
2. All the switches, diodes, inductors and capacitors are ideal and lossless.

3. The leakage inductance of HF transformer is a part of the main inductor L..



2. Steady-State Operation 14

4. The magnetizing inductance of the HF transformer is very high.

5. The switching frequency, f;, is much higher than the line frequency, f;.

2.2.3 Steady State Operation

Macroscopically, the circuit operation is similar to [23], but microscopically, due to
the presence of the ZV'T circuit the operation is different as it introduces several sub-

intervals.

The gating signals and other operating waveforms for the proposed converter are
shown in Fig. 2.2. The operation of the whole converter can be explained by split-
ting one HF switching cycle into four main intervals. Some of these intervals contain
sub-intervals. The equivalent circuits for various intervals of the converter of Fig. 2.1
are shown in Fig. 2.3. The equivalent circuits shown are with load side components

reflected to the primary side of the HF transformer.
A typical HF switching cycle of the converter is described as follows:

Interval 1a (to < t < t1,) : This interval begins with the turning off of the top
switch S2. At this instant (¢ = 0), the current in L. is 414, the current in L, is zero
and the voltage across the bottom switch, S1 is V,,s. Immediately after switch 52 is
turned OFF, switch S, is turned ON. The current in L. (which is assumed constant
in this interval) and the resonating current in L, discharge the snubber capacitors
bringing the voltage across diode D1 to zero thereby forward biasing it. This marks
the end of this interval. In this interval, since iy, is positive, the output rectifier

diodes conducting are D3 and DA4.

Interval 1b (t;, <t < t1,) : This interval begins when diode D1 starts conducting.
The current in L, freewheels as S, is ON and D1 is conducting. The current in L.
decreases towards zero. The current in boost inductor, L, begins to rise. This interval

ends when S, is turned OFF. In this interval, the output rectifier diodes conducting
are D3 and DA4.



Sa

interval
sub interval

Devices
Conducting

GATING SIGNALS

2. Steady-State Operation

"'Tl> Tz =Ty T4
151 2 L i3
abcd. \ a b a b c
AN by } !
Sa Sa Dy Sl Sl Ds Ds Ds Ds S2
D3 gsl D1 Ds Ds Ds D2 D2 s2 D3
g B; gi D5 D6 D5 D3 D3 D4
D4 py D6 D6 D4 D4

15

Figure 2.2. Typical steady state operating waveforms in one HF cycle of the pro-

posed converter. The devices conducting in the intervals and sub-intervals are shown.
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Interval 1c (t1p <t < tyc): As S, is turned OFF, diode D,; conducts the current
in L,. The current in L, begins to fall linearly until it reaches zero and its energy
is given back to Cpys through D,;. The current in L, continues to increase and the
current in L. continues to decrease. This interval ends as current in D1 goes to zero

and S1 is turned ON. In this interval, the output rectifier diodes conducting are D3
and DA4.

Interval 1d (t;. < t < t14) : This interval begins when S1 is turned ON with
zero voltage across it. The slope of current in L. remains the same. The current
in inductor L, continues to rise. This interval lasts until current in L. goes to zero
and is just about to reverse its direction. In this interval, the output rectifier diodes

conducting are D3 and DA4.

Interval 2 (t14 <t < t3) : This interval begins when the current in L. has re-
versed its direction. This current now increases in the negative direction. The boost
inductor current continues to rise with the same slope. This interval ends when S1
is turned OFF. At this instant the current in L. is -Ig. In this interval, the output
rectifier diodes conducting are D5 and D6.

Interval 3a (t; <t < t3,) : This interval begins when S1 is turned OFF. The
current in L. at this instant is Ig in the negative direction and the boost inductor
current is at its peak, I, (this peak is proportional to the instantaneous value of the
rectified input voltage along the line frequency scale). The current in L. and current
in L, now charge the snubber capacitances and bring the voltage across D2 to zero
thereby forward biasing it and is just about to conduct the current carried by L. and

Ly. In this interval, the output rectifier diodes conducting are D5 and D6.

Interval 3b (t3, <t < t3) : In this interval diode D2 begins to conduct and the
current is the sum of the absolute values of currents in L, and L.. As the diode D2 is
conducting, the voltage across 52 is zero and hence the turn ON gating signal is given
to S2. The current in the boost inductor falls and the current in L. begins to rise
(i.e, its magnitude begins to decrease and approaches zero). This interval ends when

the current in L. comes to zero and is about to go positive again. In this interval,
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the output rectifier diodes conducting are D5 and D6.

Interval 4a (t3 <t < t4s) : This interval begins when current in L. has crossed
zero and is flowing in the positive direction again. The current in D2 is the difference
of currents in Ly and L.. So, as the current in L. changes slope, the current in D2 also
changes slope. This interval ends when current in D2 becomes zero. In this interval,

the output rectifier diodes conducting are D3 and DA4.

Interval 4b (t4 <t < tg) : This interval begins when current in D2 has become
zero and S2 begins to conduct. Hence S2 turns ON at zero voltage across it. The
slope of current in L, remains same. This interval ends when current in L, comes to
zero. This is the DCM operation of the boost inductor current. In this interval, the

output rectifier diodes conducting are D3 and D4.

Interval fc (ts <t < ts) : This interval begins when current in L, has come
to zero. This current remains at zero throughout this interval (DCM operation).
The current in L. continues to rise until switch S2 is turned off. At this instant the
current in L. is I4 again at steady state. In this interval, the output rectifier diodes

conducting are D3 and D4.

2.2.4 General solutions for different intervals during steady
state operation

For a better understanding of the circuit the continuous time equations for the fol-
lowing quantities during different intervals of operation are written for one HF cycle
at steady state operation.

e Voltage across switch S1, vy(t).

e Voltage at the input of the output rectifier, v,(t).

e Currents in inductors L,, Ly and L..

The analysis is based on the the waveforms shown in Fig. 2.2 and the equivalent

circuits for various intervals shown in Fig. 2.3.
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Since the load circuit is referred to the primary of the HF isolation transformer,

the effect of DC blocking capacitors is taken together and the following relation holds:
Ve = Vo1 — nVe, (2.1)

Also, this voltage, V¢, the bus voltage, Vi,s and the output voltage, V; are constant

during steady state (assumption 1 of section 2.2.2).

The following are the continuous time equations during the various intervals (and

sub-intervals) for one HF switching cycle.

Interval 1a (to <t < t1,)

n(t) = /22 cos 7=1 (t—to) :
: _,m[tan‘l(vd— 20, 3&-)] i [ R °
+ tan‘l(‘—,lt 2—[‘0‘!:)]
‘Ug(t) = ‘/o
iLb(t) = 0
i (f) = L4 S1n[ . (t — to)
szn[ta‘n"l(vb o 2—12;“;)] V2.Le.Cs
+tan‘1(r,[;::\/2—%f)] )
Interval 1b (t;, <t < typ)
‘Ul(t) = 0 i
'Ug(t) = ‘/0
() = - Yoy, | (23)
in,(t) = M=ll_q,)
iLa(t) = iLa(tla) )
Interval Ic (t1p <t < ty)
vn(t) = 0 i
wn(t) = V
1L, = Ip-— M. t—ta
() 4= (t - tia) } (2.4)
”fh(t) m (t - tla)
ir,(t) lLa(tla) —[‘j‘:‘(t —t1p) (until it reaches zero)
= 0 (once it reaches zero) J
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Interval 1d (t,. <1t < t14)
w(t) = 0 ’
va(t) Vo
i (t) = In—Ytm% (i—¢,) ¢ (2.5)
i () = bel_y,)
iL(t) = 0 )
Interval 2 (t1q <t < t3)
w(t) = 0 ‘
v(t) -V,
i (t) = -3 (i-ty,) (2.6)
i{t) = t“'—2'4(,9’(1‘ — t1a)
irl] = B J
Interval 3a (t; <t < t3,)
w(t) = &y
n(t) = -V,
w(t) = —-Isg ¢ (2.7)
ir,(t) L,
i(t) = 0 !
Interval 3b (ts, <t < ta)
n(t) = Vi
n(t) = -V
i(t) = ~Ip+ Du=fettl (i — 4y, (2.8)
in,(t) = I — Vhghell 3¢5,
.(t) = 0 )
Interval 4a (t3 <t < t4q)
n(t) = Viu ‘
v(t) =V,
i (t) = Pm=Yomndb (4 yy) ' (2.9)
i (t) = I — Qheeghin@ (4 5
i(t) = 0 )
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Interval 4b (t4a <1t < tgp)
'Ul(t) = ‘/bus \
’Ug(t) = ‘/o
ch(t) . Vh"’—‘l/lcc—n.vg '(t — tab) } (2.10)
in(t) =l egtel (-4,
i(t) = 0 J
Interval e (tap <t < ty4)
Ul(t) = ‘/bus ‘
‘Uz(t) = ‘/o
in(t) = BesE(t-ty) 23
tr.(f) = 0
i) = 0 ,

2.2.5 Steady State Analysis

In this section steady state analysis is done to obtain the required design curves. To
obtain these curves steady state equations are written and these equations are nu-

merically solved.

In the analysis that follows the effect of snubber capacitors and auxiliary circuit
is not considered. As mentioned earlier the overall operation is very similar without
the auxiliary circuit as this network comes into play only for a very small duration.
This essentially means that the transition times (duration of intervals la and 3a)
for the switch voltages are neglected compared to the total switching time period.
However the design of the auxiliary network and snubber capacitors are considered

in the design example.

Ty, Ty, T3 and Ty are the time durations of each of the four main intervals shown
in Fig. 2.2. The following equations are written to describe the slope of current in L.

in the four main intervals from the equivalent circuits shown in Fig. 2.3.

In  Vo+nVW

= L Interval 1b, 1c and 1d (2.12)
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% = —VC—;J—Cn;Vq Interval 2 (2.13)

% = Vous = ‘ZC; +n.% Interval 3b ‘ (2.14)

;1—‘4 = Vous — ‘I/JC i Interval 4a, 4b and 4c (2.15)
4 c

As there is no DC voltage across the inductor, the voltage V¢ across the DC

blocking capacitor is given by :

T3+ Ty _T1+T4—T2—T3n
T T )

Vo (2.16)

Equation (2.16) can also be obtained by eliminating /4 and I from (2.12) - (2.15).

As the average current through the DC blocking capacitor is zero,

IA(T] + Tq) = IB(T2 + T3) (217)

The average rectified current of L. is the load current reflected to the primary side

of the HF transformer. So,

1 T4 T L+ Vo
—(1,4. I5. = 2.1
sUa—F—+1Ip——) n.RL \248)

From total time period of the HF switching cycle,

If D is the duty cycle,

(T, +T;) = DT (2.20)
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The input line voltage can be assumed constant during one high frequency period
(assumption 5 of Section 2.2.2). Hence the input voltage during the HF period is
taken as v;n(to). The time for which the current in the boost inductor rises is given
by DT. The time for which the current in the boost inductor falls is given by T,/
which is shown in Fig. 2.2. Equating the volt-second across the boost inductor the

following equation is obtained.

|'Uin(t0)| (DT) = (Vbus ""l vin(tO)l ) (Toff) (221)

The power absorbed from the line, P;,, by the boost-type PFC section operating
in DCM (averaged over the line) is given by [24],

2 _2 2 a1 _1-
H _ ‘/0 _ ‘/mka TK2[7T T 2sin (K) -7 — 3] (222)
nR, 2l - (%) K

where K is the boost converter section gain given by Vi, / Vinw and 7 1s the overall

efficiency of the converter.

For an ac-to-dc converter, the input voltage, Vi,, duty cycle, D and load resis-
tance, Ry, is known. T is known from the switching frequency, f;. Knowing the values
of Ly, L. and n the 9 unknown variables, Vi, 14, I, Vo, V., T\, T, T35 and T}y can
be calculated from the 9 equations (2.12 - 2.15), (2.17 - 2.20) and (2.22).

Toss at the peak of the input AC cycle is obtained from (2.21) by substituting
the solved value of Vj,, and setting v;,(to) = Ving- This is important because the
condition (DT +T,s5) < T should be satisfied at the peak of the line voltage to ensure
DCM of boost inductor current.

If the dc-to-dc section alone is considered then Vj,, becomes the known DC input

voltage and the remaining 8 unknown variables can be solved for by (2.12 - 2.15) and
(2.17 - 2.20).
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This completes the steady state analysis of the complete converter. This analysis
is used to obtain the required design curves. This is done along with a design example

in the next section.

2.3 Converter Design

2.3.1 Design curves

Base values for normalization and notations used in the design curves are :

! base — V busy ws = 27rfs, Zba.se = W LC
Vi V. / 2
e Zbase o nVo -
y [ Z;{;Se , M = Vs R, = n°Rp (2.23)
= L - S — Vous
Z e V' = nV, K = %

pk

The variation of converter gain, M versus duty cycle, D for different values of the
normalized load impedance, Z,,, as defined in (2.23) is shown in Fig. 2.4. Fig. 2.5(a)-
(c) show the normalized values of 14, Ig and V¢ versus duty cycle, D for a few
different values of Z,,. Although these curves are drawn for the dc-to-dc converter,
they are the same for the ac-to-dc converter also. This is because they are normalized
with repect to the bus voltage, Vj,s. Even in the ac-to-dc converter if we want to
know the currents I4 or /g at some particular operating point, then we should first
find Vj,s for that operating point. Then from these plots we can easily read 4 or Ip.

This is explained in the design example of Section 2.3.2.

In the steady state analysis so far considered, the effect of the DC blocking ca-
pacitors is taken together. The effective DC voltage, V¢ is obtained from Fig. 2.5(c).

The individual values are obtained from the following relations :

Ver = (1= D)Vius (2.24)
1
Ve: = ;(V01—VC) (2.25)
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Figure 2.4. The dc-to-dc converter gain, M = nVy/Vj,s versus duty cycle, D, for

different values of Z,,.
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Figure 2.5. Normalized peak inductor currents I4,,, Ip,, and normalized effective

DC capacitor voltage, V¢, versus D with Z,, as a parameter.

The variation of the ac-to-dc converter gain, m = nVy/V,,,, versus duty cycle, D
for different values of the normalized load impedance, Z,, is shown in Fig. 2.6 for
Ly/L. = 1.45. The selection of L;/L. is given in (2.36) in the design example de-
scribed in the following section. These gain curves are mainly given to show that the
total ac-to-dc converter gain, m increases even beyond D = 0.5 unlike the dc-to-dc

section gain, M which attains a maximum value at D = 0.5.

Design curves obtained in this section are used to design an ac-to-dc converter with
the given specifications. The design procedure is illustrated with a design example in

the following section.
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Figure 2.6. The ac-to-dc converter gain, m = nV,/V, , for Ly/L. = 1.45.

2.3.2 Design example

An ac-to-dc converter with the following specification is designed.

Supply Voltage : 85 V rms. to 135 V rms., 60 Hz, 1-¢.
Maximum output power = 500 W.

Minimum output power = 50 W.

Output voltage = 48 V.

Output voltage ripple < 2% pk-pk.

Line current THD < 10% @ 85 V rms input and full load.
Switching frequency = 100 kHz.

The design of the converter is done at the worst case, i.e., maximum load current
and minimum supply voltage. From Fig. 2.4 it is evident that the gain is maximum
at D = 0.5 and the gain decreases with decreasing load resistance. Hence the max-

imum duty cycle, Dp,, is fixed at 0.5 for the design point. For all other operating
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conditions the duty cycle is reduced.

It should however be mentioned that the converter can be designed by fixing the
maximum duty cycle beyond 0.5 also as the ac-to-dc converter gain, m, shown in
Fig. 2.6 increases even beyond D = 0.5. This is due to increase in the bus capacitor
voltage Vius. But this voltage V4, takes a long time to reach its steady state value
because of the bulk capacitor, Cy,s. Hence the output voltage regulation is slow. Fast
regulation is achieved if the duty cycle is restricted to D = 0.5. Since the objective of
having the bulk capacitor at an intermediate stage is to have fast output regulation
[20], the design procedure where the duty cycle is restricted to 0.5 is chosen. This as-
pect is also proved in Chapter 3 where small-signal analysis of the ac-to-dc converter

is performed.

The design begins with the selection of the bus voltage, V.5 at the selected design
point. Fig. 2.7 shows the THD of the line current (HF filtered) versus the boost
converter gain, K = Vju/Vin,. The value of K must be as high as possible to
reduce the THD [2]. But higher K means higher V;,; which means a higher voltage
rating for the switches. So K is chosen just high enough such that it meets the THD
specification. From the converter specification the THD of the line current should
be less than 10% at minimum input voltage and maximum load. At minimum input
voltage, Vin,, = 85v/2 V = 120 V. From Fig.2.7, K =~ 2.5 for a THD of 9%. Hence
Vous = K. Vi, = 2.5(120) = 300 V.

2.3.2.1 Design of the dc-to-dc converter section

The design of the dc-to-dc converter section involves the selection of values of inductor
L., DC blocking capacitors, C'l and C2, transformer turns ratio, n and output filter
capacitor, C,. In order to get high efficiency, the peak current through the switches
must be minimized, while maintaining enough diode conduction times (7} and 73) to
ensure ZVS for S1 and S2. This is achieved by introducing an optimization function
which is defined as

.13
T+ 175

Fop = (2.26)
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Figure 2.7. THD of HF filtered line current versus the boost converter gain,

K = ‘/bus/‘/inpk-

A plot of F,, versus Z,, for D = 0.5 is shown in Fig. 2.8. The optimum value is
Zpw = 2.9. From Fig. 2.4, M = 0.4 for Z,, = 2.9, D = 0.5. The various converter

parameters are obtained as follows :

MVi, 0.4 %300

mo= P 2.5
By = an = gg—; =46 Q
R, = n’R, =(2.5)%x 46=28.75Q
D = —ZI%-:L: :%;—Szg.gﬂ
Le = f::}: T o9xn ng())ﬂ x10° 16 nH

(2.27)

_ Y P
N N
W
S © »®

= = Z

(2.31)

C1 and C2 are selected such that their impedance at switching frequency is much

lower than L.. For convenience, C1 is chosen equal to C2 reflected to the primary

side of the HF transformer. Effective capacitance, C is defined as
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Figure 2.8. The optimization function, F,, versus normalized load impedance, Z,,.

1 1 n?

C -0 T Iop) (2.32)

For a resonant frequency of even one-third the switching frequency the effective

impedance of capacitance, C' is sufficiently lower than that of the inductor, L.. So,

9
= e 2.9
C 2 2L, | (2.33)
If C1 = C2/n?, then C1 = 3.6 uF and C2 = 22 uF.
The output capacitance, C, is chosen to meet the output ripple specification. It is

given by the following equation whose derivation is given in Appendix A.

I

Omazx

Co= 57— 2.34
8fs-A‘/pk—pk ( )

From the output ripple specification, AVt = 2% of 48 V = 960 mV. The
output capacitance, C, calculated from (2.34) is equal to 13.5 uF.
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2.3.2.2 Design of the DCM boost converter section

First step in the design of the boost converter section involves the calculation of the
values of boost inductor, L, and the bus capacitor, Cy,s. The design is done at mini-

mum input voltage and maximum load.

The value of boost inductor, Ls, is obtained by re-writing (2.22).

B 2= nVin . DZTK2 ™+ 2sin” (&) 2 (2.35)
27 Po maz 1-(%)? K
Eqn. (2.35) can be modified using the notations given in (2.23) to obtain
B . ™+ 2sin" (%) 2
Lb = LC 77D Zpu ——_-_1_—2_ =~ E (236)
1-(%)

Substituting the values for L. = 16 uH, D = Dy = 0.5, Z,, = 2.9, K = 2.5 and
assuming a nominal efficiency of n = 0.85, the value of L; is calculated to be equal
to 23 pH.

The bus capacitor, Cj,s has to store the 120 Hz (twice line frequency) energy and
minimize the low frequency ripple. The calculation of the bus capcacitor for a DCM
boost converter has been described in detail in [4]. The ripple on the bus depends on
the load, the boost converter gain, K and the line frequency, w;. The instantaneous

ac ripple, dvp,s(t) is given by the following relations derived in [4].

I
dvpus(t) = Vi S() (2.37)
where f(t) is given by
wyt T 2
oy PP ) o (2.38)

wiy Jo — sin(wit)

where the constant v is given by
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2K? T 1
e S B ] o K ]
V= Sl e ]~ (04 K (2.39)

f(t) is shown graphically in Fig. 2.9 for a 60 Hz line frequency and for a few

different values of boost converter gain, K.

x 10

o .
T T

Function, f(t)

I
-
T

-2}

o i 2 3 ‘ 5 6 7 8
time, (s) x10”
Figure 2.9. Variation of function, f(t), versus time for different values of boost

converter gain, K.

In this particular design K = 2.5. From Fig. 2.9 the maximum value of f(t) is
f(t)maz = 1.5 x 1072 s. For a peak to peak ripple, OVbus > Of about 5 V, from

(2.37) the bus capacitor value is calculated as

P,
‘/bus 6vbuspk —pk

_ 500 3
= 300x5x2x1.5><10 = 1000 pF.

Crus (2f()maz)
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Using the same equations (2.12 - 2.15), (2.17 - 2.20) and (2.22) given in steady state
analysis, the required duty cycle, D and the bus capacitor voltage, Vs for different
operating conditions of load and supply voltage for a regulated output voltage is

computed. This is shown in Fig. 2.10 for the converter designed in this section.
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(b) Variation of storage capacitor voltage, V,,s for varying load and line voltage.
Figure 2.10. Variation of duty cycle, D and storage capacitor voltage, Vj,s versus

pecentage of full load for various values of input voltage, V;, with regulated output

voltage. These curves are specific to the design example considered in Section 2.3.2.
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2.3.3 Peak Component Stresses

The peak stresses on each of the components of the converter is estimated as follows :

1. Input rectifier diodes :

Average rectified input current, I,,, is given by

2 2.5,

T Vinge N

=64 A (2.40)

Louy &

Hence the average current in each of the input rectifier diodes is 3.2 A. Peak
current is same as the amplitude, [, of the boost inductor current. I, for a given

input voltage amplitude, Vi, ,, and duty cycle, D is given by,

Vin
Iy=—2.DT (2.41)
Ly

I, is maximum for the worst case condition of minimum input voltage and
maximum load for which, Vin,, = 120 V, D = Dp.z = 0.5. The peak value of
boost inductor current is obtained from (2.41). Hence, I, = 26 A. So the peak
current in the input rectifier diodes is also 26 A. The input filter capacitor, Cy
filters out the HF ripple and hence the peak stress on the input rectifier diodes

is lesser in practice.

2. Series diode, D, :
Average current = I,,, = 6.4 A.

Peak current = Ibpk = 26 A.

3. Inductor, L. :
The positive peak of 11, is [4 and the negative peak is Iz as shown in Fig. 2.2.
The maximum value of /4 denoted by I4,,,. occurs at minimum input voltage
(85 V rms) and maximum load (500 W). This corresponds to Z,, = 2.9 and
D = 0.5. For this condition, from the normalized curves shown in Fig. 2.5(a),
I4,, = 0.27. From (2.23) the base values are Viese = 300 V, Zpgse = 9.9 Q and

lyase = 30.3 A. Hence, 14,,,., = 8.2 A. Similarly the maximum value of Ig is
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denoted by Ip,,,, and it occurs at maximum input voltage and maximum load.
The normalized curves are shown in Fig. 2.5(b). But to use these curves the
duty cycle, D and bus voltage, V,,s is to be known. These are obtained from
Fig. 2.10(a) and Fig. 2.10(b). The corresponding values are D = 0.27 and V,,;,
= 340 V. Now, Viese = 340 V and [yese = 34.3 A. From Fig. 2.5(b) Ip,, =
0.38. Hence, Ip,,,, = 13 A. Due to the triangular nature of the current, the rms

current rating of L. is approximately equal to I4,,../v3 = 4.7 A.
. Switch S1:

Switch S1 carries the sum of currents in L, and L.. Hence the peak current is
the sum of the two peak currents. This happens at the minimum input voltage

and maximum load.

Isi,, = I, + Ip = 26 +8.2 = 342 A. (2.42)

Since MOSFETSs are used as switches the rms currents are to be known. The
current in S1 is triangular in nature (see Fig. 2.2) and its peak varies along the
input ac half cycle. The rms current is calculated by the method described in
[26]. It is determined by averaging the current twice. During the first averaging,
the rms current is averaged over a switching period. That current, Is,,,,,,, is

a function of the position of the switching period in the line period. During the

second averaging, the rms current is averaged over the line period.

From Fig. 2.2 and Fig. 2.3 it is seen that S1 conducts from ¢ to t;. To simplify
the computation the diode, D1 conduction time is absorbed into S1 conduction
time. Hence the rms current of switch S1 in the kth HF cycle on the line

frequency half cycle, s, is obtained by

rms,hf.k

Slyems,hfk DT dt

D[IA + Ibpksin(wlkT)]z
3

) 1 /DT [IA + Iy sin(wkT) 2
R = t
T Jo

(2.43)
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Since the switching frequency is very high compared to the line frequency above
expression is integrated over the line frequency half cycle instead of summing it

up and averaging. So by dropping the ‘£’ and integrating over the half cycle

™ (In + Iy, sinwyt)?
Ist,m, = \/lf (Eat Do sineant? 1y ety
m Jo 3

Dl., Ib2,,k 20, 1a
= \‘?[I“LTJF_T (2.44)

The maximum stress on the switch is at full load and minimum input voltage.
For this operating condition, D = 0.5, I, = 26 A, I4 = 8.2 A. Substituting
into (2.44) we have Ig;,,,, = 9.5 A.

The voltage rating of the switch is determined by the maximum bus voltage.
The maximum bus voltage occurs at full load and maximum input voltage. This

is obtained from Fig. 2.10(b). Hence the maximum OFF state voltage across
S1is 340 V.

. Switch S2:

The peak current in switch S2 is same as maximum value of /4. This occurs at
minimum input voltage and maximum load current. So, the peak current in 52
1s [4,,.. = 8.2 A. The current in 52 also varies along the line frequency half cycle.
The conduction time of the switch also varies along the line cycle. An exact
closed form expression is not obtained, however, an approximate expression is
obtained by assuming that the current in switch S2 is due to the dc-to-dc section
current in interval 4. The time duration for interval 4 at maximum load and
minimum input voltage is approximately half the switching time period (since

interval 3 is very small compared to interval 4). Hence,

11
Ames  — 3.35A. (2.45)

d N —
S2rms \/§ \/§

In practice the rms current in S2 is less than the above calculated value. The

voltage rating is the same as S1, i.e., 340 V.
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6. Diode D1 :
The peak current in diode, D1 is the same as peak current in S2 and is equal
to 8.2 A. The average current is maximum at full load and minimum supply
voltage. The diode conduction time is approximately 77 (see Fig. 2.2). This is

approximately 5% of the total switching time period. Hence,
1.1
IDlavg RJJ T[ETI IAma::] = 0'2 A' (2.46)

As can be seen the average current in D1 is negligibly small. The voltage rating
is the same as that of 51, i.e, 340 V.

7. Diode D2 :
This diode mainly carries the boost converter current. The peak current in
diode D2 is maximum at minimum input voltage and full load. It is the same
as the peak current in switch S1. So the peak current is given by 34.2 A. The
current in D2 also varies along the half cycle. An approximate expression for
the average current (averaged over the line cycle) is obtained by computing the
average falling current in the boost inductor. This is the current during T,/

(see Fig. 2.2). An expression for this derived in [2] is as follows:

V; D®*T [~  sin%0
I Y / d9 2.47

T 2 — sinb

The average current is maximum at minimum input voltage and D=0.5. Sub-
stituting V.-,,pk =120V, D =0.5, Ly = 23 pH, T = 10us and K=2.5 we get
Ips,,, = 2 A. The actual average current, however, is slightly less than this.

8. Output rectifier diodes :
The average current in the output fast rectifier diodes is half the maximum load

current. The maximum load current is given by

P,
L. = —== =104 A. (2.48)
Vo

Hence the maximum average current is 5.2 A. The peak currents are maximum
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values of I4 and Ip reflected to the secondary of the HF transformer. Hence
ID3,D4pk = nIA,,.,,, =205 A (2.49)
ID5,D6pk = nIBm, =325 A (250)

9. Primary DC blocking capacitor C'1 :

The current in C'1 is same as the current in L.. Hence

Io,, = 13 A (2.51)
Ici,,., = 4.7 A. (2.52)

The maximum voltage across C'1 is the maximum bus voltage which is 340 V.

10. Secondary DC blocking capacitor C?2 :

The current in C?2 is the current in C'1 reflected to secondary of HF transformer.

Therefore,
ICgpk = n[Clpk =325 A (253)
IC2rma = nlclrm, =11.8 A (254)

The voltage rating is the same as output voltage = 48 V.

11. Bus Capacitor, Cpys :
The bus capacitor is composed of two capacitors. One is a small capacitor
but which can handle HF current. Another, an electrolytic type bulk capacitor
which stores low frequency energy. The voltage rating for both will be maximum

bus voltage. The maximum bus voltage from Fig. 2.10(b) is 340 V.

2.3.4 Selection of Snubber Capacitors and Auxiliary Circuit

Design

The snubber capacitance is chosen to reduce the turn-off losses associated with turn-
ing off the switch at a high peak current. An estimate of the turn-off loss without
snubber capacitor is done as follows. The average turn-off loss, Piyrn—oss is calculated

approximately from the following expression.
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1
Pturn-—of] = ‘2' X tf X Iturn—off X Vous X fs (255)

where t; is the fall time of the current in the switching device, f, is the switching

frequency and Iiyrn—ofy is the average turn-off current which is given by

2.1,

Iturn—ofj = IB T (256)

lturn—ofs 1s maximum at the worst case of operating condition, i.e, minimum in-
put voltage and maximum load. For this condition, /g = 8.2 A and [, = 26 A.
Substituting in (2.56) we get Liyrn—ofr = 24.8 A.

The MOSFET chosen for this converter is IRFK2D450 which has a fall time of
t; = 40 ns at 20 A. But since the switch is turned off at a higher current, a ¢, of
60 ns is used for calculation. Also, V4, = 300 V and f; = 100 kHz. Substituting
these values in (2.55) we get Piyrn—ors = 22.3 W. This loss is high and necessitates

the use of snubber capacitors which would delay the voltage rise across the switch.

The value of the snubber capacitor is estimated from the following equation [27].

Iturn-—off-tf
Cy= ——— 2.57
4-Vhus .

From (2.57) snubber capacitance is found to be Cs = 1.25 nF. This allows suf-
ficient time for the current to fall in the device before the voltage rises. This way
turn-off losses are minimised. It should be noted that this snubber capacitance value
includes the switch capacitance also. This means an external snubber capacitor has

to be added across the switch which is slightly less than the calculated value of C;.

An important consideration is the duration of dead gap, T, between the top and
bottom switch gating signals. If 7, is too small, then, at lower loads the switches are

turned ON even before the switch voltage has swung across the rails. And if the gap
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is too large, then it is quite likely that the switch capacitors would get charged by
the supply voltage after the antiparallel diode ceases to conduct. Hence, an optimum
choice for the dead gap is the duration of the diode conduction time (T in Fig. 2.2)
at full load. This is approximately 5% of the total time period, T.

So in designing the auxiliary network, the auxiliary switch S, is switched ON for
5% of the total time period. It is switched ON just after S2 is switched OFF and is
switched OFF just before S1 is switched ON. The value of the auxiliary inductor, L,
is designed such that even if there were no current in L. when switch S2 is switched
OFF, the resonance between L, and the snubber capacitor, C; brings the voltage
across S1 to zero. In any other case the zero voltage across the switch is established

faster.

Since the switching frequency is 100 kHz, 7= 10 us. So the time for which S, is
ON is T, which is given by

T, — 7r.\/2;2La.Cs (2.58)

Here, Cy = 1.25 nF and 7, is taken as 300 ns to be on the safe side as switches have
finite delay time, rise time, fall time etc. Solving, we get L, = 14.5 uH. Diode D, is
used to prevent the conduction of the body diode of the auxiliary switch. Diode, D,
is employed to give back the stored energy in L, back to Vj,s. A saturable inductor
made by winding two turns on a small ferrite toroidal core (which has a high relative
permeability, p,) is connected in series with L, to prevent any ringing between the

auxiliary inductor and the switch capacitance of S, as explained in [25].

This completes the design of the ac-to-dc converter along with the ZVT circuit.

2.4 PSPICE Simulation

The converter designed in the Section 2.3.2 is at a switching frequency of 100 kHz.
The converter is redesigned at 10 kHz for the purpose of PSPICE simulation alone
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as it takes lesser time and saves disk space. The same design procedure illustrated in
Section 2.3.2 is valid at a switching frequency of 10 kHz because the steady state op-
eration would remain the same, as 10 kHz is still high compared to the line frequency
of 60 Hz.

The redesigned component values for PSPICE simulation are,
Ly =230 uH, L.=160pH, C1=36uF, C2=220uF,
n=25 Ch=1000pF, C,=135uF, C,=12510F, L, =145uH

Three different operating conditions of line (85 V, 120 V, and 135 V) and three
different conditions of load (100%, 50% and 10%) are considered. The following

waveforms are shown in Fig 2.11 to Fig 2.13:

1. The current in inductor, i;,, and the voltage across the bottom switch, v;.

2. The auxiliary inductor current, 75, and the boost inductor current, iy, at the

peak of the AC cycle.
3. The voltage at the input of the output rectifier, v,.

4. The unfiltered input line current, ;.

The following observations are made from the PSPICE simulation results shown
in Fig 2.11 to Fig 2.13 :

1. The line current THD is between 9% to 17% for the entire range of load and
supply voltage. The THD is 9% at minimum input voltage of 85 V and 100%

load. The THD increases with increase in line voltage and decrease in load. For
10% load and an input voltage of 135 V the THD is 17%.

2. ZVS is maintained for the entire range of load and supply voltage. For full load
condition, for the entire input voltage range, the auxiliary inductor current is
very small (less than 1 A). The current in L. is high enough to bring the voltage
across switch, S1 to zero. But at 50% loads it is mainly the auxiliary inductor
current that brings about the ZVS. At 10% loads the current in L. is very small
and the ZVS is only due to the auxiliary circuit.

3. DCM operation is maintained for the boost inductor current for all operating

conditions.
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(a) Vin = 85 V rms, P, = 500 W, HF Filtered line current THD = 9%.
Figure 2.11 (continued)
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(b) Vin = 85 V rms, P, = 250 W, HF Filtered line current THD = 10.5%.
Figure 2.11 (continued)
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(c) Vin = 85 V rms, P, = 50 W, HF Filtered line current THD = 11%.

Figure 2.11. PSPICE simulation results of the redesigned ac-to-dc converter with
minimum input voltage V;, = 85 V and three different loading conditions. Simulation
is done at 10 times lower than the actual switching frequency (100 kHz). Converter
details : V, =48 V, f, = 10 kHz, L, = 230 pH, L. = 160 pH, C1 = 36 uF, C2 =
220 uF, n = 2.5, Cypy, = 1000 uF, C, = 150 uF, C, = 12.5 nF.
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(a) Vin, = 120 V rms, P, = 500 W, HF Filtered line current THD = 12.5%.
Figure 2.12 (continued)
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Figure 2.12 (continued)
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(c) Vin = 120 V rms, P, = 50 W, HF Filtered line current THD = 14%.

Figure 2.12. PSPICE simulation results for three different loading conditions with

nominal input voltage Vi, = 120 V rms. Converter details are given in Fig. 2.11.
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(a) Vin = 135 V rms, P, = 500 W, HF Filtered line current THD = 15.5%.
Figure 2.13 (continued)
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(b) Vi = 135 V rms, P, = 250 W, HF Filtered line current THD = 16%.
Figure 2.13 (continued)
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(¢) Vin = 135 V rms, P, = 50 W, HF Filtered line current THD = 16%.

Figure 2.13. PSPICE simulation results for three different loading conditions with

maximum input voltage Vi, = 135 V. Converter details are same as Fig. 2.11.
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2.5 Experimental results

The operation of the converter designed in Section 2.3.2 is verified experimentally. A

500 W laboratory prototype is built. The components used in the prototype are :

Main switches, S1 andS2 : IRFK2D450 module.

Antiparallel diodes, D1 and D2 : Internal diodes of the main MOSFETs.

Series fast recovery diode, D, : MUR 1560.

Boost inductor, L, = 23 pH. This was by realized by stacking three TMC107587
toroid cores and winding 22 turns.

Bus capacitor, Cp,s = 940 pF, electrolytic (Two 470 uF, 400V in parallel)

dc-to-dc section inductor, L, = 12 pH. This is realized by winding 11 turns on a
Arnold Engineering, A-071065-2 MPP core.

Primary DC blocking capacitor, C; = 4.4 uF, low ESR (Two 2.2 uF, 630 V in par-
allel).

High frequency transformer, 7'r : The core used was TDK PQ5050, H7C4 ferrite. The
turns ratio is 12 : 5. Litz wire was used for windings. The measured total leakage
inductance is 4 pH. The magnetizing inductance is 960 pH.

Secondary DC blocking capacitor, C; = 20 uF, low ESR (Two 10 uF, 250 V in par-
allel).

Output rectifier diodes : UR3040C common cathode diodes and 25JPF40 common
anode diodes were used to realize the bridge rectifier.

Output filter capacitor, C, = 15 pF. A parallel combination of a 5 pF, 200 V and a
10 pF, 400 V low ESR capacitors in parallel.

Auxiliary switch, S, : IRF 740.

Auxiliary diodes, D,; and D,, : IR 31DF4.

Auxiliary inductor, L, = 12 pH. This is realized by winding 11 turns on a Arnold
Engineering, D-269075-4 MPP core.

Saturable inductor, L, is realized by winding two turns on a small toroidal ferrite
core.

External snubber capacitors for both the top and bottom switch is put together across
the bottom switch. 2C, = 2.2 nF.
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The converter is operated in open-loop for the complete specified line voltage
range of 85 V rms to 135 V rms and load range of 500 W (full load) to 50 W. The
duty cycle is adjusted to maintain the output voltage at 48 V.

The following waveforms are recorded using a HP54602B digital storage oscillo-
scope for different operating conditions of supply voltage and loads. The operating
conditions chosen are same as those given in PSPICE simulation, i.e, three differ-
ent line voltages (85 V, 120 V and 135 V rms) and three different loading condi-
tions (100%, 50% and 10%). The experimental waveforms are shown in Fig. 2.14 to
Fig. 2.16.

(i) The current in inductor, 1, with the bottom switch voltage, v;.

(ii) The current in inductor, i, with the voltage, v, at the input of the output

rectifier.

(iii) The current in auxiliary inductor, iy, the gate-source voltage of the bottom

switch, vgsy, and the voltage across the bottom switch, v;.

(iv) The current in boost inductor, iy, and the gate-source voltage of the bottom

switch, vgs;.
(v) Input ac voltage, v;, and line current, 7;,.

The harmonic spectrum of the HF filtered line current obtained from HP 3562
dynamic signal analyser is also given along with the experimental waveforms for each

operating condition.

The following observations are made from the experimental results shown in

Fig. 2.14 to Fig. 2.16.
1. The measured THD of the HF filtered line current is between 9.5% to 28%

for the entire operating range. The THD is 9.5% at minimum input voltage
and full load condition and this is close to the theoretically predicted value of
9.1% (from Fig. 2.7). The measurement of THD for upto 50% loads is close
to theoretical prediction. But for 10% loads the THD is higher than predicted.
This is because of the noise near in the control circuit board. The noise on the

ramp pin of the control IC is high near the valley of the ramp. This results in
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false trigerring when the duty cycle is less than about 0.1. This problem can be

overcome by careful layout of the control circuit PCB.

. ZVS is maintained for the entire operating range. At full load condition, for
the entire operating range of input voltage, the auxiliary inductor (L,) current
is negligiby small which means that there is sufficient current in L. to bring
the voltage across S1 to zero. At 50% loads, the current in L, aids in ZVS of
S1, epecially at higher line voltages (120 V and 135 V) where it is the auxiliary
circuit that mainly brings about the ZVS. For 10% loads for all line voltages, it
is the auxiliary circuit that brings about the ZVS as there is very little current
in L. before switch S1 is turned ON.

. The voltage across switch S1 shows ringing when it is turned OFF. This is
because the switch is turning OFF a high current, and hence, even small wiring

inductances would cause such a ringing of the switch voltage.

. DCM operation for the boost inductor current is maintained for the entire

operating range.
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(i) dc-to-dc section inductor current, iz, (5 A/div) and
switch S1 voltage, v; (50 V/div)

s s foas safavsngie e bssan i v e o vl bans s e teise] s

1 10.0v 2 S0.0V 3 .1V T —-2.528 2.00¥/ Sngly¥2 STOP

The auxiliary inductor current, ¢z, (2 A/div),
(iii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, v, (50 V/div)
Figure 2.14 (a) (continued)
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(iv) Boost inductor current, iy, (10 A/div) near the peak of ac cycle and
VGS1 (10 V/div)

(v) Input voltage, v;, (50 V/div) and HF filtered input current, z;,, (10 A/div)

Sél—g LIN S1 32X0v1 Hann
. THD=9.5%
10.0
m
/D1iv
Mag
rme
v
0.0 | .
° Hz “ T

(vi) Harmonic spectrum of the HF filtered line current, (1A /div).

(a) Experimental Results : V;,, =85V, P, =500 W, D = 0.5
Figure 2.14 (continued)
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(i) de-to-dc section inductor current, iy, (5 A/div) and
switch S1 voltage, v, (50 V/div)

(ii) 1z, (5 A/div) and voltage at input of the output rectifier, v, (50 V/div)

10.0V 2 S0.0V 3 .1V —-2.525_ 2.00%/ Sngly2 STOP

The auxiliary inductor current, iz, (2 A/div),
(iii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, vy (50 V/div)
Figure 2.14 (b) (continued)
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10.0V__ 2 50.0% £0.00s  2.00%/ Sﬂﬁifz_ﬂm"
" : . b : :

(iv) Boost inductor current, ¢z, (10 A/div) near the peak of ac cycle and
VGS1 (10 V/dlv)

50.0V 2 100%

(v) Input voltage, v, (50 V/div) and HF filtered input current, ¢;,, (5 A/div)

FILT N _S1 29X0v1

40.0 Hano
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S.0
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1
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(vi) Harmonic spectrum of the HF filtered line current, (0.5 A/div).

(b) Experimental Results : V;, =85V, P, = 250 W, D = 0.36.
Figure 2.14 (continued)
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(i) dc-to-dc section inductor current, 1, (2 A/div) and
switch S1 voltage, v; (50 V/div)

2.00%/
-
-
i
|i4‘| |
i-

(ii) 7z, (2 A/div) and voltage at input of the output rectifier, v, (50 V/div)

10.0v 2 S0.0V 3 .1V ——2.52%  2.00%/ Sngl¥2 STOP

Y

. R ST SR ST [N S S
R ; 2 ; ‘ :
il | X : :

do

The auxiliary inductor current, iy, (2 A/div),
(iii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, v, (50 V/div)
Figure 2.14 (c) (continued)
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10.0V 2 S0.09

(iv) Boost inductor current, i1, (5 A/div) near the peak of ac cycle and

VGs1 (10 V/dlv)

(v) Input voltage, vi, (50 V/div) and HF filtered input current, 7;,, (2 A/div)

FILT LIN S1

80. 0
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20XOvip Hann
=2
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(vi) Harmonic spectrum of the HF filtered line current, (0.2 A/div).
(c) Experimental Results : V;, =85V, P, =50 W, D = 0.18.

Figure 2.14. Experimental Results obtained with minimum input voltage, V;, =

85 V rms and three loading conditions for the ac-to-dc converter of Fig. 2.1 designed
in Section 2.3.2. The converter details are : V, =48 V, f, = 98.5 kHz, L, = 23 uH,
L. = 12 uH, HF transformer total leakage inductance = 4 pH, turns ratio = 12:5, L,
= 16 gH, C1 = 4.4 uF, C2 = 20 uiF, Cy = 940 4F, C, = 15 gF,; 2C, = 2.2 nF.
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(i) de-to-dc section inductor current, i, (5 A/div) and
switch S1 voltage, v; (50 V/div)

(ii) 2z, (5 A/div) and voltage at input of the output rectifier, v, (50 V/div)

10.0V.2 S0.0V 3 .1V §-2.528 2.00%/ Sngly2 STOP
: : p 2 4 Tt ) 2 2

; “ S _ ......... ,
The auxiliary inductor current, iy, (2 A/div),
(iii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, v, (50 V/div)
Figure 2.15 (a) (continued)
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(iv) Boost inductor current, iy, (10 A/div) near the peak of ac cycle and
VGsS1 (].0 V/le)

(v) Input voltage, v;, (50 V/div) and HF filtered input current, z;,, (10 A/div)

56'-5 LIN S1 30X0vlip Hann
"' THD=15%
10.0
m
/Div
Mag
rme
v
0.0 l
FxdXY O Hz 1k

(vi) Harmonic spectrum of the HF filtered line current, (1 A/div).

(a) Experimental Results : V;, = 120 V, P, = 500 W, D = 0.32.
Figure 2.15 (continued)



2. Steady-State Operation 64

(i) dc-to-dc section inductor current, iy, (5 A/div) and
switch S1 voltage, v; (50 V/div)

(ii) 7. (5 A/div) and voltage at input of the output rectifier, v, (50 V/div)

10.0V 2 S0.0V 3 .1V £ -2.528_ 2.00%/ Sngl}2 STOP

The auxiliary inductor current, i7,, (2 A/div),
(1ii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, v; (50 V/div)
Figure 2.15 (b) (continued)
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(iv) Boost inductor current, ¢z, (10 A/div) near the peak of ac cycle and
ves: (10 V/div)

S0.0V 2 1007

(v) Input voltage, v, (50 V/div) and HF filtered input current, ¢;,, (5 A/div)

FILT s 2
40.0 IN_S1 28,
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(vi) Harmonic spectrum of the HF filtered line current, (0.5 A/div).

(b) Experimental Results : V;, = 120 V, P, = 250 W, D = 0.22.
Figure 2.15 (continued)
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(i) de-to-dc section inductor current, i, (2 A/div) and
switch S1 voltage, v; (50 V/div)

SO.0v. 2 1007 .—O.00s 2.00%~” Snglxl STOP

(ii) 75, (2 A/div) and voltage at input of the output rectifier, v, (50 V/div)

10.0v_2 SO.0V 3 .1V —-2.52% 2.00%/ Sngly¥2 STOP
o s S o
Vi z ;

t i t :

...........

......... Semant: : :
2
i 4

The auxiliary inductor current, iy, (2 A/div),
(iii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, v, (50 V/div)
Figure 2.15 (¢) (continued)
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10.0v__ 2 S0.07 $§-0.00s 2.00%/ Sngl$2 STOP

(iv) Boost inductor current, ¢z, (5 A/div) near the peak of ac cycle and

VGsi (10 V/dlv)

(v) Input voltage, v, (50 V/div) and HF filtered input current, ;,, (2 A/div)

56[.5 LIN S1 28X0vip Hann .
o THD =20%
10.0 ) 1
m
/Div
Mag
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v
ks l L i
FxdXY O Hz 1k

(vi) Harmonic spectrum of the HF filtered line current, (0.2 A/div).

(c) Experimental Results : Vi, = 120 V, P, = 50 W, D = 0.1.

Figure 2.15. Experimental results for three different loading conditions with nomi-

nal input voltage, Vi, = 120 V rms. See Fig. 2.14 for converter details.
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(i) de-to-dc section inductor current, iy, (5 A/div) and
switch S1 voltage, v; (50 V/div)

(ii) 7z, (5 A/div) and voltage at input of the output rectifier, vy (50 V/div)

10.0V 2 S0.0V 3 .1V —-2.52%  2.00%/ Sngly2 STOP

The auxiliary inductor current, iz, (2 A/div),
(iii) Gate-Source voltage, vgs: (10 V/div) and switch S1 voltage, v; (50 V/div)
Figure 2.16 (a) (continued)
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(iv) Boost inductor current, iz, (10 A/div) near the peak of ac cycle and
ves: (10 V/div)

SO.0vV. 2 1007

(v) Input voltage, v;, (50 V/div) and HF filtered input current, 2;,, (10 A/div)

565.5 IN S1 31X0vip Hann
THD=17.5%
10.0
m

/Div
Mag
rme
v

0.0 l
FxdXY © —t= N i TR

(vi) Harmonic spectrum of the HF filtered line current, (1 A/div).

(a) Experimental Results : V;,, = 135 V, P, = 500 W, D = 0.28.
Figure 2.16 (continued)
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(i) dc-to-dc section inductor current, iy, (5 A/div) and
switch S1 voltage, v; (50 V/div)

(i1) 75, (5 A/div) and voltage at input of the output rectifier, v, (50 V/div)

10.0V 2 S0.0V 3 .1V —-2.52% 2.00%/ sSngly2 ﬂ_ﬁ

The auxiliary inductor current, i1, (2 A/div),
(iii) Gate-Source voltage, vgs) (10 V/div) and switch S1 voltage, v; (50 V/div)
Figure 2.16(b) (continued)
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10.0v 2 S0.07

(iv) Boost inductor current, ¢z, (10 A/div) near the peak of ac cycle and

VGS1 (10 V/dlv)

S0.0V 2 1009

(v) Input voltage, vi, (50 V/div) and HF filtered input current, 2;,, (5 A/div)
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(vi) Harmonic spectrum of the HF filtered line current, (0.5 A/div).

(b) Experimental Results : Vi, =135 V, P, = 250 W, D = 0.17.
Figure 2.16 (continued)
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J ...... , ......... . ......... , ......... . ......... ) , ......... . ......... . ......... . ......... ’

(i) de-to-dc section inductor current, i, (2 A/div) and
switch S1 voltage, v; (50 V/div)

50.0V 2 1007 —0.00s  2.00%/ Sngly¥1 STOP

The auxiliary inductor current, ¢z, (2 A/div),
(iii) Gate-Source voltage, vgs; (10 V/div) and switch S1 voltage, v, (50 V/div)
Figure 2.16(c)(continued)
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10.0vVv__2 S0.0U

(iv) Boost inductor current, iy, (5 A/div) near the peak of ac cycle and
VGS1 (10 V/div)

S0.0V 2 1007 £0.00s  5.00%/ Sngll STOP
- -
: Y : :

(v) Input voltage, v;, (50 V/div) and HF filtered input current, i;,, (2 A/div)
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m
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(vi) Harmonic spectrum of the HF filtered line current, (0.2 A/div).
(c) Experimental Results : V;, = 135 V, P, = 50 W, D = 0.08.

Figure 2.16. Experimental results for three different loading conditions with maxi-

mum input voltage, V;, = 135 V rms. See Fig. 2.14 for converter details.
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The measured efficiency versus the load current for the 500 W, 48 V output
laboratory prototype is plotted in Fig. 2.17 for different input voltages.
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65 1 1 1 1 1
0 2 4 10 12

6 8
Load Current (A)

Figure 2.17. Measured efficiency of the experimental converter versus load for dif-

ferent input voltages. V, = 48 V, f, = 98.5 kHz. The details of the converter are

given in the beginning of Section 2.5.

The PSPICE simulation results of Section 2.4 and experimental results given
in this section are compared with the theoretically predicted values in Table 2.1-

Table 2.3. It can be seen that the experimental results correspond well with theoret-
ical analysis and PSPICE simulation.

Table 2.4 gives the IEC1000-3-2 harmonic limits [31] for Class D equipment. Using
the values given in this table, the maximum permissible harmonic currents for a
500 W rated equipment is calculated. The harmonic currents measured for the 500 W
laboratory prototype is compared with these calculated TEC1000-3-2 limits. The
comparison made at the rated load for three different line voltages is given in Table 2.5.

It can be seen that the measured harmonic currents are lower than the specified limits.



Table 2.1. Comparison of theoretically predicted (using MathCAD) results with PSPICE simulation and experimental
results for P, = 500 W, with varying input voltage.

Vin = 85 V rms Vin = 120 V rms Vin = 135 V rms
Theory | PSPICE | Experiment || Theory | PSPICE | Experiment | Theory | PSPICE | Experiment

D 0.5 0.5 0.5 0.31 0.31 0.32 0.27 0.27 0.28
THD(%) 9.1 9 9.5 12.5 12.5 15 15 15.5 17.5
14 (A) 8.4 8.2 8.0 6.5 6.4 6.2 6.2 6.0 5.5
Ig (A) 8.4 8.2 8.0 11.8 11.2 10.5 13 12.2 11.5
I (A) 26 26 28 23 23 25 22.3 22.5 23
Vius (V) 300 300 303 322 319 320 340 338 342
Ver (V) 150 150 150 222 22] 217 248 246 249
Vea (V) 0 0 -1 13 13 14 17 17 18

G



Table 2.2. Comparison of theoretically predicted (using MathCAD) results with PSPICE simulation and experimental
results for P, = 250 W, for varying input voltage.

Vin = 85V rms Vin = 120 V rms Vin = 135 V rms
Theory | PSPICE | Experiment || Theory | PSPICE | Experiment || Theory | PSPICE | Experiment
D 0.34 0.34 0.36 0.21 0.21 0.22 0.18 0.18 0.17
THD(%) 10.5 10.5 12 14 14 17.4 15.5 16 20
I4 (A) 3.2 3.0 2.8 2.8 2.6 2.4 2.7 2.4 2.0
Ig (A) 5.8 5.3 5.2 8.2 7.3 7.0 9.0 8.5 8.2
I (A) 18 17.8 19 15.5 15 17.5 14.8 13.8 15
Vius (V) 278 275 280 312 310 309 328 324 328
Ver (V) 183 182 185 246 245 241 268 266 272
Vea (V) 15 15 14 27 2% 25 29 29 30

9L



Table 2.3. Comparison of theoretically predicted (using MathCAD) results with PSPICE simulation and experimental
results for P, = 50 W, for varying input voltage.

Vin. = 85 V rms Vin = 120 V rms Vin = 135 V rms
Theory | PSPICE | Experiment || Theory | PSPICE | Experiment || Theory | PSPICE | Experiment

D 0.15 0.16 0.18 0.1 0.1 0.1 0.08 0.09 0.08
THD(%) 11 11 15 14 14.2 20 16.5 17 28
I4 (A) 0.5 0.2 0.1 0.5 0.2 0.1 0.5 0.2 0.1
Ig (A) 2.5 2.4 2.1 3.6 3.4 3.2 4.0 3.7 3.3
Iy (A) 7.8 8.0 9.4 7.4 7.4 7.5 6.6 7.0 8.0
Vius (V) 268 268 270 30 2 300 305 320 320 325
Ver (V) 228 228 221 271 270 274 294 291 299
Vea (V) 32 32 30 37 37 37 38 38 38

LL
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Table 2.4. IEC1000-3-2 harmonic limits for class-D equipment.

Harmonic Maximum permissible | Absolute maximum permissible
number, n | harmonic current, mA/W harmonic current, A rms
3 3.4 2.30
5 1.9 1.14
7 1.0 0.77
9 0.5 0.40
11 0.35 0.33
13<n<39 3.85/n 2.25/n

Table 2.5. Comparison of measured harmonic line currents of the 500 W laboratory

prototype with the IEC1000-3-2 harmonic limits for a 500 W class-D equipment.
Harmonic | IEC1000-3-2 Measured harmonic currents (A rms) @ full load
number, n | limit, Arms | V;, =8V rms | V, =120 V rms | V;, = 135 V rms
3 1.7 0.60 0.68 0.72
5 0.95 0.10 0.11 0.12
7 0.5 0.16 0.15 0.14
9 0.25 0.05 0.10 0.10
11 0.18 0.10 0.09 0.11
13 0.15 0.07 0.08 0.10
15 0.13 0.03 0.02 0.02
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2.6 Conclusions

A soft-switched single-stage HF transformer isolated ac-to-dc converter has been pro-
posed. The converter operation was explained based on equivalent circuits for various
intervals and sub-intervals. Design curves obtained based on steady state analysis
were used to design a 500 W, 48 V output converter for operation from 85 V rms
to 135 V rms input line voltage. PSPICE simulation and experimental results were

given to verify theory.

The measured THD of the input line current at full load and minimum input
voltage was 9.5%. For a given load, the THD increased with increase in input line
voltage. Also for a given input voltage, the THD increased with decrease in load. The
measured harmonic currents at rated load were well below the specified [EC1000-3-2
Class D limits.

The zero voltage switching was ensured for the entire load and supply voltage
range with regulated output voltage. It was also seen that for low loads (half load

onwards) the ZVT circuit played a significant role in ensuring ZVS.
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Chapter 3

Small-Signal Analysis

3.1 Introduction

In this chapter small-signal analysis of the ac-to-dc converter discussed in Chap-
ter 2 is presented. The well-known state averaging technique [28], [33] is applied for
small-signal analysis of the single stage ac-to-dc converter. Frequency response of
control-to-output and line-to-output transfer functions are obtained. Based on the
analysis, the feedback compensation network is designed for the 500 W, 48 V output
prototype converter designed in Chapter 2.

The chapter layout is as follows : The steps involved in small-signal analysis are
given in Section 3.2. An operationally equivalent circuit configuration of the single
stage ac-to-dc converter is described in Section 3.3. In Section 3.4 state variables are
defined and averaged state equations are obtained. In Section 3.5, small-signal trans-
fer functions are obtained. In Section 3.6, frequency response of control-to-output
transfer function (along with PSPICE verification) and line-to-output transfer func-
tion are given. In Section 3.7 the feedback compensation network is designed based
on the control-to-output transfer function. The chapter is concluded in Section 3.8

with a discussion of the results.

3.2 Steps involved in small-signal analysis

The following steps are involved in the small-signal analysis of the ac-to-dc converter.

1. An operationally equivalent circuit configuration of the single-stage ac-to-dc

converter is developed.
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2. The state variables are identified and the averaged state equations are written.

3. Expressions for the averaged currents in different sections of the converter are

obtained.

4. The state variables and other circuit parameters are perturbed about the steady-

state operating point.
5. The DC and AC terms are seperated by linearizing the averaged state equations.

6. Control-to-output and line-to-output transfer functions are obtained by taking

the Laplace transforms of the AC equations.

ld I dc-dc .
| 1 = + ch, rect 1
1 1 ! 1 — \
1 ! Db : : T !
' D2

: ' N 4 ' S2 ; A X :
: Ly | L Le + % - ! |+
- > | o] Vs —+ oy |RLL
: gl W hsd § == 5 | mmm_.F ! 0——§ "
L Vil v Ly : T | Lc e v":
: | | | C : _ |
O g [D ; :
1 : — : : — /} ! :
: 1 ! 1 : 3
. ! : : ! l
: i d : 1 : |
| 1 | |
'Rectified | DCM . Storage | DC-DC E Filter and |
'+ Input iboost section, Capacitor, converter section Load :

! I

1 1

Figure 3.1. Operationally equivalent circuit configuration of the single stage ac-to-
dc converter shown in Fig. 2.1. Note that S1 and Sy, D1 and D, are integrated in

actual implementation of Fig. 2.1.

3.3 Operationally equivalent circuit configuration

Fig. 3.1 shows the operationally equivalent circuit configuration of the single-stage ac-
to-dc converter shown in Fig. 2.1. The following assumptions are made while arriving

at this operationally equivalent circuit configuration.
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3.3.1 Assumptions

1.

The DCM boost converter section and the asymmetrical dc-to-dc converter
section are cascaded together operating with the same duty cycle, d. This is
done to clearly separate the components of currents going into the bus capacitor,
Crus as shown in Fig. 3.1. However, the overall operation is similar to the

converter described in Chapter 2.

The effect of the snubber capacitors and auxiliary ZVT circuit is neglected as

it comes into operation only for a small time duration.

The leakage inductance is considered as a part of the converter inductance, L..

The magnetizing inductance of the HF transformer is very high.

. The secondary side components of the HF transformer are reflected to the pri-

mary. As the magnetizing inductance is high the effect of the two DC blocking
capacitors (C'l and C2 in Fig. 2.1) are taken together as C'.

. The ripple across the effective capacitor C' and the output filter capacitor, C

is low compared to their DC voltage.

The losses in inductors and capacitors are neglected, and the switches are ideal.

3.3.2 Description of the operationally equivalent circuit

fin| 1s the rectified input ac voltage. The boost section comprises of the boost induc-

tor, Ly, switch, Sy and diode, D;. Chys is the line frequency energy storage capacitor.

The voltage vpys across Cy,s is the input to the dc-to-dc converter section. S1, DI,

S2 and D2 are the switch-diode pairs in the dc-to-dc converter section. S1 and S,

D1 and D, are integrated in actual implementation of Fig. 2.1. L. is the main in-

ductor and C is the effective DC blocking capacitor. C} and R} are the output filter

capacitor and load resistor respectively reflected to the primary of the HF isolation

transformer. v is the output voltage reflected to the primary.

3.3.3 Circuit Operation

The detailed operation of the ac-to-dc converter has been discussed in Chapter 2.

Here the operation is explained for the operationally equivalent circuit of Fig. 3.1.
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The equivalent circuits for different intervals for the DCM boost section are shown in
Fig. 3.2(a) and for the dc-to-dc section are shown in Fig. 3.2(b). The gating signals

and waveforms of 11, ¢4, ¢, ?dc—dc and ¢f_ rect marked in Fig. 3.1 are shown in Fig. 3.3.

3.3.3.1 Low-ripple approximation

The voltage across the bus capacitor, v, is assumed to be constant over half the line
period as in the DCM boost converter modelling of [4]. The DC blocking capacitor
voltage, v. and the output voltage reflected to primary, v/ are assumed to be con-
stant over two switching cycles. The boost inductor current and the dc-to-dc section
inductor current vary within a switching cycle and their waveforms shown in Fig. 3.3

characterize the operation of the circuit.

3.3.3.2 Boost section

The input voltage, v;, is assumed to be constant during a given high frequency period
since the switching frequency, f, is very high compared to the line frequency, f;. Hence

for a kth high frequency cycle, the input voltage is given by,

Vin, = V,-n,pksin(wlkT) {4.1]

where, £ = 1,2,... N; N = 5% and w; = 27 f; rad./s.
Interval to, < t < ty, : The equivalent circuit for this interval is shown in Fig. 3.2(a)(i).
In this interval Sy is ON and the inductor current rises with a slope given by the fol-

lowing equation.

duy,
Lbd—tb = U,’nk (32)

Interval t, < t<t,, : Theequivalent circuit for this interval is shown in Fig. 3.2(a)(ii).
In this interval Sy is OFF and D, conducts the inductor current which now falls with

a slope determined by the following equation.

dig,
Lb'gf = Vin, — Ubus (33)
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Figure 3.2. Equivalent circuits during different intervals of the operationally equiv-

alent circuit configuration of Fig. 3.1 in one HF switching interval, 7.
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Figure 3.3. Waveforms of various currents in the operationally equivalent circuit

configuration of Fig. 3.1 in one HF switching interval, 7'. d is the duty cycle.
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Interval t,, < t < to,,, : The equivalent circuit for this interval is shown in
Fig. 3.2(a)(iii). In this interval the current in inductor, L; is zero due to DCM

operation.

ir, =0 (3.4)

3.3.3.3 The dc-to-dc converter section

Interval to, < t <t;, : Theequivalent circuit for this interval is shown in Fig. 3.2(b)(i).
This interval begins when the top switch, S2 is turned off. Diode D1 conducts the
current in L.. The slope of current in L. for this interval is described by the following

equation.

dip, ,
L. i —(ve + v,) (3.5)

Interval t,, < t <ty : Theequivalent circuit for this interval is shown in Fig. 3.2(b)(ii).
This interval begins when current in L. reverses direction and switch S1 begins to
conduct. The slope of current in L, for this interval is described by the following

equation.

dig,
dt

L. = —(ve —v)) (3.6)

Interval ty, < t <ts, : Theequivalent circuit for this interval is shown in Fig. 3.2(b)(iii).
This interval begins when switch S1 is turned off and diode D2 conducts the cur-

rent in L.. The slope of current in L. for this interval is described by the following

equation.
di
L. dIth = Upys — Ve + V), (3.7)
Interval t3, < t < to,,, : The equivalent circuit for this interval is shown in

Fig. 3.2(b)(iv). This interval begins when current in L. reverses direction and switch
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S2 begins to conduct. The slope of current in L. for this interval is described by the

following equation.

dir,
dt

L. = Vpus — Ve — V,, (3.8)

In the next section the equations (3.1-3.8) are used to determine the averaged

state equations.

3.4 State variables and averaged state equations

The boost inductor current, ir,, the dc-to-dc section inductor current, iy, the bus
voltage, vpys, the DC capacitor voltage, v., and the output voltage referred to the

primary of the HF transformer, v are chosen as the state variables.

As the boost inductor current operates in discontinuous conduction mode, the
average value for the rate of change of boost inductor current is zero [33]. Hence the

corresponding averaged state equation for i, is

dir,\ ,
L,,< dt> =0 (3.9)

The above equation is omitted for further analysis. The averaged state equation

corresponding to the dc-to-dc section inductor current, i, is obtained from the slopes

of the inductor current given in (3.5 - 3.8).

dr ,
LB} = (ot ot = (= ol

& 3 (Ubus — v + ’U;)d3 <+ (Ubus — Ve — U;)d,; (310)

From Fig. 3.3, it can be seen that the current in L. in the second interval starts from
zero and in the third interval ends in zero. This means that there is a volt-second

balance for the second and third intervals. Hence,
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(ve — v))d2 = (Vpus — Ve + v,)d3 (3.11)

Similarly, the current in L. for the fourth interval starts from zero and in the first
interval of the next cycle ends in zero. From the approximation stated in Section
3.3.3.1, the voltages, v. and v are assumed constant for two switching cycles. Hence

it follows that,
(Ubus =g = v(l))d‘% = (vc + U:,)dl (312)
Substituting 3.11 and 3.12 in 3.10 we get

dir,\
LC< dt> = 0 (3.13)

The above equation is omitted for further analysis. The averaged state equations

corresponding to vpys, v, and v, are written as follows :

dvbus . i
CbusT = ldavg. — lde—dc,avg. (314)
dv, . .
O = inyem. (3.15)
dv’ v!
C,—=2 = i rect,avg. — — 3.16
ot YL, rect,avg. R,L ( )

where i4.aug.5 $L.,avg.s tde—dc,avg. A0 TL, rect,avg. are the average currents of i4, i, tdc-de
and 1y, rect Tespectively. The averaged currents, i1, aug., de—de,avg. @D 1L, rect,avg. AT€
obtained by averaging the corresponding currents over one HF period, T'. 144, is
obtained by averaging over the line half cycle as the current in it varies along the
line half cycle. In the following section expressions for these average currents are

determined.
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3.4.1 Determination of averaged currents

The individual average currents are determined as follows :

3.4.1.1 Average current in Dp, 14,4y,

The average current in the boost diode, D, is obtained by averaging the current in
Dy twice. First, by averaging over one HF time period, T', and then by averaging over
the half line period. Expression for the average current in the boost diode for a DCM
boost converter has been obtained in [2] and [4]. Re-writing the equation derived for

id,avg. from [4]

, widT? [
avg. — in d:c
Hang. 27I'Lb l:kzz:l Vink Gy

(3.17)

where, w; is the line frequency in rad./s and d;, (see Fig. 3.3) can be found by

equating the volt-second integral across L; in one HF cycle to zero. Using (3.2) and

(3.3)

dTv, = ds T Vs — Yia,) (3.18)
dy, = d— (3.19)
Ubus — Vin,

Substituting (3.19) into (3.17) the expression for the average current in boost diode,

ld,avg. 15 Obtained.

22 N 2
gt T [ 4 l (3.20)
k

ld — ink
,avg. —
27!'[4, —1 Ubus — Vin,

3.4.1.2 Average current in L, i1 gy,

The average current in L. is found by averaging each of the triangles in the four
intervals of one HF cycle as shown in Fig. 3.3. From the slopes of the inductor

current given in (3.5 - 3.8) we have,
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. T ;
LLcavg. — ‘—2—[7' [(vc ;2 vo)'df - ('UC - ’U;)d%

_(vbus —vc+ v;)d;zg + ('Ubus — Ve — ‘U;)d:‘;] (321)

3.4.1.3 Average load current to the boost converter, ¢4._4c 4.

The average load current to the boost converter, 24._dc,qvq. is the average of the current
in the third and fourth intervals, i.e, when either S2 or D2 are conducting (see
Fig. 3.2(b)). The averaging is done over one HF cycle. From the slopes of the
inductor current given in (3.7) and (3.8), and from Fig. 3.3,

. 7
idedeas = 51 [~ (Vhus = v + 0)-d3 + (Vbus — ve — v}).2] (3.22)

3.4.1.4 Average rectified current of L., i1 ect avg.

The average rectified current of L. can be found the same way as average current
in L. except that now each of the individual terms would be positive. i  ect avg. 18

therefore given by,

: T , "
ULcrectavg. — i [(Uc + Uo)-df + ('UC — 'UO).dg

Cc

+(Vpus — Ve + VL)% + (Vpus — v — v;).dj] (3.23)

The averaged state equations are obtained by substituting (3.20 - 3.23) in (3.14 -
3.16). In the next section these average state equations are used to obtain the small-

signal transfer functions.

3.5 Small-signal transfer functions

3.5.1 Perturbation and Linearization

The state variables and all other quantities are now perturbed about their steady

state values as follows. The frequency of perturbation is assumed to be about 5-10



91

times lower than the switching frequency. The magnitude of perturbation is very

small compared to the corresponding steady state values.

Vbus = Vhus + Ubus (3.24)

ve = Vo+ie (3.25)

v, = Vy+1, (3.26)
tiow = Diue Tt Sing (3.27)
IR I | (3.28)
ide—deavg = Jde—deavg. + tde—de,avg (3.29)
iLorectavg = ILorectavg. T iLerectavg (3.30)
Vin = Uin, + Vin (3.31)

d = D+d (3.32)

d = D,+d (3.33)

dy = Dy+d, (3.34)

ds = Ds+ds (3.35)

di = Dy+dy (3.36)

Substituting the above perturbations (3.24 - 3.36) in the averaged state equations
(3.10 - 3.16) the following equations are obtained.

d Vus + i) us i o ~
Cbus% = [d,avg. + ldavg — ([dc—dc,avg. + ldc—dc,avg) (33‘ )
d ‘/c + "}c o
C% = [Lc,avg. + lLc,avg. (338)
,d(Vy + 7)) A Vo + o)
Co—odt— = ILC,rect,aug. + L. rectavg — "LRZ— (339)

Substituting (3.31 - 3.36), into the equations for averaged currents (3.20 - 3.23)

the following equations are obtained.
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A wi(D + J)sz [ i (Vin, + 0in)? ]
I avg. + 1 ,av, = e ,\ k ~ 340
dava. T Sdava 2m Ly imt Viue + Opus — (Viny + Oin) A
. T ) ) )
ILc,avg. + Lecavg = ﬁ" [(‘/c + v, + ‘/o, + U;)-(Dl -+ d1)2

— (Mt 8-V —8)(Ds+d)

- (‘/bus + Upus — Vo — U+ Vo, + IA):,)(D3 + 623)2

+ (‘/bus + 6bus . ‘/c = 6c = ‘/o’ = 1}0).(04 + (24)2] (341)
A T . . A "
Idc-—dc,avg. + ldc—dc,avg = 2L [_(‘/bus + Upus — ‘/c — V. + ‘/0 - ’U;).(Dg, + d3)2

+ (‘/bua + {’bus == ‘/c - i}c - ‘/o’ - {’;)(D‘I + J4)2] (342)

Frrestng b Woreang = QLLC [(Vc + 9+ V! 4+ 91).(Dy + dy)?
+ (V40— V! —6.).(Dy + dp)?
+ (Vous + Obus — Ve — e + V) + 9,).(D3 + d3)?
+ (Vous + Bbus — Ve — B =V, — )).(Da + dy)?] (3.43)

Equations (3.37 - 3.43) can be seperated into their DC and AC terms based on
the small-signal assumption that the perturbations are very small compared to the
actual DC values. This means that the product terms are dropped and only the first

order terms are retained.

3.5.2 DC terms

The DC terms (or steady state terms) in (3.37 - 3.43) are equated on both sides of

the equations by setting all the perturbation to zero.

dVius
Cbus_db?—‘ [d,avg. - Idc—dc.avg. =0 (344)
dV.
= I =
(4 T Lt 0 (3.45)
av; v

C'o dt = ILc,rect,avg._R,L = () (346)
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w,D2T2 N ('U,'n )2
Ligws = £ 3.47
- 27'rLb kz__.:l ‘/bus — Vin, ( )

T ! /
Iaws. = g7 [(Ve+ V))-D} = (Ve = V,).D}
~(Vous = Ve + V)).D3 + (Voo — V. = V)).D}]  (3.48)
T , ,
Idc—dc,aug = 2L [—(‘/bus - ‘/c + ‘/O)Dg + (‘/bus - ‘/c - ‘/O)DZ] (349)
T

[(Ve+V)).D} + (V. = V). D}

[Lc,rect,aug. =

2L,
+(Vous = Ve + V)).Di + (Veus — Ve = V,).D}]  (3.50)

3.5.3 AC terms

The AC terms of (3.37 - 3.43) are obtained by considering only the first order terms.
The DC terms cancel out according to (3.44 - 3.50).

The AC equations corresponding to the average state equations (3.14 - 3.16) are

dVpys A 5
73 dbt = R,le.avg. - R,lec—dc,avg. (351)
dv, A
T2 dt - ,Lch,aug. (352)
d'(}(’) b Al
T1 dt = ILch,rect,a.vg. — U5 (353)
where,
T3 = RILCbus (354)
n = R,C (3.55)
n = R,C! (3.56)

The AC equations

3.23) are as follows :

7
Rde,avg.

;o
RLch,auy.

= aR'LcZ—{—'y ,Lﬁin—

X1 0pus + X20) + X390, + Xod

corresponding to the equations for averaged currents, (3.20 -
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~

RIL;LC,rect,avg. = }/l'bbus + }/2'0:, + Y3{)c + Y4d (359)
RIdec—dc,aug. - Zl'l}bus + Z2"A12 + ZS'i)c + Z4(i (360)

where the constants, «, 3, v, X;-X4, Y1-Y; and Z,-Z4 are given by

ADT _ N _(un,)?
= "Lb A = k=1 Vbu!_;"l'nk wIT
BD?T N Yia
27L, B = Yo —“ﬁ[vm_,,‘."k] w T (3.61)
2 Vin
7 = C+BEL C = TL g —wT

X, = %‘,CI [—=D3 + D + 2D1Vip12 — 2D2Vapa 2 — 2D3Vaps 2 + 2D4Vips ] |
X, = 2&[D?+ D}~ D% - D}
+2D,Vip1y — 2D2Vapay — 2D3Vapsy + 2D4Vipy ]

. %;CZ 5t = Dt  (3.62)
42D, Vipy 3 — 2D;Vapy 3 — 2D3Vaps s + 2D Vips 3]
X, = %%CZ (2D1Vip1a — 2D2Vapaa — 2D3Vaps 4 + 2D4Vipa 4 )
hh = %}Z (D3 + Di +2D1Vipia + 2D2Vapaa + 2D3Vaps 2 + 2D4 Vipa o]
Y, = %k [D}- D}+Dj- D
+I2D1V1P1.1 +2D3Vapay + 2D3Vapsy + 2D Vipa | (3.63)
Y = 3 [D}+D}-D}- D}
+2D,Vip13 + 2D2Vaopas + 2D3Vaps s + 2D Vapy 3
Yy = %CZ [2D1Vip1a + 2D2Vapaa + 2D3Vapsa + 2D4Vipa 4]
Z) = SEL[—-D3+ D2 —2D3Vapsa + 2D Vapy)
Z, = }—::’LTT [—D3 — D} — 2D3Vspss + 2D4Vypa ] (3.64)

Zs = ZX[DE— D} —2DsVapss +2DsVapys]
Zy = G (-2DsVaps + 2DsVipud]

The derivation of these constants is given in Appendix B. Substituting (3.57 - 3.60)
in (3.51 - 3.53) the terms corresponding to averaged currents can be eliminated. Now,

the AC equations corresponding to the average state equations are
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do us 7 N N ~ ~ ~ 7
ro— = aRyd + YRy — PRy s — (Zaduus + Zabo + Zybe + Zad) (3.65)
dAC A A 2 7
T2 ;t = Xibpus + Xobg + Xsde + Xad 8]
Al
n Do = Vit + Vi 4 Yot + Yad — ] (3.67)

Now there are three equations which relate the perturbations in the state variables,
Ubus, U, and v, to the perturbations in the independent variables, d and v;,,. Hence 05,
0! and 0. can be found in terms of d and Uin. Equations (3.65 - 3.67) are converted
to frequency domain by taking the Laplace transform. This is done in the following

section.

3.5.4 Laplace transform of AC equations

Taking Laplace transform of (3.65 - 3.67) and grouping the terms corresponding to
Dpus, Vo and 0. on one side and the terms corresponding to d and U;n on the other side

the following equation is obtained which is written in a matrix form.

Vpus(S) aRp — Z,4 yR;,
(s) | = [A(s)] Xy |d+| 0 | (3.68)
be($) Y 0

where, the matrix [A(s)] is given by

-1

(BRL, + Zy + s73) Zy Zs
[A(S)] = —X1 —X2 (—X3 + ST2) (369)
=B (1-Yy+sm) -V

A

The transfer functions of control (d(s)) to bus voltage (Opus(s)), output voltage,
(0!(s)) and capacitor voltage, (0.(s)) are determined by setting ;, = 0 in (3.68). The

expression for control to output is as follows :
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62(8) = G282 + GIS + GO (3 70)
d(s) 0353 + 0252 + d15 + do

where expressions for the constants, Gy, Gy, G2, o, 01, 02, 03 are given by

Gy, = —mnmY,
G = (Rpa—Zy)(—nY1) —YamsXe+ Ya[(BRL + Z1) + X375] (3.71)
Go = (Rpa— Z4)(—X1Ys +YsXs) + X4 Y125 — Ya(BR, + Zy)]
+Y3 [—X1Z3 + X3(BR, + Z4)]
% = =—T1T273
d2 = [-nn(BRL+ Zi) — ror3(l — Y2) + 1i73.X5)
8 = [XoYams + (BRL + Z1)(—7m2(1 — Y2) + 11 X3) ’ (3.72)

—1Y1Z2 — X125 + 13X3(1 — Y3)]
S0 = [(BR+ Z1)(X2Ys — X3(1 — Y2)) — Z: X, Y + Z,Y1 X5
— X123+ X1Z3Y, — X, Y175)

The derivation of these expressions are given in Appendix B.

Transfer functions of input (0i,(s)) to Opus(s), 0.(s) and 0.(s) are determined by

setting d = 0 in (3.68). The line-to-output transfer function is given by,

’IA)L(S) H1$ + Ho

_ 3.73
Vin(8) 0383 + 252 4 818 + 9o ( )
where expressions for the constants, Hy, H, are given by
H, = —vR/nY]
: SR (3.74)
Hy = R (—X1Y3+Y1X3)

The derivation of Hy and H; are given in Appendix B.
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3.5.5 Justification of reduction in order

The number of state variables initially chosen in Section 3.4 based on the operationally
equivalent circuit configuration shown in Fig. 3.1 is five. But the transfer functions
obtained (3.70) and (3.73) are of third order. This is because of the disappearance of
two state equations corresponding to Ly and L.. This is a direct consequence of (3.9)
[33] and (3.13). Equation (3.13) is due to the assumption (Section 3.3.3.1) that the
voltages v, and v} are constant for two switching cycles. This means that the accuracy
of the small-signal analysis is valid for frequency of perturbation significantly lower

than switching frequency.

3.6 Frequency response

A 500 W, 48 V output converter was designed in Section 2.3.2. A summary of the

component values selected is given below.

L, = 23uH, Cous = 940uF, L. = 16uH
Cl = 4.4uF, 02 = 2uF, n = 25 (3.75)
¢ = cl(ce/n?)=194uF C, = 15uF, C, = 26uF.

The load resistance corresponding to full load is R;, = 4.6 2. Hence the load

resistance reflected to the primary side of the HF transformer is R} = n?R} = 28.5 Q.

The control to output transfer functions and line to output transfer functions are
obtained for a few different operating points and the frequency response is plotted in

the following sections.

3.6.1 Control-to-output transfer function

The frequency response of control-to-output transfer function given in (3.70) is plot-
ted in Fig. 3.4(a)-(f). Different operating conditions of load resistance, R}, duty
cycle, D, and peak input voltage, V;, , are considered. The following observations

are made from these plots.
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In the amplitude vs frequency plot shown in Fig. 3.4(a)-(f), the DC (or low fre-
quency) gain of 0!/ d corresponds to the plot of the total ac-to-dc converter gain,
m obtained from steady-state analysis in Chapter 2 and shown in Fig. 2.6. In this
region of frequency, the changes in duty cycle, d, results in a change in bus voltage,
Opus and a change in the output voltage, 0. v) is due to two reasons. One is d and
the other is 0p,s. As the frequency of dis increased, magnitude of Uy, is less than its
corresponding value at DC (or low frequency) changes in duty cycle. This is due to
the high value of the bus capacitor, C,,. Hence magnitude of ¢/ also correspondingly
decreases. As the frequency of d is further increased, the change in bus voltage is
negligible, i.e, 0p,s =~ 0. Hence, in this frequency region 0/ is only due to change in
duty cycle. This region of frequency corresponds to the plot of dc-to-dc converter
gain, M, obtained from steady-state analysis and shown in Fig. 2.4. As the frequency
of d is still further increased, ', starts decreasing due to the effect of the output filter

capacitor, C! and the effective DC blocking capacitor, C.

In Fig. 3.4(a) and (b) the control-to-output frequency response is plotted for two
different steady state operating points.
(a) Vin,,e = 85V2 V, R, = 28.5Q, D = 0.49.
(b) Vin,e =852 V, R} = 28.5Q, D = 0.51.
Although these are very close operating conditions, it can be observed that the am-
plitude response is nearly same but the phase response is totally different. When the
phase difference in (b) goes beyond 180°, the corresponding phase difference in plot

(a) is close to 0. This is explained as follows :

From the steady state ac-to-dc converter gain, m, versus duty cycle, D shown in
Fig. 2.6, and the steady state dc-to-dc converter gain, M, versus duty cycle, D shown
in Fig. 2.4, it can be seen that that the gain m continues to increase beyond D = 0.5
but the gain M decreases beyond D = 0.5. This is because, for duty cycle greater
than 0.5, at steady state, the effect of increase in the bus voltage due to an increase
in duty cycle dominates the effect of decrease in M due to increase in the duty cycle.
As steady-state analysis holds good for DC (or very low frequency) perturbations,
the frequency response of (a) and (b) are same for DC (or low frequency) d. As the

frequency of d is increased, 04, = 0 as discussed earlier in this section. Hence,
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in this frequency range, the dc-to-dc section gain, M becomes the dominant factor.
As M decreases beyond D = 0.5, ‘.’—dﬂ is negative for D greater than 0.5 and hence
the phase difference increases beyond 180° in plot (b). This explains the reason for

limiting the maximum duty cycle, Dy, at 0.5 in the design example illustrated in
Section 2.3.2.

3.6.1.1 PSPICE verification

The frequency response of the control-to-output transfer function is verified by PSPICE
simulation for a few discrete frequencies. The values of 0!/ d for a few different fre-
quencies are plotted along with the theoretically obtained frequency response plots
in Fig. 3.4(a)-(f). The results from steady-state analysis (i.e., at zero frequency) pre-
sented in Chapter 2 is plotted at the minimum frequency in each of the frequency

response plots of Fig. 3.4(a)-(f) (for example, at 1 rad/s in Fig. 3.4(a)).

[t can be seen that there is a good correspondence between the theoretically
obtained frequency response and the results from PSPICE verification for the plots
shown in Fig. 3.4(c)-(f). The plots shown in Fig. 3.4(a)-(b) are close to the critical
duty cycle of D = 0.5 and hence the PSPICE simulation results are not in very good
agreement. This is because even a slight difference in the setting of ) can make a

big difference.
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Figure 3.4. Frequency response of small signal control-to-output, 9,(s)/ J(s) transfer
function for different operating conditions. Results obtained from PSPICE simulation
for a few discrete frequencies are marked with ‘x’. For DC (very low frequency), the

result obtained from steady-state analysis is marked.
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3.6.2 Line-to-output transfer function

The frequency response of line-to-output transfer function given in (3.75) is shown
in Fig. 3.5. It can be observed that due to the presence of a low frequency pole the
perturbations at the input is attenuated for frequencies in the audio range (20 Hz to

20 kHz). This is due the presence of the bulk capacitor, Cyys.
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