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(ABSTRACT)

Two novel clamped-mode resonant converters are analyzed. These clamped-mode
converters operate at a constant (requency while retaining many desired features of
conventional resonant converters such as fast responses, zero-voltage turn-on or zero-
current turn-off, and low EMI levels, etc. The converters are able to regulate the output
from no load to full load and arc particularly suitable for off-line, high-power applica-
tions.

To provide insights to the operations and derive design guidelines for the clamped-
mode resonant converters, a complete dc characterization of both the clamped-mode
series-resonant converter and the clamped-mode parallel-resonant converter, operating
above and below resonant [requency, is performed. State-plane analysis techniques are
employed. By portraying the converters’ operation on a state-plane diagram, various
circuit operating modes are identified. The boundaries between different operating
modes are determined. The regions for natural and force commutation of the active
switches are defined. Important dc characteristics, such as control-to-output transfer
ratio, rms inductor current, pcak capacitor voltage, rms switch currents, average diode
currents, switch turn-on currents, and switch turn-ofT currents. are derived to facilitate
the converter designs.

To illustrate the converter designs in difTerent operating regions, several design ex-
amples are given. Finally, three prototype circuits are built to verify the analytical re-

sults.



Acknowledgements

I would like to express my sincere appreciation to my advisor, Dr. Fred C. Lee, for
his guidance, support, and encouragement during the course of this research work. His
extensive knowledge, creative thinking, and patience have been invaluable help and are
very much appreciated.

I also owe my gratitude to Dr. Bo I1. Cho, Dr. Vatché Vorpérian, Dr. Kwa S. Tam,
and Dr. Ronald D. Riess for their teaching, suggestions, and discussions, and their

kindness to serve as my committee members.

I am thankful to my old colleagues, , , and my fellow
student, , for their help in obtaining the experimental results used in this
thesis.

Thanks also extend to all the VPEC members for their friendship which has made

my stay at Virginia Tech an enjoyable onc.

Special thanks go to VPEC secrctary , who is always kind and
ready to help, and , who has done excellent jobs in editing my man-
uscripts.

Acknowledgements jiii



I would like to give my heartfelt appreciation to my parents, and
, for their never-ending efforts to provide me with good education opportunities, and
my sisters, , s , for helping me taking care of my mother while 1 was
away. Most of all, I would like to thank my beloved wife, , for her contin-
uous support and understanding during the course of my study and my daughter, ,
who has brought so much joyfulness into my life.
Finally, I would like to thank EG&G Almond Instruments, NASA Lewis Research
Center, and Rocketdyne Division, Rockwell Intcrnational for their financial support

during my stay.

Acknowledgements iv



TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION

1.1 General Background ........ccccoeevviivenminiiiieninnnininnineinsiniisssesisssssssssssssssessases 1
1.2 Derivation of Clamped-Mode Resonant Converters ........cocecenrennercensecccssnees 10
1.3 State-Plane Analysis TEeChNIQUES .......cccoeiviiniriinnennnniiineneneeneseenenseesiesnnes 14

CHAPTER 2. ANALYSIS OF CLAMPED-MODE SERIES-RESONANT

CONVERTER
2.1 INEPOQUCLION ..vveveererreririnsrneieniiiiinieinessesasssiesnssssssssseoesssssssssnssssosasssnassssnsosseses 15
2.2 Circuit OPeration ......c.ccecevevreiiiiiniiiniinisiinrerisnsreisestsssesssssesssssssssnsassessnssssnsssass 17
2.3 State-Plane ANalySis .....ccocovciiviiiiniiiininiiniineniniinniniissisniesmssisissesesis 22
2.3.1 ASSUIMPLIONS .oovereeiririnriiieiieeriiiiiiiineeerssisessseessssessessssstossssssasssssssssessesses 22
2.3.2 Circuit topological MOdES ........cccvverrerrniiniiiininneniieaieinsinsn 22
2.3.3 State trajectories [or circuit topological modes .......cocceevivviiicnncncnnans 25
2.3.4 Equilibrium trajectories .........covrirninriininniiinicsssncessss st 27
2.3.5 Circuit operating Modes ..........cccvvereeieniininineni e 32
2.3.6 ReZIONS Of OPETALION ...ocvviviiiicriiiiiiiniieietirer e ssessssatstessssrssns s esses 55
2.3.7 DC CharacteriStiCS ....cccoceererrernersieiniiiiisieisistsneeissssesssessesnssssssssssssasoses 64
2.4 Design FXamMPIES ....cocciiviiiiniiiiiiinienee ettt 85
2.4.1 Example 1 - Design in natural-commutation region .........ceceeeceeseecscscans 86
2.4.2 Example 2 - Design in mixed-commutation region .......cc.coeveeeinsenees 93



2.4.3 Example 3 - Design in force-commutation region ..........ccevuevevveervssnnsanns 101

2.5 Hardware VerifiCatiONS ........c.ccooemeiniiiiininniiniiiinniiniinnresnesssessesssesssssssssns 109
2.5.1 Circuit operating modes below resonant frequUency ..........cccovevevesrecnerene 109
2.5.2 Circuit operating modes above resonant freqUENCY .......cccerecereresnscoreuese 123

2.6 CONCIUSIONS .eevervrieirineicireeesneeessnticotesssseessssnisssiessssssissassssnsessssssssssessssasassassossassons 130

CHAPTER 3. ANALYSIS OF CLAMPED-MODE PARALLEL-RESONANT

CONVERTER

3.1 INLFOAUCHION .eovoereeiiiriieceeeserisnesentosteesiesssnesiesssncsssessnsesasssnssssnessassansssanassessossssass 132
3.2 Circuit OPEration ......cccoeverveiermnrerenenrieineiesnsrsnsssssostsassesisnessstsstssnssssesnssonsanse 134
3.3 State-Plane Analysis .........coeniniiniiiiineniininieesieniisessessssssanssessassessssens 139
3.3.1 ASSUMPLIONS ..ococetruiririireiisiteinrieessntsssssssssssesesssssssssstonssssnssssssesnsssassssssanses 139
3.3.2 Circuit topological MOdes .........ccvveviiveeinnicineccisinnnniiiiesciseie 139
3.3.3 State trajectories for circuit topological modes ........................ 145
3.3.4 Equilibrium trajeCtories .........cocvvreniernrreniisniiininnniiiieenssisenens 148
3.3.5 Circuit operating Modes .........ccoceverenrviieresneesnscsssisseeisiscsnssnsesnesnssesnsns 151
3.3.6 Regions Of OPEration .........cccveeeivenineneensiceiininininieiississsensnsenes 179
3.3.7 DC chAracteriStiCs .....cccevvvrecreecsseserinsissersssunissssessssessssessssssssssesssansssssensonse 183
3.4 Design EXAmPIES ....ccoiviiiiiiiiiiiininenscnn s 195
3.4.1 Example 1 - Design in natural-commutation region .........ceeceereusuneens 196
3.4.2 Example 2 - Design in mixed-commutation region .........coeeeeverensenns 201
3.4.3 Example 3 - Design in forcc-commutation region ... 203
3.5 Hardware EXPEriments .........occoeveeriiieimninenieninninestenessssisnsesioisnissssnssses 211
3.6 CONCIUSIONS .vvvveiriirieirirneeirieerieseestiisrtesrtesssesisaes e sssaesnssssnsessessasssstsossessnssssnsnss 215
CHAPTER 4. CONCLUSIONS 217




APPENDIX A. DERIVATION OF CLAMPED-MODE, PARALLEL-RESONANT

CONVERTER 225

APPENDIX B. SUPPLEMENTS TO CHAPTER 2

B.1 Rules for Constructing Equilibrium State Trajectories of a CM-SRC .......... 228
B.2 Prediction of Mode Transitions of a CM-SRC Operating Below Resonant
FIEQUEICY ..ovvvviiiirirmirinieniirienniitenesastssssiasisesnssestesssssesnssnsanssssnssssssossonssnssnsans 232
B.3 Prediction of Mode Transitions of a CM-SRC Operating Above Resonant
FIEQUENCY .cuvvvierirtiinriiiinitisiiietensssstestese s ssssasssssestesnsasssnssnassasssssssssnesnsans 249
B.4 Calculation of Trajectory Parameters of a CM-SRC Operating Below
ResoNant FIEQUENCY .....ccccoiviiniieniiinnentiinsinnniesnennssnsssisnsssssssssscsssssossssssesssnens 257
B.S Expfessions for Circuit Salient Features of a CM-SRC Operating Below
Resonant FreqUENCY ......cocoiiiimniiimninnienrennnicssnnnsesnesssssissnsssscssssesasssssnssssnsneas 27
B.6 DC Characteristics of a CM-SRC Operating Below Resonant Frequency ... 279
B.7 Calculation of Trajectory Parameters of a CM-SRC Operating Above
Resonant FIEQUENCY ....ccovviiiiiiininennniinineiniesnessinsesesssnssssssoscsssstsssssnsssssssssses 285
B.8 Expressions for Circuit Salient Features of a CM-SRC Operating Above
Resonant FrEQUENCY ....cccvviiiiineniiininnenenienienenesessesneessssnsssssssssssssssssssssssasesns 294
B.9 DC Characteristics of a CM-SRC Operating Above Resonant Frequency ... 297
B.10 Generation of Circuit Waveforms of @ CM-SRC ..o 303

APPENDIX C. SUPPLEMENTS TO CHAPTER 3

C.1 Rules for Constructing Fquilibrium State Trajectories of a CM-PRC .......... 318

vii



C.2 Prediction of Mode Transitions of a CM-PRC Operating Below Resonant
FIEQUENCY ..oovuriniiiiiiiiiitiiiitcctinietr st cbes e bessacsne s ssnessnsssessasssessnsnns 323
C.3 Prediction of Mode Transitions of a CM-PRC Operating Above Resonant

FIEQUENCY ..oovvuiriiitiiiiniintitiniitit sttt ste s sssnssesssessssnesssssnessnsssesns 334
C.4 Calculation of Trajectory Parameters of a CM-PRC .........ccocevvvirevinincnnns 344
C.5 Calculations of Circuit Salient Features of a CM-PRC .........ccoevrvvvrnnrnnrienens 377

C.6 DC Characteristics of a CM-PRC Operating Below Resonant Frequency ... 388
C.7 DC Characteristics of a CM-PRC Operating Above Resonant Frequency .. 391
C.8 Generation of Circuit Waveforms of a CM-PRC ........coccuviviiiriinciecnsinninnnns 397

viii



CHAPTER 1.

INTRODUCTION

1.1 GENERAL BACKGROUND

In recent years, resonant power conversion technology has gained much attention in
power conversion applications [1-32]. Due to their distinct advantages, such as fast re-
sponse, high efficiency, reduced switch stresses, and low EMI (electromagnetic interfer-
ence) lcvels, resonant power processors have gradually taken over roles previously
dominated by the pulse-width-modulated (PWM) converters.

The major advantage of resonant converters, as compared to PWM converters, is
their ability to eliminate switching losses by commutating the switches at zero voltage
and/or zero current. As a result, resonant converters can be operated at much higher
frequencies than PWM converters. The increase in operating frequency reduces the size
of magnetic components, thus increasing the converters’ power density.

Conventional resonant converters have bridge configurations, as illustrated in Figure
1.1. An LC resonant tank is used tc; transfer energy from input to the load. The two
controlled switches are triggered with 50%-duty-cycle gating signals such that a square-

wave voltage, vg , is generated across the resonant tank. The output is obtained by rec-

tifving and filtering the sinusoidal-like resonant inductor current (series-resonant

INTRODUCTION 1
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(a) Series-resonant converter (SRC)

Figure 1.1 Conventional Series- and Parallel-Resonant Converters



(b) Parallel-resonant converter (PRC)

Figure 1.1 Continued




converter) or resonant capacitor voltage (parallel-resonant converter). The output
voltage regulation is achieved by varying the operating frequency.

Depending upon the operating frequency and the load, the controlled switches in the
resonant converters can be naturally commutated or force commutated {18,19,31]. In
general, natural commutation of the switches occurs when the converter operates below
the resonant frequency of the LC tank, while forcc commutation occurs when the con-
verter operates above the tank’s resonant frequency.

When natural commutation is achieved, the switches’ turn-off losses are eliminated.
However, since the diodes are commutated at high currents fast antiparallel diodes are
required to minimize the cross conductions in the totem-pole switch-diode pairs caused
by the reverse recovery of the diodes. When force-commutation is achieved, the power
switches operate with zero-voltage turn-on and the switches’ turn-on losses are elimi-
nated. Slow antiparallel diodes and simple losseless capacitor snubbers can be used for
the switches since the diodes are commutated at zero current and the switches always
turn on at zero voltage.

Due to the line and/or load var{ations, the operating frequency of the conventional
resonant converters usually has to vary over a wide range to rcgulate their outputs. This
results i_n a penalty in the magnetics and filter design and lowers the overall conversion
efficiency.

To optimize the design of magnetic components and filters, several circuit topologies
and control techniques able to operate at a constant frequency were proposed [33-46].

Figure 1.2 shows a parallel-resonant converter (PRC) with a controlled output
rectifier. The converter’s operating frequency is fixed. Its output is controlled by vary-
ing the conduction intervals of the output controlled switches {33,34]. Although the
converter is able to regulate its output over a wide load range and is bidirectional, it is
only suitable for low-current, high-voltage applications since the output controlled

switches introduce additional losses.
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Figure 1.2 A Parallel-Resonant Converter with a Controlled Output Rectifier



A phase-control séheme was introduced which employs two identical series- or par-
allel- resonant inverters with their outputs connected in parallel or in series, respectively,
to a common load [35,36,37], as shown in Figure 1.3. The two resonant inverters are
driven by gating signals which have the same frequency but have different phases. The
outputs of the converters are controlled by varying the phase displacement between the
gating signals. These phase-controlled converters are able to regulate their outputs from
no load to full load. However, due to the phase displacement of the two inverters, the
effective load power factor seen by each inverter is different. As a result, the inductor
currents and capacitor voltages in the resonant tanks of the inverters are unbalanced.
This introduces high component stresses in one of the resonant inverters [37]. Also, high
circulating currents exist in the inverters under light load since the exciting frequency of
the inverters remains unchanged.

The pseudo-resonant converter proposed in Reference [38] is an analogy to the
phase-controlied converters.

. To alleviate the current and voltage imbalance and reduce the circulating currents
under light load, the two phase-controlled resonant inverters can be combined. This
results in two new clamped-mode, resonant converters which are functional equivalence
to their phase-controlled counterparts. The circuit topologies of the clamped-mode res-
onant converters are the same as those of conventional full-bridge resonant converters.
[Towever, they operate under a quite diferent principle. As illustrated in Figure 1.4(d)
and 1.4(e), the switched input voltage vg to the resonant tank of a clamped-mode reso-
nant converter is a (ixed-frequency, duty-cycle-modulated, quasi-square wave, instead
of a frequency-modulated square wave in the conventional resonant converters. The
output of the converter is controlled by varying the time interval, ¢gs/wg as shown in
Figure 1.4(e), during which voltage vg is “clamped” at 7cro volt. These converters are
therefore referred in the text as “clamped-mode resonant converters”. The fact that

clamped-mode resonant converters possess the same desired output characteristics as the

INTRODUCTION 6
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(a) Phase-controlled series-resonant converter
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(b) Phase-controlled parallel-resonant converter

Figure 1.3 Continued
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phase-controlled converters while alleviating their aforementioned shortcomings makes
these converters very attractive. It is a major goal of this research to fully characterize

the dc behaviors of these two clamped-mode resonant converters and provide systematic

design guidelines.
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1.2 DERIVATION OF CLAMPED-MODE RESONANT CONVERTERS

Figure 1.4 illustrates how the clamped-mode series-resonant converter is derived by
combining the two phase-controlled resonant inverters. The outputs of the inverters are
connected in parallel. Viewing tank voltages v, and v, as new voltage sources, a simpli-
fied equivalent circuit is shown in Figure 1.4(b). The circuit equations for the phase-

controlled, series-resonant converter (PC-SRC) are

Vl =V0+ VCI+IJ—JI—’ (l-l)
dv
iy =C—, (1.2)
di
v =v0+va+L7ﬁz-, (1.3)
av
i = C—%, (1.4)
and
ig=1lp, + i3 (1.5)
Adding (1.1) to (1.3) and (1.2) to (1.4), we obtain
B dip, dip,y
(V| + vy ) = 2V() + ("CI + ch) + Il( T + _"1'[— ), (1.6)

and

INTRODUCTION 10



. , dvcy | dy,
(i + i) = C(——+—%). (1.7

Rewriting (1.6) and (1.7), we have

Wrn) e Latia (L) d, g, (1.8
Ly d  Vatva |
(ipy +i12) = (20) 7(—"7—')- (1.9)

From Egs. (1.5),(1.8), and (1.9), viewing (v;, + v)/2 and (i;; + i;,) as new state variables,

an equivalent circuit can be derived, as shown in Figure 1.4(c), where

+
o=latla) . ) (1.10)

i, = (i) + ipa), (1.11)

and

vg = -(v—';ﬂ . (1.12)
The voltage, vg, as shown in Figure 1.4(c), is a quasi-square wave with pulse width, g,
determined by the phase displacement between v, and v,. The zero-voltage period of vg
is equal to the phase displacement, ¢, between v, and v,. Such a voltage can be realized
using a full-bridge circuit, as shown in Figure 1.4(d), by operating switches S1,52,S3, and
$4 in a (ashion illustrated in [Figure 1.4(f). When switches S| and S4 or §2 and S3 are
both on, vg is clamped at zero volts. Otherwise, vg is equal to either +E or -[. A full-

INTRODUCTION 11



bridge, series-resonant converter is referred to as “clamped-mode, series-resonant con-
verter (CM-SRC)” when it is operated in such a fashion.
Following a similar manner, a “clamped-mode, parallel-resonant converter

(CM-PRC)” can be derived from a phase-controlled, parallel-resonant converter

(PC-PRC), as illustrated in Appendix A.l.
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1.3 STATE-PLANE ANALYSIS TECHNIQUES

|

Many different analysis techniques have been used to characterize the dc behaviors
of resonant converters [1,14-15,18-19,33-34]. Due to the complexity of the circuit oper-
ation, most analytical work presented to date are numerical in nature. In general, a
computer method numerically calculates the instantaneous current and voitage in the
resonant tank and determines the steady state by comparing the values of inductor cur-
rent and capacitor voltage a half switching period away [1]. This approach, although
simple and straightforward, provides no physical insights to the converter’s behaviors.

A piece-wise linear circuit approach divides a steady-state operation into several
switching intervals and derive expressions for the current and voltage during each inter-
val. Boundary conditions are matched to determine the steady-state values for the cur-
rent and voltage [33,34]. This approach, however, has to assume the phase relationship
between certain circuit waveforms which is sometimes unpredictable.

Graphical techniques have recently been employed in the analysis of resonant con-
verters [14-15,18-19,31]. The advantage of these approaches is their ability to illustrate
graphically the converter’s behavior on a planar diagram. The complex circuit operation
can be easily visualized and many less familiar operating modes uncovered. Important
circuit features can be derived from the geometrical relationship easily identified in the
diagram.

Among the two graphical approachces, the state-plane analysis technique is more
powerful than the output-plane technique. The state-plane technique monitors monitor
the instantancous resonant inductor current and the instantaneous resonant capacitor
voltage and provides better insights to the converter operation.

In Chapter 2 and Chapter 3, state-plane techniques are employed to characterize the
dc behaviors of the clamped-mode, scrics-resonant and the clamped-mode, parallel-

resonant convertcrs.

. INTRODUCTION 14



CHAPTER 2.

ANALYSIS OF CLAMPED-MODE SERIES

RESONANT CONVERTER

2.1 INTRODUCTION

In designing a conventional series-resonant converter(SRC), two operating frequency
ranges are usually considered. One is below the resonant frequency (often between 50%
and 100% of the resonant (requency) where zero-current turn-off (natural commutation)
of the controlled switches is achieved, thus eliminating the turn-off losses and stresses
of the switches. The othcr is above resonant frequency where zero-voltage turn-on of
the switches is achieved, thus eliminating the turn-on losses of the switches. When an
SRC operates below resonant frequency, fast antiparallel diodes are required for the
switches since these diodes are commutated at high currents. While, when an SRC op-
erates above the resonant frequency, slower antiparallel diodes can be used for the
switches since the diodes turn off at zero current. A simple lossless capacitor snubber
can be employed for the switches to reducc their turn-ofT losses since the switches always
turn on at zero voltage.

ANALYSIS OF CM-SRC 15



Similar to SRC, a clamped-mode scries-resonant converter (CM-SRC) can be de-
signed to operate either below or above the resonant frequency to obtain either zero-
current turn-off or zero-voltage turn-on. The design is, however, more complicated.

For a CM-SRC, three modes of commutation can exist: (1) all the controlled switches
are naturally commutated; this mode is referred to as "natural commutation”; (2) two of
the switches in one leg of the bridge are naturally commutated and the other two
switches are force commutated; the two switches which are force commutated are nev-
ertheless operating with zero-voltage turn-on; this mode is referred to as “mixed com-
mutation”; (3) all the switches are force commutated (or zero-voltage turn on); this mode
is referred to as “forced commutation”. It should be noticed that in the context of this
thesis, the forced commutation mode is always associated with zero-voltage turn-on
property. This is, however, not necessarily the case in general When a CM-SRC oper-
ates below the resonant frequency, the switches may be operated under natural com-
mutation or mixed commutation. When a CM-SRC operates above the resonant
frequency, the switches may be operated under forced commutation or mixed comrﬁu-
tation.

To provide insights to the converter’s operation and derive guidelines for the con-
verter design, a complete dc characterization of the CM-SRC is presented in this chap-
ter. Graphical state-plane techniques are employed to identify various circuit operating
modes for the converter. The boundaries between different operating modes are deter-
mined. The regions for natural, mixed, and force commutation are specified. Important
dc control-to-output characteristics are derived. Three design examples are given.

Finally, the analytical results are verified using two breadboard circuits.

ANALYSIS OF CM-SRC 16



2.2 CIRCUIT OPERATION

Figure 2.1(a) shows a clamped-mode, series-resonant converter with the controlled
switches $1,52,53,54 in Figure 1.4(d) implemented by transistors Q1,Q2,Q3,Q4 and their
antiparallel diodes D1,D2,1D3,D4, respectively. The transistors are triggered in a timing
sequence as illustrated in Figure 2.1(b). All the transistors are driven with 50% duty-
cycle gating signals. Transistors Q1,Q3 are triggered according to a clock signal whose
frequency determines the converter’s operating frequency. Transistors Q2,Q4 are trig-
gered with a controllable time delay, %i, with respect to the triggering of Q1,Q3, re-
spectively. The time delay is the interval during which the resonant tank is clamped as
a short circuit. By controlling the time dclay, the pulse-width, fg, of the quasi-square-
wave voltage, vs, is controlled and the converter’s output voltage, ¥, is regulated.

Depending upon the operating conditions, a CM-SRC can result in different modes
of operation. Each mode of opération represents a unique conduction sequence of the
switching devices, and is characterized by different circuit waveforms and device com-
mutation requirements.

A typical circuit operation of a CM-SRC operating below the resonant frequency is
illustrated in Figure 2.2. Prior to t=0, diodes D3,D4 are conducting. At t=0, transistor
QI turns on and diode D3 is commutated and the inductor current, i;, resonates through
Q1,D4. At t=tl, transistor Q2 is triggered. Diode D4 is commutated and i, resonates
through Q1,Q2. Al t=12, i; decreases to 7ero duc to resonance. Transistors Q1,Q2 turn
off naturally and diodes D1,1D2 conduct subscquently. The inductor current, i;, reso-
nates through D1,1D2. At the end of the half switching cycle, t=%-, transistor Q3 turns
on, commutating diode D1 and a similar process repeats with the roles of Q1,Q2,D1,D2
and Q3,Q4,D3,D4 interchanged, respectively. The reflected load voltage, vg, changes

polarity whenever i, crosses the zcro-axis.

ANALYSIS OF CM-SRC 17



A typical circuit operation of a CM-SRC operating above the resonant frequency is
illustrated in Figure 2.3. At t=0, transistor Q3 is forced off and QI is triggered. Since
the inductor current i; is negative, Ql cannot conduct. Instead, diode D1 conducts.
The inductor current, i;, resonates through Q4 and D1. At t=tl, transistor Q4 is forced
off and Q2 is triggered. Transistor Q2 cannot conduct since i, is still negative. Instead,
diode D2 conducts. The inductor current i; resonates through D1 and D2. Att=t2,
increases to zero. Diodes DI and D2 commutate naturally and transistors QI and Q2
conduct subsequently. The inductor current, i;, resonates through Q! and Q2. At the
end of the half switching cycle, t=%—, transistor Q1 is forced off. and Q3 is triggered.
A similar process occurs with the roles of Q1,Q2,D1,D2 and Q3,Q4,D3,D4 interchanged,
respectively. The reflected load voltage, v, changes polarity whenever iy crosses the
zero-axis.

In the examples discussed above, the commutation features of the transistors
Q1,Q2,Q3,Q4, and the diodes D1,D2,D3,D4 arc the same as those in a conventional

SRC. The commutation feature for the devices, however, can be different if the operat-

ing condition of the converter changes, as shall be discussed in later sections.

ANALYSIS OF CM-SRC 18
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2.3 STATE-PLANE ANALYSIS

In this section, graphical state-plane techniques are employed to characterize the
CM-SRC. The state-plane analysis enables one to visualize the converter’s complex
behavior from a state portrayal and derive various important circuit features such as
control-to-output transfer ratio, rms inductor current, peak capacitor voltage, rms
switch currents, average diode currents, etc. from the state trajectory, which signif-

icantly simplifies the analysis.

2.3.1 Assumptions

The following assumptions are made during the analysis:

1. all the transistors are ideal, with zero switching time and no conduction drop;

2. the quality factor of the resonant tank is infinite; in other words, there is no loss in

the tank circuit;

3. the output filter is large enough such that the output voltage, ¥, , can be assumed

constant during several switching cycles;

4. the transistors are driven with ideal 50%-duty-cyclc gating signals;

5. the switching frequency of the converter is greater than 50% of the resonant fre-

quency.

2.3.2 Circuit Topological Modes
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As illustrated in Figures 2.2 and 2.3, the one-cycle operation of a CM-SRC is com-
posed of a sequence of lincar circuits, each corresponding to a particular switching in-
terval. There are seven linear circuit topologies for a CM-SRC, as shown in Figure 2.4.
These circuit topologies are referred to as circuit topological modes of a CM-SRC. The
topological modes M1,M2,M3,M4,MS5, and M6 are called “resonant modes” and
topological mode MO is called “recess mode”. The circuit behaviors of a CM-SRC under

each topological mode can be described using the following differential equations.

FFor resonant modes M1,M2,M3,M4,M5, and M6,

L
L_?lt_+ Ve = Vg,

die | 2.1
=
where,
E-V, for M1,
E+V, for M2,
_ Vo for M3,
VBT | —E+V, for M4,
—-E-V, for M5,
-V for M6.
For recess mode MO,
di
L -(—;’L— =0,
dve (2.2)

By solving these differential equations, expressions for i and v in each topological mode

can be derived. The expressions are normalized and shown in the following.

IFor resonant modes M1,M2,M3,M4,MS5, and M6,
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Figure 2.4 Circuit Topological Modes of a CM-SRC
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irn=-(Von — ven) sin wo(t — to) + Iy cos @yt — o)

) (2.3)
ven = (Veon — ven) €0s @yt — to) + Irgn sin oot — o) + vey
where, 1, is the initial time and
Wy = L is the angular resonant {requency,
JLC
7 L . .
0 = el is the characteristic impedance,
v, . . .
Vey = Tc is the normalized capacitor voltage,
U . . . .
N = —%— s the normalized inductor current,
ElZ,
Voo . e .
Voon = 5 is the normalized initial capacitor voltage,
I, . NPT
Loy = -E/—Z is the normalized initial inductor current,
VE
Ven = _1—7‘.
For recess mode MO,
i’,N = 0,
(2.4)
ven = Veon-

The normalizing factors for the voltages and currents are E and EJZ,, respectively.

2.3.3 State Trajectories for Circuit Topological Modes
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Table 2.1 Trajectory Equations for Various Circuit

Topological Modes

Topo’l Trajectory

Modes State Trajectory Equations (?I:,:t'l::)
M1 | g+ (ven - (1-Von) = 13w + (1-Vox- Vo) | (1 = Von, 0)
M2 i+ (vew - (1+ Von))2 = Iw + (1+ Von-Veon)?| (1+ Vows 0)
M3 | id+ (ven - Vow)* = liiw + (VonVeon) (Vow 0)
M4 | ik + (ven+ (1-Von))2 = Igw + (-1 + Vou-Veon)? | (-1+ Vow 0)
M5 i+ (ven +(1+ Von)? = I3n + (-1-Von-Veon)® |(-1 — Vows 0)
M6 | i + (ven+ Vow)* = Iidw + (-Von-Veon)? (-Vowr 0)
MO | in=0, vey=Vcew None
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The trajectories for resonant modes M1,M2,M3,M4,M35, and M6, when plotted in the

state plane (vcy versus i;y plane), are circular arcs with centers located at (vgy, 0) and

radii R = \/(ven-Vow)? + T3on - Table 2.1 summarizes the trajectory equations. A family
of trajectories for each resonant topological mode is plotted in Figure 2.5, where the
centers of M1-M6 are indicated by ml-m6, respectively. These trajectories are half-
circles since the polarity of i, in each topological mode is either positive or negative.
The state trajectory corresponding to a particular switching interval is a segment of these
trajectories determined by the topological mode, the initial conditions of the inductor
current and the capacitor voltage, and the duration of the interval. Time is implicit in
these trajectories. The time clapsed in a trajectory segment is measured by the angle
subtended by the segment with respect to its center. For example, the time elapsed from
point a to point b in topological mode M1 in Figure 2.5 is At = y/w,. As time advances,
the state trajectories travel clockwise as indicated by the arrows.

The trajectory for the recess mode MO is a stationary point lying on the vcy-axis. The
coordinate of the stationary point is either (Vyy, 0) or (-¥ oy, 0). A finite amount of time
elapses at the stationary point since both i,y and v.y are independent of time. A circle
is used in the state plane to indicate such a stationary point, as illustrated in Figure 2.5.
This topological mode occurs when none of the switching devices are conducting. In

other words, all the switching devices are cither reverse-biased or not triggered.

2.3.4 Equilibrium Trajectory

A steady-state opcration of a CM-SRC can be represented by an equilibrium trajec-
tory in the state plane [18,19,31]. An cquilibrium trajectory is a closed contour com-
posed of several trajectory segments. It is symmetric with respect to the origin and is
constructed via a particular sequence of circuit topological modes determined by the

circuit operation. An equilibrium trajectory constructed via a different topological mode
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sequence represents a different device conducting sequence, thus corresponding to a
different circuit operating mode.

An equilibrium state trajectory of a CM-SRC can be constructed using a composite
diagram generated by overlapping the families of trajectories in Figure 2.5 on the same
irn-» Von- axes, as shown in Figure 2.6. The rules for constructing an equilibrium tra-
jectory on the composite diagram are summarized in Appendix B.1. Figure 2.7 shows
an example illustrating the construction of an equilibrium trajectory on the composite
diagram. The constructed trajectory corresponds to the circuit operation described in
Figure 2.2, where M6(M3) is initiated when QI1(Q3) is triggered at point a(d), M1(M4)
is initiated when Q2(Q4) is triggered at point b(e), and M2(MJ) is initiated when i, re-

verses polarity at point c(f).
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Figure 2.6 A Composite State Diagram for Constructing Equilibrium
State Trajectories
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Figure 2.7 An Example Illustrating Construction of an Equilibrium
State Trajectory on the Composite Diagram
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2.3.5 Circuit Operating Modes

Many equilibrium trajcctories, each representing a circuit operating mode, have been
constructed. These trajectories are categorized into two frequency ranges and discussed

in the following.

.2.3.5.l Operating modes below the resonant frequency

Figure 2.8 shows a series of equilibrium state trajectories which illustrate all the pos-
sible operating modes of a CM-SRC operating below the resonant frequency. The cor-
responding circuit waveforms for the trajectories are also included in the figure to help
explain the converter’s operation.

Trajectory 0: This trajectory represents the case when the converter operates as a
conventional SRC. In other words, no zero-voltage interval exists in voltage vs. As
shown in Figure 2.8(a), at t=a, transistors QI and Q2 turn on commutating diodes D3
and D4. The inductor .current, iy , resonates through Q1 and Q2(M1). At t=b, iy
reverses polarity due to resonance. Transistors Q1 and Q2 turn off naturally and diodes
D1 and D2 conduct subsequently. The inductor current resonates through DI and
D2(M2). At t=c, transistors Q3 and Q4 turn on commutating diodes D1 and D2 and
a similar process occurs with the roles of Q1,Q2,D1,D2 and Q3,Q4,D3,D4 interchanged,
respectively. The topological mode sequence of this trajectory is M1-M2-M4-MS5.

Trajectory I: When a 7zero-voltage interval is introduced into vg, topological modes
M3 and M6 will be present in the trajectory. As shown in Figure 2.8(b), at t=a, tran-
sistor QI turns on commutating diode D3. The inductor current, i 5, resonates through
QI and D4(M6). At t=b, transistor Q2 turns on commutating diode D4. The inductor
current, iy, resonates through Q1 and Q2(M1). At t=c, i,y reverses polarity. Tran-
sistors Q1 and Q2 turn off naturally and diodes D1 and D2 conduct subsequently. The

inductor current resonates through D1 and D2(M2). At t=d, transistor Q3 turns on

ANALYSIS OF CM-SRC 32



commutating diode D1 and a similar process occurs with the roles of Q1,Q2,D1,D2 and
Q3,Q4,D3,D4 interchanged, respectively. The topological mode sequence of this trajec-
tory is M6-MI1-M2-M3-M4-M5, which is defined as “mode-I operation” of CM-SRC.
Obviously, Trajectory O is a special case of Trajectory .

Trajectory I’: As the zero-voltage interval in vg increases, natural commutation of all
the transistors no longer can be achieved. In this trajectory, the natural-commutation
boundary for transistors Q1 and Q3 is reached. As shown in Figure 2.8(c), transistors
Q1,Q3 are triggered at the instants i,y reverses polarity (t=a and c). As a result, no
D1,D2 or D3,D4 conduction period exists. The topological mode sequence for this tra-
jectory is M6-M1-M3-M4, which is also a special case of Trajectory 1.

Trajectory 2: In Trajectory 1, it is possible that the magnitude of the capacitor volt-
age, |vcyl, is less than the sum of the input voltage and the output voltage, 1 + Voy,
when iy reverses polarity at t=c (or f), as shown in Figure 2.8(d). As a result, diodes
D1,D2 (or D3,D4) are reverse biased and none of the switching devices conducts. The
circuit stays in a recess mode(MO) until transistor Q3 (or Q1) is triggered at t=d (or a)
to initiate another resonant mode. The topological mode sequence of this trajectory is
M6-M1-M0-M3-M4-MO0, which is defined as “mode-I1 operation”.

Trajectory 3: When the zero-voltage interval in vg is further increased, natural com-
mutation of Q1 and Q3 is no longer possible. As illustrated in Figure 2.8(e), at t=a,
Q3 is forced off and Ql is triggered. Diode DI conducts since iy is negative. The
inductor current resonates through D1 and Q4(M3). At t=b, i,y reverses polarity.
Diode D1, transistor Q4 turn off naturally and transistor Q1, diode D4 conduct subse-
quently. The inductor current resonates through Q1 and D4(M6). At t=c, transistor
Q2 turns on commutating diode D4. The inductor current resonates through Q1 and
Q2(M1). Att=d, Ql is forced off and Q3 is triggered. A similar process occurs with the

roles of Q1,Q2,D1,D2 and Q3,Q4,1D3,D4 interchanged, respectively. The topological
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(a) Trajectory 0 and its corresponding circuit waveforms (SRC operation)

Figure 2.8 Equilibrium Trajectories of a CM-SRC Operating
Below Resonant Frequency

34



(b) Trajectory [ and its corresponding circuit waveforms (Mode-1 operation)

Figure 2.8 Continued
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(c) Trajectory I’ and its corresponding circuit waveforms (Mode-1I operation)

Figure 2.8 Continued
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(d) Trajectory 2 and its corresponding circuit waveforms (Mode-I1 operation)

Figure 2.8 Continued
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mode sequence for this trajectory is M3-M6-M1-M6-M3-M4, which is defined as
“mode-111 operation”.

Trajectory 4: In Trajectory 3, if i; y reverses polarity for the second time before Q2 (or
Q4) is triggered at t=c (or f) and the magnitude of vy is greater than Vyy at both in-
stants i; y reverses polarity, transistors Q1,Q2,Q3,Q4 will conduct twice during an oper-
ating cycle. As illustrated in Figure 2.8(f), at t=a, Q3 is forced off and QI is triggered.
Diode D1 conducts since i; y is negative. The inductor current resonates through D1 and
Q4(M3). At t=b, i y reverses polarity. Diode D1, transistor Q4 turn off naturally and
transistor Q1, diode D4 conduct subsequently. The inductor current resonates through
Q! and D4(M6). At t=c, i,y reverses polarity again. Transistor QI, diode D4 turn off
naturally and diode D1, transistor Q4 conduct for the second time. The inductor current
resonates through D1 and Q4(M3). Att=d, Q4 is forced off and Q2 is triggered. Diode
D2 conducts since iiy is negative. The inductor current resonates through D1 and
D2(M2). Att=e, i,y reverses polarity. Diodes D1,D2 turn off naturally and transistors
_ Q1,Q2 conduct subsequently. The inductor current resonates through QI and Q2(M1).
At t=f, Ql is forced off and Q3 is triggered. Diode D3 conducts since iz is positive and
a similar process occurs with the roles of Q1,Q2,D1,D2 and Q3,Q4,D3,D4 interchanged,
respectively. The topological mode sequence for this trajectory is
M3-M6-M3-M2-M1-M6-M3-M6-M5-M4, which is defined as “mode-IV operation”.

‘Trajectory 5: This trajectory evolves either from Trajectory 3 or from Trajectory 4 as
the zero-voltage interval in vg is increased. Consider Trajectory 4. At t=c (or h), if the
magnitude of vy is less than V,y, diode D1 and transistor Q4 (or D3 and Q2) will be
reverse-biased. As a result, the circuit will stay in a recess mode(MO) until transistor
Q2 (or Q4) is triggered to initiate another resonant mode. The circuit’s operation for
this trajectory is illustrated in Figure 2.8(g). The topological mode sequence is
M3-M6-M0-M1-M6-M3- M0-M4, which is defined as “mode-V operation”.
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Trajectory 6: Further increasing the zero-voltage interval in vg, Trajectory 3, 4 or §
may degenerate into this trajectory. Consider Trajectory 5. If the magnitude of vy is
less than V,y when iy reverses polarity at t="b (or f), transistor QI and diode D4 (or
Q3 and D2) will be reverse-biased and none of the switching devices will conduct. The
circuit will stay in a recess mode(MO) until transistor Q2 (or Q4) is triggered at t=c (or
f) to initiate another resonant mode. The circuit’s operation for this trajectory is illus-
trated in Figure 2.8(h). The topological mode sequence is M3-M0-MI1-M6-MO0-M4,
which is defined as “mode-V] operation”.

Table 2.2 summarizes the topological mode sequences for the six operating modes.
When the CM-SRC operates in mode I or mode II, all the transistors, Q1-Q4, are na-
turally commutated. When the CM-SRC operates in mode III or mode VI, transistors
QI and Q3 are force-commutated while transistors Q2 and Q4 are naturally commu-
tated. When the CM-SRC operates in mode IV, transistors Q1-Q4, are naturally com-
mutated for their first conduction and force-commutated for their second conduction.
When the CM-SRC operates in mode V, transistors Q1,Q3 are naturally commutated
for their first conduction and force-commutated for their second conduction; transistors
Q2 and Q4 are always naturally commutated. Table 2.3 summarizes the commutation
features of all the transistors in various operating modes. It should be pointed out that
force-commutated transistors usually turn on at zero voltage. As a result, lossless

capacitor snubbers can be used to reduce their turn-off losses.

2.3.5.2 Operating modes above resonant frequency

Figure 2.9 shows a series of equilibrium state trajectories which illustrate all the pos-
sible operating modes of a CM-SRC operating above resonant frequency. The corre-
sponding circuit waveforms for the trajectories are also included in the figure to help

explain the converter’s operation.
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Table 2.2 Topological Mode Sequences for Circuit
Operating Modes Below Resonant Frequency

O:s‘e:::lsng Topological Mode Sequences
| M6-M1-M2-M3-M4-M5
I M6-M1-M0-M3-M4-M0
In M6-M1-M6-M3-M4-M3
v M3-M6-M3-M2-M 1-M6-M3-M6-M5-M4
v M3-M6-M0-M 1-M6-M3-M0-M4
Vi M3-M0-M 1-M6-M0-M4




Table 2.3 Commutation Features for Transistors
in Various Circuit Operating Modes
Below Resonant Frequency

Turn-On Turn-Off
Mode iy, Comments]
Q1,Q3|Q2,Q4} Q1,Q31Q2,Q4
I cont. { n.z.v. | n.z.v.| z.c. Z.C. e
i discont.| z.v. | n.z.v.| z.c. Z.C. hiaabo
1] cont. z.v. [ nzwv.|nzc.| z.c. i
Z.V. Z.V. z.C. z.c. Q1-Q4
v cont. | _ turn on
Z.V. z.v. { n.z.c.| n.z.c. twice
Z.V. Z.V. z.C. z.C. Q1,Q3
v discont.| — turn on
z.v el nzoe. | MUY twice -
vi discont.] z.v. z.v. | n.z.c.| z.c. e

n.z.c. - turn off at nonzero current
z.c. -turn off at zero current
n.z.v. - turn on at nonzero voltage
z.v. -turn on at zero voltage
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Trajectory Ay This trajectory represents the case when the converter operates as a
conventional SRC. As shown in Figure 2.9(a), at t=a, transistors Q3,Q4 are forced off
and Q1,Q2 are triggered. Transistors Q1,Q2 cannot conduct since iy is negative. In-
stead, diodes D1,D2 conduct. The inductor current resonates through D1 and D2(M2).
At t=Db, iy reverses polarity due to resonance. Diodes D1,D2 turn off naturally and
transistors Q1,Q2 conduct subsequently. The inductor current resonates through QI
and Q2(M1). At t=c, transistors Q1,Q2 are forced off and Q3,Q4 are triggered. A
similar process occurs with the roles of Q1,Q2,D1,D2 and Q3,Q4,D3,D4 interchanged,
respectively. The topological mode sequence of this trajectory is M2-M1-M5-M4.

Trajectory A: When a zero-voltage interval is introduced into vs, topological modes
M3 and M6 will be present in the trajectory. As shown in Figure 2.9(b), at t=a, tran-
sistor Q3 is forced off and QI is triggered. Diode D1 conducts instead of QI since iy
is negative. The inductor current resonates through Q4 and D1(M3). At t=b, transistor
Q4 is forced off and Q2 is triggered. Diode D2 conducts instead of Q2 since ipy is still
negative. The inductor current resonates through D1 and D2(M1). At t=c, i,y reverses
polarity due to resonance. Diodes D1,D2 turn off naturally and transistors Q1,Q2 con-
duct subsequently. The inductor current resonates through QI and Q2(M1). At t=d,
transistor Q1 is forced off and Q3 is triggered. A similar process occurs with the roles
of Q1,Q2,D1,D2 and Q3,Q4,D3,D4 interchanged, respectively. The topological mode
sequence of this trajectory is M6-MI-M2-M3-M4-M5, which is defined as “mode-A op-
eration” of CM-SRC. Obviously, Trajectory A, is a special case of Trajectory A.

Trajectory A’: As the zero-voltage interval in vg increases, the force commutation
boundary of Q2 and Q4 is reached. As shown in Figure 2.9(c), Q2 and Q4 are commu-
tated at the instants when i,y reverses polarity (t=b and d). In other words, Q2 and
Q4 no longer turn off with current. The topological mode sequence for this trajectory

is M3-M1-M6-M4, also a special case of Trajectory A.
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Figure 2.9 Equilibrium Trajectories of a CM-SRC Operating
Above Resonant Frequency
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Trajectory B: When the zero-voltage interval in vg is further increased, transistors Q2
and Q4 become naturally commutated. In this case, the converter’s operation is the
same as mode-III operation below resonant frequency, as illustrated in Figure 2.9(d).
The topological mode sequence for this trajectory is M3-M6-M1-M6-M3-M4 and is de-
fined as “mode-B operation”.

Trajectory C: Further increasing the zero-voltage interval in vg, Trajectory B will de-
generate into this trajectory if the magnitude of vy is less than Vo5 when iy reverses
polarity at t=b (or e). The converter’s operation is the same as Mode-VI operation
below resonant frequency, as illustrated in Figure 2.9(e). The topological mode sequence
is M3-M0-M1-M6-M0-M4 and is defined as “mode-C operation”.

Table 2.4 summarizes the topological mode sequences for the three operating modes
above resonant frequency. The commutation features for the transistors in each oper-

ating modes are summarized in Table 2.5.

Note that the trajectories discussed above are used only to qualitatively illustrate the
existence of various operating modes and to demonstrate the transitions between differ-
ent modes. The frequencies corresponding to the trajectories may not be the same.
Some trajectories exist only for certain frequency and output-to-input voltage ratio

range, as shall be seen in the following section.
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Table 2.4 Topological Mode Sequences for Circuit
Operating Modes Above Resonant Frequency

0:::::':9 Topological Mode Sequences
A M3-M2-M1-M6-M5-M4
B M3-M6-M1-M6-M3-M4
c M3-M0-M1-M6-M0-M4




Table 2.5

Commutation Features for Transistors
in Various Circuit Operating Modes
Above Resonant Frequency

Turn-On Turn-Off
Mode iy
Q1,Q3 | Q2,Q4 | Q1,Q3 | Q2,Q4
A cont. Z.V. Z.V. n.z.c. n.z.c.
B cont. Z.V. n.z.v. n.z.c. z.c.
C discont. Z.V. Z.Vv. n.z.c. z.C.

n.z.c. - turn off at nonzero current

Z.C.

n.z.v. - turn on at nonzero voltage

Z.V.

- turn off at zero current

- turn on at zero voltage
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2.3.6 Regions of Operation

Since the commutation features of the power switches in each operating mode are
different, it is important to determine the converter’'s modes of operation for a specific
design. Knowing the converter's operating mode(s) enables one to choose proper de-
vices for the converter to optimize circuit performance. For example, if a CM-SRC
operates in Mode 11 or Mode VI below resonant frequency, a simple lossless capacitor
snubber, Cg, as shown in Figure 2.10, can be used across tr:;msistor QI and Q3 to reduce
their turn-off losses. This is feasible since QI and Q3 always turn on at zero voltage.
Slower diodes can be used for D1 and D3 since D1 and D3 always turn off at zero cur-
rent. The simple lossless capacitor snubbers, however, cannot be used when the con-
verter operates in other operating modes below resonant frequency since QI and Q3 no
longer turn on at zero voltage. [Faster diodes are required for D1 and D3 since these
diodes are no longer commutated at zero current. )

To determine the converter’s operating modes, regions of operation for a CM-SRC

must be defined.

2.3.6.1 Operating regions helow resonant frequency

Operating regions: Figure 2.11 shows the opcrating regions for a CM-SRC at frequencies
below the resonant (requency. In the figure, the mode of operation is represented as a
function of the pulse width, s, of the quasi-squarc-wave voltage vy and the ratio of
output to input voltage, Voy. The frequencies are normalized to the resonant frequency,
wgy, wsy = wg | wy. Given a range of Vyy , Bs, and a speciflic operating frequency, the
converter’s modes of operation can be casily detcrmined using these figures. For exam-
ple, if wgy is equal to 0.7, V,,y is from 0.4 to 0.6, and fis is from 25° to 75°, the converter
will operate in either mode I11 or mode VI, as indicated by the shaded area in Figure

2.11(d).
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I||+

Figure 2.10 Lossless Snubbers Used Across Force-Commutated

Transistors Q1 and Q3
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For other frequencies not shown in Figure 2.11, an algorithm is developed in the

following which enables one to plot a similar graph to those in Figure 2.11.
Mode transitions: The first step in defining the operating regions of an CM-SRC is to
determine the existing operating modes for a given wgy and V5. The corresponding B¢
ranges to different operating modes can then be determined by solving the mode
boundaries.

For a given V,y and wgy possible operating modes can be found from the mode
transition sequence when fig angle is reduced from 180° to 0°. For example, as indicated
by SO in Figure 2.11(b), the mode transition sequcnce for Voy =0.4 and wgy = 0.6 is
Mode I - Mode II - Mode 11l - Mode V - Mode VI. This implies that all the operating
modes except Mode IV exist for Vyy =0.4 and wgy =0.6. The boundaries for the dif-
ferent operating modes are found to be fisqyy = 100°, Bsqry = 87°, Bsanvy = 52°, and
Bscv.viy = 28°. The B ranges for the operating modes are thus 180° ~ 100° for Mode
[, 100° ~ 87° for Mode II, 87° ~ 5§° for Mode I1I, 52° ~ 28° for Mode V, and 28° ~
0° for Mode VI. The transition in the circuit behavior as fg varies was illustrated in
Figure 2.8, Section 2.3.5.1.

It should be noticed that the mode transition sequence of a CM-SRC is not unique.
A total of twelve mode transition sequences may cxist below resonant frequency, as il-
lustrate in Figure 2.12. The transition of the waveforms in [Figure 2.8 corresponds to the
case when Vyy = 0.2 and wgy = 0.6, which sweeps through all the six operating modes
and is indicated by S0’ in IFigure 2.11(b).

In the following, an algorithm is developed which predicts the mode transition se-
quence (as fs decreases) and determines the mode boundaries for any arbitrary ¥y and
Wgp-

Mode boundaries: As shown in Figure 2.12, from Mode I the converter’s operation may

change to Mode II or Mode 111 when fis is reduced. Consider the boundary trajectory,
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T,,, between Mode I and Mode 11, as shown in [Figure 2.13. The frequency of T, is
calculated as

O oy (2.5)
where { = n — cos (1 —2V3y), 6 =n — cos'(Vyy), and 6 =0 is the corresponding phase
angle at stationary points a and b.

To construct this boundary trajectory, the maximum possible frequency is
®2max = 7/({ + 8). Thus, when the converter operates at a frequency wgy > @ may, tra-
jectory T,, can not exist. This implies that mode-II operation does not exist and the
converter’s operation transits from Mode I to Mode 111, as indicated by S1 in Figure
2.11(d).

The boundary fg angle, B, , separating Mode I and Mode I1I can be calculated from

trajectory T),, as shown in Figure 2.14, by solving equations

14 (1+ R—2Vyy)* — R?

s =0 ="M R2Vpm)
14+ Ry—(1+R—-2Vop)°
cos(z — J) = + 5 (;{ on) , (2.6)
T
w5N= C+6 .

Angle 5 is equal to wgy x 0.

When wgy < ©)zmax trajectory T, exists. This implics that mode-II operation exists
and the circuit’s operation transits from Mode I to Mode II to Mode III, as indicated
by 82 in Figure 2.11(d).

The boundary f; angle, B,,, separating Mode | and Mode II is calculated from tra-
jectory T,
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Figure 2.13 Boundary Trajectory Between Mode I and Mode I1
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Figure 2.14 Boundary Trajectory Between Mode I and Mode 111
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Bra=@+0) xwsy, 0=(5——{~-d). 2.7

The boundary S angle, f,,, separating Mode Il and Mode III can be calculated from
trajectory T3, as shown in Figure 2.15, by solving the same equations as in (2.2). Angle
B3 is equal to wgy X 4.

From mode-11I operation, as fg is reduced, the mode transitions and mode bounda-
ries are discussed in Appendix B.2.

Using the algorithm described above, the mode transition sequence and the mode
boundaries at various ¥,y and wgy can be easily determined. The operating regions
shown in Figure 2.11 were results obtained using the algorithm.

It can be seen from Figure 2.11 that the undesirable Mode IV and Mode V operations

tend to occur at low Vyy and low wgy .

2.3.6.2 Operating regions above resonant frequency

Figure 2.16 shows several operating regions at frequencies above the resonant fre-
quency. These regions are derived {rom a similar process as discussed previously in
section 2.3.6.1. There are, however, only two possible mode transition sequences exist-
ing, as illustrated in Figure 2.17. An algorithm for predicting the mode transition se-
quence and determining the mode boundaries in this frequency range is developed in

Appendix B.3.
2.3.7 DC Characteristics

Once the mode of operation is determined (or a given Vyy, wgy , and fs, the corre-
sponding equilibrium state trajectory can be defined and employed to derive various

circuit salient features such as average inductor current (load current), rms inductor
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Figure 2.15 Boundary Trajectory Between Mode II and Mode 111

65



8 8
8 8
g - 8
3 / 3
MODE A ' MODE A | /
=3 / -3 /7
2 // 2y 4R
8 /] 2 /
//’ A
g; / 5 c g / ¢
J /4
%. 0.25 0.50 0.7 1.00 %.0 0.25 0.80 0.7 1.00
VON VON
(a) gy = 1.1 (b) wsy=1.2
8
: g
SA 8
MODE A MODE A .
g yi -5 /
8" sa / 2 /
o |7 o | g
a //[ °'8 //
A * / :
8 / l I §'t:.cm 0.28 o 0.78 1.00
%.0 0'2\?0N' 0.s0 0.75 1.00 RN
(©) wsy=1.3 (d) wgy=1.4

Figure 2.16 Regions of Operation Above Resonant Frequency

66



Mode A
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Figure 2.17 Mode Transition Sequences Above Resonant Frequency
(B decreases from 180° to 0°)
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current, peak capacitor voltage, rms switch currents, average diode currents, switch
turn-on currents, and switch turn-ofl currents. In this section, various important dc

characteristics for the CM-SRC are derived.
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2.3.7.1 DC characteristics below resonant frequency

Trajectory parameters: To employ an equilibrium state trajectory to calculate various
circuit salient features, the parameters defining the trajectory must be obtained first.
As illustrated in Figure 2.18, an equilibrium state trajectory is uniquely defined by a
number of parameters including several radii, R|, R,, R, and angles, n, {, d, y. These
parameters can be obtained by solving a set of nonlinear equations derived from the
state trajectory. For example, the parameters for the Mode-I trajectory in Figure 2.18

can be obtained by solving equations

1+ R} — R}
cos(n — y) = ———m—mm——,
(7 —y) T3
() 1+R}—R?
cos{nr — ) = ——m7,
K 2R,
1+R}—R?
cosC-——2R:—-,

(2.8)
6_I+R22—R,2
Ccosd = 3R, ,
R3=Rl_2V0N’
Bs
wSN—"+y,
Do =1y + = (L +0),

where Vyy, wgy, and fig are given values.

Since equation (2.8) have multiple solutions, constraints should be imposed on the
parameters to obtain the correct one. These constraints can be directly derived from the
state trajectory. [For example, from Figure 2.18, the parameters for Mode-I trajectory

should satis{y
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Figure 2.18 Mode-I Trajectory Below Resonant Frequency
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OS’,, c, 6, y<m, OSRQ, R3, 2V0NSR1'

The equations and constraints for calculating trajectory parameters for other operat-
ing modes are summarized in Appendix B.4.
Circuit salient features: After the trajectory parameters are determined, various salient
features of the circuit can be easily calculated. Consider the Mode-I trajectory in Figure

2.18, the following circuit features can be calculated:

» peak capacitor voltage  Vepx=(1—Vopn) + Ry;

(DA + DB + DC)
woTs

» average inductor current I,, =

where,
DA =j; R; sin AdA = R; x (1 — cos ),

DB = fc"“ R, sin AdA = R, x ( cos { + cos &),
DC= [:_’ R, sin 1d2 = R, x (1 — cos y);

1
o rms inductor current ILRMS=( RA+ RB + RC )7’

woTs
where,
R M 2
RA =_[" (R, sin A)3dA =_}_x (n — sin 2n )
0 5 >
. R} Sn2  sin2s
—— B8 2 _ Ry _ _
RB—Ic (Rysin Yt =L x (- — 4 K, 5in23 )
i R sin 2y
p— 2 _ K 3 '
RC=[r_ (R sin )Pl = x (- 5L,
. RB+ RC \L
« rms switch (Q1,03) current IQIRMs—( b+ f )2’

- \4
o rms switch (Q2,Q4) current [Q2RMS=( ng', )7;
ols

ANALYSIS OF CM-SRC 71



DA

o average diode (D1,D3) current Ip, V="
ols

DA+ DB

« average diode (D2,D4) current Ip,,p= T
ols

o switch (Q1,03) turn-off current Ig05=0;
o switch (Q2,04) tum;ojf current Il or=0;
o switch (Q1,03) turn-on current Iy ,, = R, sin{;

o switch (02,04) turn-on current Ig,, = R;siné.

The expressions for calculating salient features under other operating modes are tabu-
lated in Appendix B.S.

Output characteristics: Employing the above-derived expressions, various circuit charac-
teristics can be generated using the flowchart shown in Figure 2.19. Figure 2.20 shows
the dc control-to-output characteristics for the CM-SRC at several frequencies below
the resonant frequency. In the figure, the average inductor current (output current) is
plotted as a function of the pulse-width, B, of v, and the output-to-input voltage ratio,
Von- A Bs angle of 180° corresponds to a full puise width of vg (duty ratio =1). A
dotted line is used in each graph to indicate the boundary of natural commutation.
Above the dotted line, all the transistors are naturally commutated. Below the dotted
line, at lcast two of the transistors, Q1 and Q3, are force-commutated. It can be seen
that the converter is able to regulate the output from no load to a full load. A minimum
load, however, has to be maintained to achicve natural commutation of all the transis-
tors. The converter usually operates in the mixed-commutation region under light load

where Q2,Q4 are naturally commutated and Q1,Q3 are force-commutated.
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Figure 2.21 shows other important dc characteristics for the CM-SRC at frequency
wgy = 0.8. Notice that the currents of Q1,Q3 and the currents of Q2,Q4 are not bal-
anced, as can be seen from Figures 2.21(c) and 2.21(d). Same phenomenon also exits
between the currents of D1,D3 and D2,D4. This is due to the phase displacement in the
triggering of the transistors. In general, transistors Q1,Q3 and diodes D2,D4 carry
higher currents when the converter operates below the resonant frequency.

Similar dc characteristics for other frequencies can be found in Appendix B.6.
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2.3.7.2 DC characteristics above resonant frequency

Trajectory parameters: The parameters for the equilibrium trajectories above resonant
frequency are defined in Appendix B.7. The equations and the constraints for calculat-
ing these parameters are also included in the same Appendix.

Circuit salient features: The expressions for calculating various circuit salient features
under different operating modes above resonant frequency are tabulated in Appendix
| B.8.

Output characteristics: Figure 2.22 shows the dc control-to-output characteristics at fre-
quencies wgy = 1.1, 1.2, 1.3, and 1.4. The characteristics are similar to those obtained
below resonant frequency. A dotted line is used in each figure to indicate the force-
commutation boundary. Above the dotted line, all the transistors are force-
commutated. Below the dotted line, transistors Q1 and Q3 are force-commutated while
transistors Q2 and Q4 are naturally commutated. Again, the converter is able to regu-
late its output from no load to a full load. A minimum load, however, has to be main-
tained to achieve zero-voltage turn-on (force commutation) of all the transistors. The
converter usually operate in the mixed-commutation region under light load.

Figure 2.23 shows other important dc characteristics at frequency wgy = 1.2. Again,
the currents in the transistors and the currents in the diodes are unbalanced, as shown
in Figures 2.23(c) and 2.23(d) and Figures 2.23(e) and 2.23(f), respectively. However, in
this frequency range, transistors Q2,Q4 and diodes D1,D3 carry higher currents.

Similar dc characteristics for other frequencies can be found in Appendix B.9.
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2.4 DESIGN EXAMPLES

The dc characteristics derived in the previous section are employed to facilitate design
of a CM-SRC in this section. Three design examples are given. The first example de-
signs the converter to operate in a natural-commutation region (wgsy < 1) such that all
the transistors’ turn-off losses are eliminated. The second example designs the converter
to operate in a mixed-commutation region (wgy < 1) such that the turn-on losses of
Q1,Q3 and the turn-off losses of Q2,Q4 are eliminated. Lossless capacitor snubbers can
be used across QI and Q3 to reduce their turn-off losses. The third example designs the
converter to operate in a force-commutation region (wgsy > 1) such that all the transis-
tors turn-on losses are eliminated. Lossless capacitor snubbers can be used across ail the
transistors to reduce their turn-ofTl losses.

The converter is designed to satisfy the following requirements.

Input voltage = 40V ~ 60V.
Output voltage = SV.
Output power = 40W ~ 50W.

Assume an output transformer with turn ratio n : I is used between the resonant tank
and the load circuit. Then,
n n

V()Nmax= 40 * V()Nmin = 60 '

[ 10 o 8
AVmax nx4()/Z,, . AVmin )1)(60/20 :

(The load current range is from 8A to 10A)
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2.4.1 Example 1 - Design in Natural Commutation Region

To achieve natural commutation of all the transistors, an operating frequency below
resonant frequency must be chosen. Choose wsy =0.8. From Figure 2.24(a), to ensure

output regulation, choose

10
Lavmax =207 = 17
The minimum [, is then
8
Lavmn = 60120 = 0%

In order to maintain natural commutation of transistors at [ ' «vmins Vonmn Should be

chosen less than or equal to 0.28. Choose V., = 0.25. This leads to

60
n =V onmin X 5 = 3,
and
5
V onmax = S5 = 0375

The characteristic impedance, 7, is calculated as

ZO=IA,,maxxnx40xl—lo-= 18Q.

This value together with the resonant frequency, w, = 1/,/LC , can be used to determine

the values of resonant capacitance C and resonant inductance L.
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The normalized load range, as can be seen from Figure 2.24(a), is from
8/(nx40/Zy) =136 to Lyymax=17 at Vonmax=0.375 and from I ppm,u =09 to
10/(n x 60/Zy) = 1.125 at ¥V ypymin = 0.25.

The normalization factor for current, Ip,, is equal to 40/Z;=2224 at
Vonmax = 0.375, and equal to 60/Z; = 3.334 at Vpm, = 0.25.

The ranges of f¢ in this design are

Bs

ﬂs = 7l° ~ 850 at VOle’l'

ll3° ~ 1520 at VONmax’

The converter operates in Mode I, as can be seen from Figure 2.10(f).

Using the above fig ranges, various important circuit features can be derived from
Figure 2.24. In Figure 2.24, the ranges of various circuit features at ¥ pm.. and
Vonmin are highlighted with dotted line segments. An ‘X’ is used to indicate the partic-
ular operating point where the maximum circuit feature occurs.

Since the characteristics are normalized, the obtained data should be denormalized
to reflect the real values. For example, the maximum normalized rms switch current,
L1 RMSmaxs 18 1.27, as can be seen from Figure 2.24(d). This value should be multiplied
by the current normalization factor Ip;; = 3.33A at Vy, =0.25. Thus, the real maxi-

mum rms switch currents of QI and Q3 are

IQ|RMSMGX = 1.27 X 3.33 = 4.23Ao

The various circuit salient features for this design are summarized in the following:

VCPKmax = 132V’ ILRMSmax = 4'3A9
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lQlRMSmax = 4.23A, IQZRMSmax = 3.3A,

IDIAVmax = 0.83A, - IDZA Vmax — 2.75A,
Igiopmax = 0-A Igpopmax = 0.A,
IQIonmax = 4-16A, 1Q20nmax = 5.39A.

2.4.2 Example 2 - Design in Mixed-Commutation Region

To achieve zero-voltage turn-on (force commutation) of QI1,Q3 and zero-current
turn-off (naturél commutation) of Q2,Q4, the operating frequency can be chosen either
below or above resonant frequency. Choose wsy =0.8. From Figure 2.25(a), to ensure

force-commutation of Q1 and Q3, choose [,y = 10/(n x 40/Zy) = 0.75. This leads to

8
IAVMM=W=O'4'

Although Vpymax can be chosen anywhere between 0.15 and 0.85, as shown in Figure
2.25(a), choose Vyymax = 0.65 to avoid possible Mode-IV operation (refer to Figure

2.11(f)). This leads to

1= Vonmax X % =32,

and

S5n

w0 = 0.43.

VOlen

The characteristic impedance, Z,, is calculated as
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Zo = Lyvmax X 1 X 40 X 1= = 15.6Q

The normalized load range, as can be seen from Figure 2.25(a), is from

8/(nx 40/Zo) = 0.6 t0 I ymex=0.75 at Voymar=0.65 and from Iy, =04 to

10/(r X 60/Zo) = 0.5 at ¥ gy = 0.43.

The current normalization factor, Ip, is equal to 40/Z) = 2.564 at Vpumex = 0.65,

and equal to 60/Z; = 3.854 at Vo, = 0.43.

The ranges of f in this design are

77° ~ 87° at VONmax’

Bs
Bs

47°'~ 52° at VONM‘"'
The converter operates in Mode I, as can be seen from Figure 2.11(f).

Again, using the above f¢ ranges, the following salient features are obtained for this

design,
Verkmax = 7.2V, L rmsmax = 2-14A,
Ig\rmsmax = 2.0A, Ioarmsmax = 1.T6A,
Ipiavmax = 0.3A, Ipravmax = 0-8A,
Igiopmax = 3-3A Lgpofmax = O-A,
Ig10nmax = O-A, Igponmax = 1.95A .
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The ranges of various salient features at Vopyuax and Vounmn are highlighted with dotted

line segments in Figure 2.25.
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2.4.3 Example 3 - Design in Force-Commutation Region

To achieve zero-voltage turn-on (force commutation) of all the transistors, the oper-
ating frequency must be chosen above resonant frequency. Choose wgy=1.2. From

Figure 2.26(a), to ensure output regulation, choose

——10 _
Ly ymax = nx 407, 1.8.
The minimum /,;, can then be determined as
= 0.96.

R
AVmin = nx 60/Z°

In order to maintain force commutation of transistors at L,y Vonmn Should be cho-
sen less than or equal to 0.28, as can be seen from Figure 2.26(a). Choose

VOlen = 0.25. This leads to

and

5
Vonmax = 4—8 =0.375.

The characteristic impedance, Z,, is calculated as
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Zo = Lyyimas X 7 X 40 X o =21.6Q.

The normalized load range, as can be seen from Figure 2.26(a), is from
8/(nx40/Zy) = 1.44 to I ypax=1.8. at Voymax=0.375 and from Iy, =0.96 to
10/(n x 60/Zy) = 1.2 at Vypmn = 0.25.

The normalization factor for current, Ipy, is equal to 40/Z,=1.854 at
Vonmax = 0.375, and equal to 60/Z; = 2.784 at Vypmn = 0.25.

The ranges of fis in this design are

ﬂs = 101° ~ 139° at VONmaxv
ﬁs = 59° ~ 72° at VOlen'

The converter operates in Mode A, as can be seen from Figure 2.16(b).

Using the above fig ranges, the following salient features are obtained,

Verkmax = 96V, Lipmsmax = 3-T4A,
Io\RMsmax = 2.7A, Igarmsmax = 3.64A,
Ipyavmex = 2.45A, Ippavmax = 0.52A,
Igiopmax = 5.46A Ignogimax = 41A,
Igronmax = OA, Iponmax = OA.

The ranges of various salient (eatures at ¥umax and Voymin are highlighted with dotted

line segments in FFigure 2.26.

ANALYSIS OF CM-SRC 102



2.40

59° 72* 101° 139°
T I !
Von = 0.05 (Top) I !

|

0.25 I

045 | ! /7_—"——
8 065 ! V| oA
- 0.85( ' ) ! 18

0.95 (Boftom

1“ o -g.‘sﬁws |

S wrg® 1

]

WNEQ

8
%.00 .00 _ 72.00 108.00 144.00 180.00
PULSE WIDTH
(a) Average inductor current (Load current)
8 59° 72° 101° 139°
[\] T v i 1
Vo~=g:gg (T°I|7) 1 :
|
o 0.45 : | j;
- 0.65 1 | "
o 0.85 A {202
0.95 (8oftom) gz
1 »y
- 4 -
=R ) / / //_
o y / / |
%D.00 36.00 00 144.00  180.00

(b) RMS inductor current

Figure 2.26 Design Example in Force-Commutation Region

103



3.00

Voy = 0.05 (ro{g) { !
025 | ,
4 il | | =T,
089 (Sok ) &
. ottom <
. : [ /—
1 / / |
o 4 / 12
5] /" : / . /_
>§ // // // _
%.00 3.00  72.00 _ 108.00 144.00  180.00
PULSE WIDTH

(c) Peak capacitor voltage

’

Figure 2.26 Continued

104



2.20

1.65

— e e v - — . ——

2.20

-
V

00 144.00

1.66

1.10

IQ2RMS

0.58

a8e

N
N
ALY

00

.00 36.00

s

72.00 108.00  144.00
PULSE WIDTH

(e) RMS switch current ( 02,04)

Figure 2.26 Continued

80.00

105



1.60

(g) Average diode current (D2,D4)

Figure 2.26 Continued

| |
Vow = 0.05 (Top) ! |
025 | —
8 045 | /," ™
- Rele} [ 7 T T
‘ ggg ! ‘V////ﬁf | \\\\
8 o"-’——-L- -t X 'fq"‘-'“J \
d e —]
2 / |
8
9.
o / // \
8'.. e 44/ ——cr
%.00 36.00 72.00 108.00 144.00 180.00
PULSE WIDTH
(f) Average diode current (D1,D3)
8
- ] | 1 I
Vow = 0.05 (Top) I [
0.25 I I
8 045 | | |
= 0.65—+ I ,
0.85 1 |
0.95 (Bottom) | ' .
| I
8 1 ! l /
o T
% ! I Z
o | |
99 | i /
S | | v LA 1(/
: ; :,l-/— 0.28
' -’ /
%00 35.00 72.00 108.00 144.00  180.00
PULSE WIDTH

106



4.00

38.00

D IR A [ —

2.00

IQ10FF
N
)

Vow = 0.05 %

8 ] I ey
¥.00 .00 _ 72.00 _ 108.00 144.00  180.00
PULSE WIDTH

(h) Transistor turn-off Current (Q1,03)

4.00

|
Vow = 0.05 (Tolp)
025
045 |
0.65—T
085 |
0.95 (Bclmom)

8.00

“\\\f\\\_
NN

2.00

/

LA

.00 36.00 72.00 108.00 144.00 180.00
: PULSE WIDTH

.00

(i) Transistor turn-off Current ( 02,04)

Figure 2.26 Continued

107



From the above examples, it can be seen that wider f¢ range and higher component
ratings arc usually required to design a CM-SRC in the natural- or in the force-

commutation region.
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2.5 HARDWARE VERIFICATIONS

Two prototype circuits have been built to verify the circuit operation of a CM-SRC.
The first circuit is designed at 24kllz with a resonant frequency of 42kHz (
wgy = 0.57=0.6) to verify the operating modes below resonant frequency. The second
circuit is designed at 100klIz with a resonant frequency of 83.3kHz (wgy = 1.2) to verify
the operating modes above resonant frequency. The experimented circuits are shown in

Figure 2.27 and Figure 2.28, respectively.
2.5.1 Circuit Operation Below Resonant Frequency

A series of experimental waveforms obtained from the circuit in Figure 2.27 are
shown in Figure 2.29. Thcse waveforms are obtained by fixing ¥,y at 0.2 while reducing
angle B¢ from 180° to 10°. The operating points are indicated by x’s in Figure 2.30. It
can be seen that the converter sweeps through all the six operating modes. The tank
energy decreases as fg is decreased. Circulating current in the resonant tank is small
under light load since the pulse-width of the exciting voltage vg is reduced. The circuit
is able to provide a load range from no load to full load which is not feasible for a con-
ventional SRC. Figure 2.29(h) shows an operating condition clearly illustrating
Mode-1V operation. The waveforms are obtained at the same f¢ as in Figure 2.29(e)
but with a Vo =0.1.

Another serics of waveforms obtained analvtically at the same operating points indi-
cated in [Figure 2.30 is shown in Figurc 2.31. A close rescmblance can be observed be-
tween the waveforms in Figure 2.29 and Figure 2.31. The slight difference is caused by
the fact that the normalized frequency of the experimented circuit is not exactly equal

to 0.6. The losses in the converter have negligible eflects on the waveforms at the chosen

switching frequency.
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D4

Q1,Q2,Q3,Q4: IRF520; D1,02,D3,04,Dr,Db: UES1303;
C1,C3 = 2200uF, C2 = 100nF, C4 = 56nF, Ry = 56Q2 ,
Cs = 18nF,L = 105.2uH, C = 136.3nF, E = 30V.

Figure 2.27 A Breadboard Circuit Used to Verify

Resonant Frequency

Circuit Operations Below
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(a2) SRC operation (operating point A)

Figure 2.29 Experimental Results from the Circuit in Figure 2.27
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(b) Mode-I operation (operating point B)

Figure 2.29 Continued
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" MODE 01

(c) Mode-II operation (operating point C)

Figure 2.29 Continued
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(di Mode-11I operation (operating point D)

Figure 2.29 Continued
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(e) Mode-1V operation (operating point E)

Figure 2.29 Continued
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(f) Mode-V operation (operating point F)

Figure 2.29 Continued
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(8) Mode-V1I operation (operating point G)

Figure 2.29 Continued
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2.5.2 Circuit Operation Ahove Resonant Frequency

Figure 2.32 shows a series of experimental waveforms obtained from the circuit in
Figure 2.28. The waveforms are obtained by fixing V,y at 0.2 while reducing angle 8¢
from 180° to 29°. The operating points are indicated by asterisks in Figure 2.33. It can
be seen that the converter sweeps through all the three operating modes above resonant
frequency.

Another series of waveforms obtained analytically at the operating points A,B,C,D in
Figure 2.33 is shown in FFigure 2.34. The waveforms resemble those shown in Figure
2.32 and little difTerence can be observed. Again, the tank energy decreases as fs is de-
creased. Circulating current in the resonant tank is small under light load. The con-

verter is able to provide a load range from no load to a full load.
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(a) SRC operation (operating point A)

(b) Mode-A operation (operating point B)

Figure 2.32 Experimental Results from the Circuit in Figure 2.28
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(d) Mode-B operation (operating point C)

Figure 2.32 Continued
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(f) Mode-C operation (operating point D)

Figure 2.32 Continued
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2.6 CONCLUSIONS

A comprehensive analysis of the constant-frequency, clamped-mode, series-resonant
converter has been performed in this chapter. Employing state-plane techniques, six
operating modes below resonant frequency and three operating modes above resonant
frequency are identified for the first time. These operating modes represent different
device conduction sequences, resulting in different device commutation requirements.

To predict the converter’s operating mode at a given condition, an algorithm is de-
veloped to define the regions of operation of the converter. The regions of operation
can be used to determine the operating modes of the converter for a specific design.

There are mainly three diflerent commutation regions for the converter. Each region
has its advantages. In thc natural commutation region, the turn-off losses of all the
transistors are eliminated. In the mixed-commutation region, the turn-on losses of
transistors Q1,Q3 and the turn-off losses of transistors Q2,Q4 are eliminated. Lossless
capacitor snubbers can be used across QI and Q3. In the force-commutation region, the
turn-on losses of all the transistors are eliminated. Lossless snubbers can be used across
all the transistors.

State trajectories are convenicntly used to calculate various circuit salient features.
The parameters defining the trajectorics are solved using sets of nonlinear equations.
Expressions for the output current, rms inductor current, peak capacitor voltage, switch
currents and diode currents are then derived from these parameters.

Various dc characteristics have been derived. The characteristics are then employed
to facilitate the converter design. Three design examples are given. The examples illus-
trate the procedures to design a CM-SRC operating in different commutation regions.

Finally, two breadboard circuits are used to verify the converter’s operation. The

presences of all the circuit operating modcs, both below and above the resonant fre-
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quency, are verified. The experimental results are in good agreement with the analytical

predictions.
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CHAPTER 3.

ANALYSIS OF CLAMPED-MODE PARALLEL

RESONANT CONVERTER

3.1 INTRODUCTION

As discussed in Chapter 2, a clamped-mode serics-résonant converter (CM-SRC) can
be designed in three differcnt regions to obtain certain desirable commutation features
of the power switches. When a CM-SRC is designed to operate in the natural-
commutation region (below resonant frequency) or in the force-commutation region
(above resonant frequency), a minimum load current has to be maintained. To achieve
output regulation from no load to full load, the converter must be designed in the mixed
commutation region where two of thc power switches are naturally commutated while
the other two are lorce-commutated,

Similar to a CM-SRC, a clamped-mode parallcl-resonant converter (CM-PRC) can
also be designed in three difTerent rcgions to obtain cither natural commutation or mixed
commutation or force commutation ol its power switches. lowever, unlike the
CM-SRC, it is possible to design a CM-PRC to regulate its output from no load to full

load entirely in the natural or the force commutation regions. A minimum load current
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has to be maintained if a CM-PRC is designed to operate in the mixed commutation
region. |

In this chapter, a complete dc characterization of the CM-PRC is presented. The
analysis provides insights to the converter’s operation and derives guidelines for the
converter design. Again, graphical state-plane techniques are employed to identify all
the possible circuit operating modes. The topological sequence and the device commu-
tation requirements under each operating mode are detailed. The mode boundaries are
determined and the regions for different commutations are defined. The dc-control-to-
output characteristics are derived. Finally, three design examples are illustrated and the

predicted operating modes are verified experimentally.
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3.2 CIRCUIT OPERATION

Figure 3.1(a) shows a clamped-mode, parallel-resonant converter with the controlled
switches S1,52,53,54 in Figure A.1(d) implemented by transistors Q1,Q2,Q3,Q4 and
their antiparallel diodes D1,D2,D3,D4, respectively. The transistors are triggered in a
timing sequence as illustrated in FFigure 3.1(b). All the transistors are driven with 50%
duty-cycle gating signals. Transistors Q1,Q3 are triggered according to a clock signal
whose frequency determines the operating frequency of the converter. Transistors
Q2,Q4 are triggered with a controllable time delay, %%—, with respect to the triggering
of Q1,Q3, respectively. The time delay is the interval during which the resonant tank is
clamped as a short circuit. By controlling the time delay, the pulse-width, B, of the
quasi-square-wave voltage, vg, is controlled and the converter’'s output voltage, V), is
regulated.

Depending upon the opecrating conditions, a CM-PRC may result in different modes
of opt;.ration. Each mode of operation represents a unique conduction sequence of the
switching devices.

A typical circuit operation ol a CM-PRC operating below resonant frequency is il-
lustrated in Figure 3.2. At t=0, transistor QI turns on while diodes D3,D4 are con-
ducting. Diode D3 is commutated due to the conduction of Q1 and the inductor current,
i, resonates through QI and D4.. At t=tl, transistor Q2 is triggered and diode D4 is
commutated. The inductor current resonates through QI and Q2. At t=t2, inductor
current J;, dccrcasés to zcro duc to resonance. Transistors Q1.Q2 are naturally commu-
tated and diodes ID1,D2 conduct, subscquently. The inductor current resonates through
D1 and D2. At the end of the first half switching cycle, t=—7§- transistor Q3 turns on,
commutating diode D1. A similar process takes place in the second half switching cycle
with the roles of Q1,Q2,D1,D2 and Q3.Q4,13,D4 interchanged, respectively. The re-

flected load current, i , changes polaritv whenever capacitor voltage v crosses the
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zero-axis. In other words, the output bridge diodes switch from DA,DB to DC,DD or
vice versa.

A typical circuit operation ol a CM-PRC operating above resonant frequency is il-
lustrated in Figure 3.3. At t=0, transistor Q3 is forced off and Q1 is triggered with a gate
voltage. Since the inductor current i; is negative, QI can not conduct. Instead, diode
D1 conducts. The inductor current resonates through Q4 and D1. At t=tl, transistor
Q4 is forced off. and Q2 is triggered. Transistor Q2 can not conduct since i is still neg-
ative. Instead. diode D2 conducts. The inductor current resonates through D1 and D2.
At t=1t2, inductor current i; increases to zero. Diodes D1,D2 turn off naturally and
transistors Q1,Q2 conduct, subsequently. The inductor current resonates through Q1
and Q2. At the end of the first half switching cycle, =%, transistor Q1 is forced off
and Q3 is triggered. A similar process occurs with the roles of Q1,Q2,D1,D2 and
Q3,Q4,D3,D4 interchanged, respectively. The reflected load current, i, changes polarity
whenever capacitor voltage v, crosses the zero-axis.

In the examples discussed above, the commutation features of the transistors,
Q1,0Q2,Q3,Q4, and the diodes, D1,D2,1D3,D4, are the same as those in a conventional
PRC. The commutation features for these devices, however, may change when the

converter’s operating conditions (such as [requency, load current, or pulse width of vg)

vary, as shall be seen in later sections.
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3.3 STATE-PLANE ANALYSIS

In this section, graphical state-planc techniques are employed to analyze the
CM-PRC. Various circuit operating modes are identified and regions of operation are
defined. Important dc characteristics such as control-to-output transfer ratio, rms

inductor current, peak capacitor voltage, rms switch currents, etc. are also derived.

3.3.1 Assumptions

The following assumptions are made during the analysis:

1. all the transistors are ideal, with zero switching time and no conduction drop;

2. the quality factor of the resonant tank is infinite; in other words, there is no loss in

the tank circuit;

3. the output filter is large enough such that the output current, I, , can be assumed

constant during several switching cycles;

4. the transistors are driven with ideal 50%-duty-cycle gating signals;

5. the switching frequency of the converter is greater than 50% of the resonant fre-

quency.

3.3.2 Circuit Topological Modes

As illustrated in Figures 3.2 and 3.3, the one-cycle operation of a CM-PRC is com-

posed of a sequence of linear circuits, cach corresponding to a particular switching in-
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terval. There are eight lincar circuit topologies for a CM-PRC, as shown in Figure 3.4.
These circuit topologies are referred to as circuit topological modes of a CM-PRC.
Modes M1,M2,M3,M4,MS5, and M6 are called “resonant modes”. LC resonant actions
occur in these modes. Mode ML is called “linear-charging mode”. The resonant
inductor is linearly charged or discharged by the source voltage in this mode. Mode
MO is called “free-wheeling mode”. The current in the resonant inductor freewheels
through a transistor-diode pair of the input bridge in this mode. The circuit behavior
of a CM-PRC under each topological mode can be described using the following

equations.

For resonant modes M1,M2,M3,M4,MS$, and M6,

di,
L T""' Ve = Vg,
3.1)
dve . .
“a =i
where,
[ E-v,  for Ml [ 1,  for MI,
E+V, for M2, =1, for M2,
_ Vo for M3, . -1, for M3,
Ve = | —E+V, for M4, ‘e = ~1I, for M4,
~-FE-V, for MS, Io for MS,
-V, for M6, I, for M6.
IFor linear-charging mode ML,
P
Cdr T (3.2)

For free-wheeling mode MO,

ANALYSIS OF CM-PRC 140



w
conllln
ol 1 ?

o (v +lon)* + (ven — 12 =R?

- _I_
+
e C'I:Vc lo

e R?*=(1=Veon)® + Uon + lon)’

(a) M1:v.<0, Q1,Q2 or D1,D2 on

iL
i
L | - 2 2 22
| o (in—=1Ion) +(ven—1)" =R
+ +
.|- T * R=(1—Veon)" + Uon—Ion)
(b) M2:v.>0, Q1,Q2 or D1,02 on
i
—l
2 2 2
t . o (iw—Ion) +véy=R
C/?\;Vc lo . )
2
« R*=Vcon + (o — lon)?
{c) M3:v.>0, Q1,04 or Q4,01 or Q2,03 or Q3,02 on
iy
liie

o [
L

E T C"E"c CD lo

o (iin— ’o~)2 + (ven + 1)2 =R?

- RP=(1+ Veon) + Uraw — lon)?

(d) M4 :v.>0, Q3,Q4 or D3,04 on

Figure 3.4 Circuit Topological Modes of a CM-PRC

141



o
v o U+ lon)? + (vey+ 12 =R?
_ . v+ lon CcN =
€ = C;'—\_Vc 'o
40 e R?=(1+ Veon)* + (on + lon)®

(e) M5:v,<0, Q3,Q40r 03,04 on

W
-
L 2, 2 2
. * (w+lon) +ven=R
cTV lo
2_.,2 2
« R"=Vcon + (Iion + lon)
() M6:v:<0, Q1,04 or Q4,01 or Q2,03 or Q3,02 on
i
-
L0
L * iin=Ilon T wgl, vey=0

E }'II-— Vo
(Linear-Charging Mode)

() ML :v.=0, Q1,Q2 or D1,02 or Q3,Q4 or D3,D4 on

i
i

of 1

L e iin=Ion Ven=0

(Free-Wheeling Mode)

(h) MO :v,=0, Q1,04 or Q4,D1 or Q2,03 or Q3,02 on

Figure 3.4 Continued

142



(3.3)

By solving these equations, the expressions for the inductor current, i , and the
capacitor voltage, v. , in each topological mode can be derived. These expressions are

normalized and shown in the following.

For resonant modes M1,M2,M3,M4,M35, and M6,

irn=-(Voon — ven) sin wo(t — &) + (Ion + igw) €08 wot — fo) — igy G4
3.
ven = (Veon — ven) €08 0ot — to) + (Ipgn +igy) sin wo(t — t) + vgy

where, {, is the initial time and

1 .
Wq = —=—= is the angular resonant frequency
JLC ’
Zy = % is the characteristic impedance,
v, . . .
VN = T? is the normalized capacitor voltage,
i ) N
iy = F/LZO is the normalized inductor current,
V . . .
Voo = —rﬂ- is the normalized initial capacitor voltage,
I . 4 ey
Lo = —E% is the normalized initial inductor current,
VE
I
_
o = E
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For linear-charging mode ML,

iy = Lign T 0ot — &),

(3.5)
VCN = 0.
For free-wheeling mode MO,
in=Ion,
(3.6)
VCN = 0-

The normalizing factors for the voltages and currents are E and E[Z;, respectively.
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3.3.3 State Trajectories for Circuit Topological Modes

From the expressions for ;5 and vy (eq. 3.4), state representation for the resonant
modes M1,M2,M3,M4,M$, and M6 can be portrayed on the state plane. It can be seen

that the trajectories for these topological modes are circular arcs with centers located at

(-vgy, igy) and radii R = J (ven-Veon)* + (igy + I1on)? . A family of the trajectories for each
resonant mode is plotted in Figure 3.5, where the centers of M1-Mé6 are indicated by
ml-mé, respectively. The trajectories only exist in either the right-half or the left-half
plane depending on the polarity of v . The solution trajectory corresponding to a spe-
cific switching interval is determined by the topological mode, the initial condition of
resonant inductor current and resonant capacitor voltage, and the duration of the in-
terval. Time is implicit in these trajectories. The elapsed time in a trajectory segment
is measured by the angle subtended by the segment with respect to its center. For ex-
ample, the amount of time elapsed from point a to point b in topological mode M1 -in
Figure 3.5(a) is At = y/w,. As time advances, the trajeétories travel clockwise as indi-
cated by the arrows.

The state trajectory for the linear-charging mode ML is a line segment along the
ipy-axis, as illustrated in [Figure 3.5(g). The amount of time elapsed in this mode is
proportional to the link, ¢, of the line segment, At = F{; This mode occurs when volt-
age vg is equal to E or -E and the magnitude current of i,y is less than I,y when voltage
vcy crosses the zero-axis. In this mode, the resonant capacitor C is shorted through the
output bridge diodes.

The state trajectory for the free-wheeling mode MO is a stationary point on the
iy y-axis with coordinate (0, I,,y) or (0, -I,4y), as indicated by a circle in Figure 3.5(h).
A finite amount of time elapses at such a stationary point since both i,y and vy are in-
dependent of time. This mode occurs at a similar condition as ML except that when

vey crosses the zero-axis, the voltage across the resonant tank is clamped at zero volt.
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3.3.4 Equilibrium Trajectory

A steady-state operation of a CM-PRC can be represented by an equilibrium trajec-
tory in the state plane [31]. An equilibrium trajectory is a closed contour composed of
several trajectory segments. The solution trajectory is constructed via a particular se-
quence- of circuit topological modes determined by the circuit operation.

An equilibrium state trajectory of a CM-PRC can be constructed using a composite
diagram, as shown in Figure 3.6, which is generated by overlapping on the same ij,-,
vey - axes the trajectories corresponding to each topological mode shown in Figure 3.5.
The rules for constructing an equilibrium trajectory on the composite diagram are sum-
marized in Appendix C.1. Figure 3.7 shows an example illustrating the construction of
an equilibrium trajectory on the composite diagram. The constructed trajectory corre-
sponds t;a the circuit operation described in Figure 3.2. In the trajectory, M6(M3) is
initiated when Q1(Q3) is triggered at point a(e), M1(M4) is initiated when Q2(Q4) is

triggered at point b(f), and M2(M3) is initiated when v, reverses polarity at point c(g).
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Figure 3.6 A Composite State Diagram for Constructing Equilibrium
State Trajectories
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Figure 3.7 An Example Illustrating Construction of an Equilibrium
State Trajectory on the Compusite Diagram
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3.3.5 Circuit Operating Modes

Equilibrium trajectories representing various circuit operating modes of a CM-PRC
have been constructed. These trajectories are discussed in the following under two cat-

egories : below resonant frequency and above resonant frequency.

3.3.5.1 Operating modes bhelow resonant frequency
Figure 3.8 shows a series of equilibrium state trajectories together with their corre-
sponding circuit waveforms which illustrate all the possible operating modes of a

CM-PRC operating below resonant frequency.

(a) Natural-commutation modes

Trajectory l,,,: As shown in I'igure 3.8(a), at t=a, transistor Q1 turns on commutat-
ing diode D3. The inductor current, iy, resonates through Q1 and D4 (M6). At t=b,
transistor Q2 turns on commutating diode D4. The inductor current resonates through
QIl and Q2 (M1). At t=c, capacitor voltage v.y reverses polarity. The inductor current
continues to resonate through QI and Q2 (M2). At t=d, inductor current i; 5 decreases
to zero. Transistors Q1,Q2 turn off naturally and diodes D1,D2 conducts subsequently.
The inductor current resonant through D1 and D2 (M2). At t=e, transistor Q3 turns
on commutating diode D1 and a similar process occurs with the roles of Q1,Q2,D1,D2
and Q3,Q4,D3,D4 interchanged, respectively. The topological mode sequence of this
trajectory is M6-MI-M2-M3-M4-M5, which is defined as “mode-1 operation” of
CM-PRC. Since the transistors are all naturally commutated, the circuit operation for
this trajectory is referred to as "mode-/y opcration”.

Trajectory 2,: As shown in Figure 3.8(b), the circuit operation for this trajectory is
similar to that for Trajectory 1, except that vy changes polarity before Q2(Q4) is trig-

gered at t=c(g). The topological modec sequence of this trajectory is
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M6-M3-M2-M3-M6-M35, which is defined as “mode-II operation” of CM-PRC. The cir-
cuit operation for this trajectory is referred to as “mode-//y operation”.

Trajectory 35: As shown in Figure 3.8(c), the circuit operation for this trajectory is
similar to that for Trajectory 1y except that when vy crosses the zero-axis, the magni-
tude of iy is less than Ib~~ Asa result, an inductor linear-charging interval (ML) exists.
The linear-charging interval ends when the magnitude of i,y increases beyond I,y. The
topological mode sequence of this trajectory is M6-MI1-ML-M2-M3-M4-ML-MS5, which
is defined as “mode-111I operation” of CM-PRC. The circuit operation for this trajectory
is referred to as “mode-I/Iy operation”.

Trajectory 4y: As shown in Figure 3.8(d), the circuit operation for this trajectory is
similar to that for Trajectory 3, except that v.y crosses the zero-axis before Q2 or Q4 is
triggered. Thus, in addition to the linear-charging interval, a free-wheeling interval (M0)
also exists. The free-wheeling interval ends when Q2(Q4) is triggered. The topological
mode sequence of this trajectory is M6-MO-ML-M2-M3-M0-ML-M5, which is defined
as “mode-1V operatioh" of CM-PRC. The circuit operation for this trajectory is referred

to as “mode-/Vy operation”.

(b) Mixed-commutation modes

Trajectory 1, As shown in Figure 3.8(e), at t=a, transistor Q3 is forced off and QI
is triggered. Transistor QI cannot conduct since i, is negative. Instead, diode D1
conducts. The inductor current resonates through Q4 and D1 (M6). At t=b, inductor
current iy increases to zero. Transistor Q4 and diode DI turn off naturally and transis-
tor QI and diode D4 conduct subsequently. The inductor current resonates through
Ql and D4 (M6). At t=c, transistor Q2 turns on commutating diode D4. The inductor
current resonates through QI and Q2 (M1). At t=d, capacitor voltage vy changes
polarity. The inductor current continues to resonate through Q1 and Q2 (M2). Att=e,

transistor Q1 is forced off and Q3 is triggered. A similar process occurs with the roles
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() Trajectory 1, and its corresponding circuit waveforms(Mode- Iy operation)

Figure 3.8 Continued
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of Q1,Q2,D1,Q2 and Q3,Q4,D3,D4 interchanged, respectively. The topological mode
sequence of this trajectory is the same as that of Trajectory 1y. However, since transis-
tors Q1,Q3 are force-commutated .while transistors Q2,Q4 are naturally commutated, the
circuit operation for this trajectory is referred to as “mode-1,, operation”.

Trajectory 2,;: As shown in Figure 3.8(0; the circuit operation for this trajectory is
similar to that for Trajectory 1,, except that voy changes polarity before Q2(Q4) is trig-
gered at t=d(h). The topological mode sequence of this trajectory is the same as that
of Trajectory 2y. The circuit operation for this trajectory is referred to as “mode-II,
operation”.

Trajectory 3, As shown in Figure 3.8(g), the circuit operation for this trajectory is
similar to that for Trajectory 1, except that when vy crosses the zero-axis, the magni-
tude of i,y is less than J,y. As a result, an inductor linear-charging interval (ML) exists.
The linear-charging interval ends when the magnitude of i,y incre&ses beyond Iy . The
topological mode sequence of this trajectory is the same as that of Trajectory 3y. The
circuit operation for this trajectory is referred to as “mode-1/I,, operation”.

Trajectory 4,,;: As shown in Figure 3.8(h), the circuit operation for this trajectory is
similar to that for Trajectory 3,, except that v.y crosses the zero-axis before Q2 or Q4
is triggered. Thus, in addition to the linear-charging interval, a free-wheeling interval
(MO) also exists. The free-wheeling interval ends when Q2(Q4) is triggered. The
topological mode sequence of this trajectory is the same as that of Trajectory 4y. The

circuit operation for this trajectory is referred to as “mode-¥,, operation”.

(c) Force-commutation modes

Trajectory 1z As shown in Figure 3.8(i), at t=a, transistor Q3 is forced off and Q1
is triggered. Transistor QI cannot conduct since i;y is negative. I[nstead, diode D1
conducts. The inductor current resonates through Q4 and D1 (M6). At t=b, transistor

Q4 is forced off and Q2 is triggered. Transistor Q2 cannot conduct since i;y is still neg-
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ative. Instead, diode D2 conducts. The inductor current resonates through D1 and D2
(M1). At t=c, ijy increases to zero. Diodes D1,D2 turn off naturally and transistors
Q1,Q2 conduct subsequently. The inductor current resonates through Q1 and Q2 (M1).
At t=d, capacitor voltage voy changes polarity. The inductor current continues to res-
onates through QI and Q2 (M2). At t=e, transistor QI is forced off and Q3 is triggered.
A similar process occurs with the roles of Q1,Q2,D1,Q2 and Q3,Q4,D3,D4 interchanged,
respectively. The topological mode sequence of this trajectory is the same as that of
Trajectory 1y. However, since all the transistors are force-commutated, the circuit op-
eration for this trajectory is referred to as “mode-I; operation”.

Trajectory 2,,;: This trajectory is a special case of ” mode-1I operation”. The tran-
sistors conduct twice during a switching period. As shown in Figure 3.8(j), at t=a,
transistor Q3 is forced off and QI is triggered. Transistor QI cannot conduct since iy
is negative. Instead, diode D1 conducts. The inductor current resonates through Q4
and D1 (M6). Att= B, inductor current i;y increases to zero. Transistor Q4, diode D1
turn off naturally and transistor Ql1, diode D4 conduct subsequently. The inductor cur-
rent resonates through Q1 and D4 (M6). At t=Db’, capacitor voltage voy changes po-
larity. The inductor current continues to resonates through Q1 and D4 (M3). Att=c,
iy changes polarity for the second time. Transistor QI, diode D4 rurn off naturally and
transistor Q4, diode D1 conduct again. The inductor current resonates through Q4 and
D1 (M3). At t=d, transistor Q4 is is forced off and Q2 is triggered. Transistor Q2 can-
not conduct since iy is negative. Instead, diode D2 conducts. The inductor current
resonates through D1 and D2 (M2). At t=e, i;y changes polarity for the third time.
Diodes D1,D2 turn off naturally and transistors Q1,Q2 conduct subsequently. The
inductor current resonates through QI and Q2 (M2). At t=f, transistor QI is is forced
off and Q3 is triggered. A similar process occurs with the roles of Q1,Q2,D1,D2 and

Q3,Q4,D3,D4 interchanged, respectively. The topological mode sequence of this trajec-
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tory is the same as that of Trajectory 2y. However, due to the multiple-conduction
feature, the circuit operation for this trajectory is referred to as “mode-1ly,; operaticn”.

Trajectory 35 As shown in Figure 3.8(k), the circuit operation for this trajectory is
similar to that for Trajectory 1, except that when v.y crosses the zero-axis, the magni-
tude of i, is less than I,y. As a result, an inductor linear-charging interval (ML) exists.
The linear-charging interval ends when the magnitude of i,y increases beyond I,y . The
topological mode sequence of this trajectory is the same as that of Trajectory 3y. The
circuit operation for this trajectory is referred to as “mode-//I; operation”.

Trajectory 4;: As shown in Figure 3.8(1), the circuit operation for this trajectory is
similar to that for Trajectory 3; except that vy crosses the zero-axis before Q2 or Q4 is
triggered. Thus, in addition to the linear-charging interval, a free-wheeling interval (MO)
also exists. The free-wheeling interval ends when Q2(Q4) is triggered. The topological
mode sequence of this trajectory is the same as that of Trajectory 4y. The circuit oper-
ation for this trajectory is referred to as “mode-/V operation”.

Trajectory 5;: As shown in Figure 3.8(m), this trajectory is degenerated either from
Trajectory 3 or from Trajectory 4;. The capacitor voltage, v.y, is aiways zero. In other
words, the resonant capacitor, C, is always shorted through the output bridge diodes.
The resonant inductor, L, is either linearly charged or discharged by the source voltage
or shorted through two parallel switch branches in the input bridge. No resonant action
occurs and no output voltage is generated. The topological mode sequence of this tra-
jectory is MO-ML-M0-ML , which is defincd as “mode-V operation” of CM-PRC. Since
all the transistors are force-commutated, the circuit operation for this trajectory is re-
ferred to as "mode-V; operation”. This operating mode can only exist momentarily
when the energy in the output (filter) inductor is discharging into the load through the

rectifier diodes. It cannot exist under stcady state.
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Table 3.1 summarizes the operating modes below resonant frequency and their corre-
sponding topological mode sequences. The subscript in each operating mode indicates
the commutation features for the transistors, where “N” stands for natural commutation,
"M” stands for mixed commutation, “"ML" stands for multiple conduction, and "F*

stands for force commutation.

3.3.5.2 Operating modes above the resonant frequency

Figure 3.9 shows a series of equilibrium state trajectories which illustrate all possible
operating modes of a CM-PRC operating above resonant frequency. The trajectories
shown in Figs. 3.9(a), (c), (d), (e) have already been discussed in the previous section.

The trajectories shown in Figs. 3.9(b) and 3.9(f) are discussed in the following.

(a) Force-commutation modes

Trajectory 245 As shown in Figure 3.9(b), at t=a, transistor Q3 is forced of)" and
Ql is triggered. Transistor QI cannot conduct since i; 5 is negative. Instead, diode D1
conducts. The inductor current resonates through Q4 and D1 (M3). At t=a’, capacitor
voltage vqy changes polarity. The inductor current continues to resonate through Q4
and D1 (M6). At t=0, transistor Q4 is forced off and Q2 is triggered. Transistor Q2
cannot conduct since iy is still negative. Instead, diode D2 conducts. The inductor.
current resonates through D1 and D2 (M1). At t=c, inductor current i;y increases to
zero. Diodes D1,D2 turn off naturally and transistors Q1,Q2 conduct subsequently.
The inductor current resonates through QI and Q2 (M1). At t=d, transistor Q1 is
Sforced off and Q3 is triggered. A similar process occurs with the roles of Q1,Q2,D1,Q2
and Q3,Q4,D3,D4 interchanged, respectively. The topological mode sequence of this
trajectory is M3-M6-M1-M6-M3-M4, which is defined as ”mode-1IA operation” of
CM-PRC. Since all the transistors are force-commutated, the circuit operation for this

trajectory is referred to as “mode-//A operation”.
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Table 3.1 Topological Mode Sequences for Circuit
Operating Modes Below Resonant Frequency

O:‘e;::I:Q Topological Mode Sequences
e I, Ie M6-M1-M2-M3-M4-M5
s Dys My M6-M3-M2-M3-M6-M5
Iy, 1y, Ml M6-M1-ML-M2-M3-M4-ML-M5
IV, IV, IV, M6-M0O-ML-M2-M3-M0-ML-M5
Ve MO-ML-MO-ML
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(b) Mixed-commutation modes

Trajectory 24, As shown in Figure 3.9(f), at t=a, transistor Q3 is forced off and
QI is triggered. Transistor QI cannot conduct since i; 5 is negative. Instead, diode D1
conducts. The inductor current resonates through Q4 and D1 (M3). At t=a’, capacitor
voltage vy changes polarity. The inductor current continues to resonate through Q4
and D1 (M6). At t=0b, inductor current /; 5 increases to zero. Transistor Q4, diode D1
turn off naturally and transistors Ql, diode D4 conduct subsequently. The inductor
current resonates through QI and D4 (M6). At t=c, transistor Q2 is triggered com-
mutating diode D4. The inductor current resonates through Q1 and Q2 (M1). Att=d,
transistor Q1 is forced off and Q3 is triggered. A similar process occurs with the roles
of Q1,Q2,D1,Q2 and Q3,Q4,D3,D4 interchanged, respectively. The topological mode
sequence of this trajectory is the same as that of Trajectory 24,. However, since tran-
sistors Q1,Q3 are force-commutated while Q2,Q4 are naturally commutated, the circuit

operation for this trajectory is referred to as "mode-7//4,, operation”.

Table 3.2 summarizes the operating modes above resonant frequency and their corre-

sponding topological mode sequences.

It should be noted that the trajectories discussed above are used only to qualitatively
illustrate the existence of various operating modes of a CM-PRC. The frequencies cor-
responding to the trajectories may not be the same. Some trajectories exist only for a

certain range of frequency and load current, as shall be seen in the following section.
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(e) Trajectory 1, and its corresponding circuit waveforms(Mode-1/, operation)
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Table 3.2 Topological Mode Sequences for Circuit
Operating Modes Above Resonant Frequency

o::::::'g Topological Mode Sequences
Iy, ¢ M6-M1-M2-M3-M4-M5
Ay, lIA, M3-M6-M1-M6-M3-M4
i, . M6-M1-ML-M2-M3-M4-ML-M5
Ve MO-ML-MO-ML
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3.3.6 Regions of Operation

As mentioned in Chapter 2, it is important to know the converter’s mode of operation
for a specific design such that circuit devices such as diodes and snubbers can be opti-
mally selected for the converter. In this section, regions of operation for a CM-PRC are
defined to determinec the converter's mode of operation for given normalized switching

() . .
frequency, wgy =T§ , pulse width, fig , of the quasi-square-wave voltage vs, and the
Zyx Iy

normalized load current, lpy = 7

3.3.6.1 Operating regions helow resonant frequency

Figure 3.10 shows the operating regions of a CM-PRC operating below resonant
frequency. In the figure, the mode of operation is represented as a function of the pulse
width, fis, of the quasi-square-wave voltage, vg, and the load current, I,y , at several
frequencies wgy = 0.6, 0.7, 0.8, and0.9. A fs angle of 180° is equivalent to a fuil
pulse-width of vg (duty ratio = 1). Three dotted lines are shown in each figure to indi-
cate boundaries for different device commutation conditions. Above the dotted line “N”
is the natural-commutation region in which all the transistors are naturally commutated.
Between the dotted lines “N” and “"IF” is the mixed-commutation region in which tran-
sistors Q1,Q3 are force-commutated and Q2,Q4 are naturally commutated. Below the
dotted line "F” is the force-commutation region in which all the transistors are force-
commutated. The dotted line "ML" defines a region corresponding to mode-I1,,; oper-
ation, where the transistors conduct twicc during a switching period.  This
multiple-conduction region is undesirable and should be avoided. Given the range of
Ion » Bs, and a specific operating frequency, the converter’s modes of operation can be
easily determined. For example, il wgy cquals 0.8, I,y ranges [rom 0.25 to 0.5, and S
ranges from 144° to 108°, the converter will operates cither in mode Iy or in mode /1y,

as indicated by the shaded area in IFigure 3.10(c).
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For other frequencies not shown in [Figure 3.10, an algorithm is developed in Ap-

pendix C.2 which can be used to plot similar graphs to those in Figure 3.10.

3.3.6.2 Operating regions above resonant frequency

Figure 3.11 shows several operating regions above resonant {requency. These regions
are derived from the algorithm developed in Appendix C.3. A dotted line is used in the
figures for wgy = 1.1 and 1.2 to define the mixed-commutation region. Inside the dotted
line, transistors QI,Q3 are force-commutated and Q2,Q4 are naturally commutated.
QOutside the dotted line, all the transistors are force-commutated. The mixed-
commutation region disappears when the normalized switching frequency increases be-

yond 1.2, as can be seen from the figure.
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3.3.7 DC Characteristics

Once the regions of operation is defined, the dc characteristics for a CM-PRC can
be derived following a similar approach as in Section 2.3.7. The equations for solving
trajectory parameters for various operating modes below and above resonant frequency
are summarized in Appendix C.4. A Fortran program for calculating salient circuit
features such as control-to-output transfer ratio, rms inductor current, peak capacitor

voltage, rms switch currents, etc. is included in Appendix C.5.

3.3.7.1 DC characteristics below resonant frequency

Figure 3.12 shows the dc control-to-output characteristics for several frequencies be-
low the resonant frequency. In thesc figures, the output voltage (average capacitor
voltage), Voy, is plotted as a function of the pulse-width, S, of vg , and the output cur-
rent, I,y. Two dotted lines are used in each graph to indicate the boundaries of natural
commutation and force commutation.  Above the dotted line “N”, all the transistors are
naturally commutated. Between the dotted lines “N” and “F~, transi_stors Q1,Q3 are
force-commutated and Q2,Q4 are naturally commutated. Below the dotted line "F~, all
the transistors are force-commutated. It can be seen that the converter is able to regu-
late the output from no load to a full load in the natural-commutation region. The re-
gion, however, is limited, especially when the switching frequency is below 80% of the
resonant frequency. It is thus difficult to design a CM-PRC in the natural-commutation
region when the output-to-input voltage ratio, V,,y, varics over a wide range. [FFor ex-
ample, if wgy = 0.8 and ¥,y ranges from 1.2 to 1.8, I,y has to be limited less than 0.15,
as can be seen from Figure 3.12(c). This can only be achieved either by using a small
characteristic impedance or by limiting the load current to a small value. In either case,
the circulating current in the tank circuit is high and the componcnts are subjected to

excessive stresses.
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An alternative is to design the converter in the mixed-commutation region. From
Figure 3.12, it can be seen that the mixed-commutation mode can be operated over a
wide range of load current and output-to-input voltage ratio. However, a minimum load
has to be maintained if the converter is to be designed in this region.

The force-commutation region in this frequency range is very limited and is imprac-
tical to use. essentially useless. It allows only a small variation in the output-to-input
voltage ratio. [t requires a minimum load current. Most of all, since the slopes of the
characteristics in this region are very steep, the converter is very difficult to control.

Figure 3.13 shows other important dc characteristics at frequency wgy = 0.8. Notice
that the currents of Q1,Q3 and the currents of Q2,Q4 are not balanced, as can be seen
from Figures 3.13(c) and (d). Same phenomenon exits between the currents of D1,D3
and D2,D4. This is due to the phase displacement in the triggering of the transistors.
In general, transistors Q1,Q3 and diodes 132,D4 carry higher currents when CM-PRC
operates below the resonant frequency.

Similar dc characteristics for the frequency, wgy = 0.9, can be found in Appendix C.6.

3.3.7.2 DC characteristics above resonant frequency

Figure 3.14(a)~(d) shows the dc control-to-output characteristics for
wgy = 1.1, 1.2, 1.3, and 1.4, respectively. A dotted liﬁe is used in the figures for wgy
= L1 and 1.2 to indicate the mixed-commutation boundary. Inside the dotted line,
transistors Q1,Q3 are force-commutated and Q2.0Q4 arc naturally commutated. Qutside
the dotted line, all the transistors are force-commutated. It can be seen that in this fre-
quency range, the converter is able to regulate its output from no load to full load over
a wide range of output-to-input voltage ratio.

Figure 3.15 shows other important dc characteristics at frequency wgy = 1.2. Again,

the currents in the transistors and the currents in the diodes are unbalanced, as shown
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in Figures 3.15(c) and (d) and Figures 3.15(e) and (f), respectively. However, in this
frequency range, transistors Q2,Q4 and diodes D1,D3 carry higher currents.

Similar dc characteristics for other frequencies can be found in Appendix C.7.
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3.4 DESIGN EXAMPLES

The dc characteristics derived in the previous section are employed to facilitate design
of a CM-PRC in this section. Three design examples are given. The first example de-
signs the converter to operate in a natural commutation region (wgy < 1) such that all
the transistors’ turn-off losses are eliminated. The second example designs the converter
to operate in a mixed-commutation region (wgsy < 1) such that the turn-on losses of
Q1,Q3 and the turn-off losses of Q2,Q4 are eliminated. Lossless snubbers can be used
across QI and Q3 to reduce their turn-off losses. The third example designs the con-
verter to operate in a force-commutation region (wgy > 1) such that all the transistors’
turn-on losses are eliminated. Lossless snubbers can be used across all the transistors
to reduce their turn-off losses.

The converter is designed to satisfy the {ollowing requirements.

Input voltage = 40V ~ 60V.
Output voltage = SV.

Output power = 40W ~ 50W.

Assume an output transformer with turn ratio n:1 is used between the resonant tank and

the load circuit. Then,

5n Sn
VONmax = _46' , Vonmin= ﬁ)— s
I = __lg_ ] _ __8—
ONmax % 40/74) ’ ONmin n X 60/20 .

(The load current range is from 8A to 10A.)
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3.4.1 Example 1 - Design in Natural-Commutation Region

To achieve natural commutation of all the transistors, an operating frequency below

the resonant frequency must be choscn. Choose wgy = 0.8.

Case I. From Figure 3.16, to obtain maximum achievable load current magnitude,

choose

V()Nmin‘_‘ 60

The transformer turn ratio n can then be calculated as

o 50 x L7 _ g,
and the maximum ¥V is
5x21
Vonmax =25 = 2.62.

From Figure 3.16, this voltage level can not be achieved. Thus, the design is impossible.

Case II. From Tigure 3.16, to ensure output regulation for the entire input voltage

range, choose

5
V()Nmax = 4):)” = 2. 13-

The transformer turn ratio n is calculated as

40 x 2.13
n = ————————

: 17,
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and the minimum V), is

Sx 17
VONMDI = _66__ = 1.42.
From Figure 3.16, it can be seen that the load current at ¥y, can not exceed 0.26 if

natural commutation is to be maintained. To ensure this, choose

10

Lonmax = WZ—O- = (.25.

The characteristic impedance is calculated as

Zo = lonmax X 1 % 40 x 75 = 17Q.

‘The normalized load range at Vyqx is from 8/(n x 40/Z;) = 0.2 to Ippmax = 0.25, which
are indicated by points B and A in Figure 3.16, respectively. The normalized load range
at Vonmm is from 8/(n x 60/Z;) =0.13 to 10/(n x 60/Z;) = 0.17, which are indicated by
points C and D in Figure 3.16, respectively.

The normalization factor for the current, Iy, is equal to 40/Z, = 2.354 at ¥Vpnmax
(ponits A,B) and equal to 60/Z; = 3.5341 at Vg, (points D).

The four boundary points, A,B,C,D, define the operating region for the converter in
this design, which is indicated by the shaded area in Figure 3.16. The S5 angles corre-
sponding to these points are A: 153.6°, B: 151.2°, C: 77.5°, D: 79.2°. By mapping these
boundary points (using their corresponding fi,y and /,y) into other characteristics as
illustrated in Figure 3.17, various important circuit features can be obtained. The cir-

cuit’s salient feature usually occurs at one of the four boundary points.

The following salient features are obtained for this design,
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Vepkmax = 138.V, I pmsmax = 4-TA,

IoirMsmax = 4-4A, Ipprmsmax = 345A,
Ip\avmax = 1.13A, Ippavmaex = 3.18A,
Ig1opmax = 0-A, Igpopmax = 0-A,
Igionmax = 5:23A, Tgaonmax = 6.39A .

3.4.2 Example 2 - Design in Mixed-Commutation Region

To achieve zero-voltage turn-on (force commutation) of Q1,Q3 and zero-current
turn-off (natural commutation) of Q2,Q4, the operating frequency should be chosen
below the resonant frequency. Choose wgy = 0.8. From Figure 3.18, to ensure QI and

Q3 are force-commutated, choose

Sxn
VONmax= a0 LS.

The transformer turn ratio n is calculated as

no BOX1S5 _ o
5
The minimum V) is
, Sx 12
l’ ONmin = 60 = I-O.

To obtain a high characteristic impedance, /,y should be chosen as high as possible.

Choose

10
IONmax_ n % 40/20 = 1.0.
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The characteristic impedance is calculated as

Zo=10Nmaxxnx40x%=489.

The normalized load range at Vgypay is from 8/(n x 40/Zy) = 0.8 t0 Ippmaex = 1.0, which
are indicated by points B and A in Figure 3.18, respectively. The normalized load range
at Voymin is from 8/(n x 60/Z;) = 0.53 to 10/(n x 60/Z;) = 0.67, which are indicated by
points C and D in Figure 3.18, respectively.

The normalization factor for current, Ip, is equal to 40/Z; =0.8334 at V ymax
(ponits A,B) and equal to 60/Z; = 1.254 at V., (points C,D).

The four boundary points, A,B,C,D, define the operating region for the converter in
this design, which is indicated by the shaded area in FFigure 3.18. The BS angles corre-
sponding to these points arc A: 147°, B: 119°, C: 69°, D: 78°. By mapping these
boundary points (using their corresponding fox and I,y) into other characteristics as‘
illustrated in Figure 3.19, various important circuit ﬂ;.atures are obtained and shown in

the following:

Vepkmax = 107.V, I pmsmax = 1.5A,
Igirmsmax = 1.44A, Ipprmsmax = 143A,
Ipravmax = 0.25A, Inavmax = 0.5A,
Iorofpmax = 1.92A Lgpogmax = O.A,
Ig1onmax = O-A, Iynonmax = 1.9A.

3.4.3 Example 3 - Design in Force-Commutation Region
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(c) RMS switch current ( Q1,03)

(d) RMS switch current (Q2,04)

Figure 3.19 Circuit Salient Features for the Design in Figure 3.18
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To achieve zero-voltage turn-on (force commutation) of all the transistors, the oper-
ating frequency must be chosen above the resonant frequency. Choose wgy = 1.2. From
Figure 3.20, to ensure force commutation of all the transistors (avoiding the mixed-

commutation region), choose

Vonmin = 60

The transformer turn ratio n is calculated as

N $0X04 4y

The maximum ¥V, is

5x4.8
Vonmax = 40

From Figure 3.20, Ioymax Mmust not exceed 0.72. Choose

10

l()Nmax= nX40/Zo =0.7.

The characteristic impedance is calculated as

Zo = Ionmax X 1 X 40 X Tl()' — 13.440.

The normalized load range at Fppmax 1S from 8/(n x 40/ 7,) = 0.56 to Ioymax = 0.7, which

are indicated by points B and A in Figure 3.20, respectively. The normalized load range
at Vonmin 18 from 8/(n x 60/7,) = 0.37 to 10/(n x 60/Z;) = 0.47, which are indicated by
points C and D in Figure 3.20, respectively.

The normalization factor for current, I, is equal to 40/Z, =2.984 at Voymax

(ponits A,B) and equal to 60/Z, = 4.461 at Vyu,., (points C,D).
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The four boundary points, A,B,C,D, define the operating region for the converter in
this design, which is indicated by the shaded area in Figure 3.20. The S angles corre-
sponding to these points are A: 149°, B: 103°, C: 62°, D: 81°. By mapping these
boundary points (using their corresponding S,y and I,y) into other characteristics as

illustrated in Figure 3.21, various important circuit features are obtained and shown in

the following:

Vepkmax = 45.V L ppsmax = 337A,
Igiamsmax = 2.35A, Ipprmsmax = 3:2A,
Ipravmax = 244, Inpavmax = 0.51A,
Igiofmax = S.61A Ignopmax = 3.94A,
Igionmax = O.A, Igronmax = O.A.

From the above examples, it can be seen that higher component ratings are usually

required when a CM-PRC is to be designed either in the natural- or in the force com-

mutation region.
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3.5 HARDWARE EXPERIMENTS

A prototype circuit, as shown in Figure 3.22, was built to verify the circuit operation
of a CM-PRC. The circuit was designed at 105.4kHz with a resonant frequency of
145kHz (wgy = 0.72).

Figure 3.23 shows the experimental results. All the predicted operating modes below
resonant frequency have been illustrated except Mode V operation. (Mode V operation
does not exist under steady state.) The state trajectories are obtained by externally cal-
ibrating the inductor current so that the ratio of the y-axis scale to the x-axis scale is the
same as the ratio of iy to v.y.

Figure 3.23(g) shows a trajectory close to Mode V operation. This trajectory is ob-
tained by shorting the output resistor (R = 0. Q). Slight asymmetry in the trajectories

exists due to the imbalance in the gating signals.
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 MODE 11
n.c.

(a) Mode-11, operation

Figure 3.23 Experimental Results from the Circuit in Figure 3.22
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(b) Mode-I, operation

MODE Il

f.c.

MODE I

mec.

(d) Mode-11,, operation (8) Mode-1V; operation

Figure 3.23 Continued

214



3.6 CONCLUSIONS

A complete analysis of the constant-frequency, clamped-mode, parallel-resonant
converter has becn performed in this chapter. Employing state-plane analysis tech-
niques, all the circuit operating modes are identified for the frequency range above 50%
of the resonant frequency. The operating modes are categorized into six different circuit
topological mode sequences, each representing a unique device conduction sequence.

Three different commutation modes for the transistors exist: natural commutation,
mixed commutation, and force commutation. To predict the converter’s mode of oper-
ation and determine the transistors’ commutation conditions, an algorithm is developed
to define the regions of operation.

Unlike the CM-SRC, a CM-PRC can be designed to operate in the natural or the
force commutation region from no load to full load. Design in natural commutation
region, however, is difficult when the output-to-input voltage ratio varies over a wide
range since the natural commutation region is very limited, especially at frequencies be-
low 80% of the resonant l’requcncy'. High circulating current usually exists in the con-
verter since a small characteristic impedance must be used.

The converter can be easily designed in the force-commutation region for a wide
range of input voltage and output current since a very large force commutation region
exists for the con‘verter when the operating [requency is above the resonant frequency.

The converter can also be designed in the mixed-commutation region at frequencies
below the resonant frequency. A minimum load current, however, has to be maintained.

Three design examples are given. The examples illustrate how to employ the dc
characteristics to design a CM-PRC in different commutation regions. The results show
that higher component ratings are usually required to design the converter in either the

natural or the force commutation region.
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Finally, a 105kHz prototype circuit is brcadboarded to verify the operation of a
CM-PRC. All the predicted operating modes below resonant frequency are exper-

imentally substantiated.
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CHAPTER 4.

CONCLUSIONS

The distinct advantages of resonant converters, such as zero-current turn-off, zero-
voltage tui’n-on, low EMI, and fast responses, have attracted much attention in power
electronics industry. Numerous cfforts have been made to extend the soft switching
resonant techniques into other types ol converters such that the performances of these
converters can be improved. [or example, recently a new f_'amily of quasi-resonant
converters and multi-resonant converters were developed which can be operated above
one megahertz and can achieve very high power density [47-56]. These converters are
obtained by properly adding LC resonant components into conventional PWM con-
verters such that zero-current and/or zero-voltage switching features can be obtained.
These converters are, however, controlled via frequency modulation, as in the conven-
tional resonant converters.

Variable-frequency operation often rcsults in poor utilization of magnetic compo-
nents and capacitor filters since these components has to be designed according to the
lowest operating frequency. The bandwidth of the control loop is also limited by the
lowest operating {requency. Variable-(rcquency operation can also results in undesirable

low beat frequencies which are difTicult to [ilter.
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In view of this, efforts have been made to search [or circuit topologies and control
techniques which enable resonant converters to operate at a constant frequency.

Recently, two fixed frequency clamped-mode resonant (series and parallel) converters
were proposed which show show very promising features, such as simple control (similar
to PWM), no load to full load operation, low circulating current under light load, and
zero-current or zero-voltage switching.

In the dissertation, the behaviors of both the clamped-mode series-resonant converter
and thc clamped-mode parallel-resonant converter were completely characterized to
provide insights to the complex circuit opcrations and to derive design guidelines.
State-plane analysis techniques were employed to identify for the first time various cir-
cuit operating modes and to define mode boundaries and operating regions. Based on
the state plane analysis, important dc characteristics, such as control-to-output transfer
ratio, inductor rms current, peak capacitor voltage, switch rms currents, average diode
currents, turn-on current and turn-off current of the switches were derived to facilitate
design of the converters.

Three differcnt regions, natural commutation rcgion, forced commutation region, and
mixed mode of natural and forced commutation region, exist for both the CM-SRC and
the CM-PRC. In the natural commutation region, all the controlled switches turn ofF
at zero current. Fast antiparallel diodes are requirced for all the switches. In the mixed
commutation region, two ol the switches turn off at zero current while the other two
turn on at zero voltage. [‘ast antiparallel diodes arc required for the two switches which
are naturally commutated, while slow antiparallel diodes and simple lossless capacitor

-snubbers can be used for the other two switches which are turned on at zero voltage.
In the force commutation region, all the switches turn on at zero voltage. In this case,
slow antiparallel diodes and simplc lossless capacitor snubbers can be used for all the

switches. To optimize the design and the utilization of available components, it is sug-

CONCLUSIONS 218



gested that the converter be designed to opcrate strictly within a specific commutation
region, although it is not necessary.

For a CM-SRC, design in both natural and force commutation requires a minimum
load to be maintained. To achieve output regulation from no load to full load, the
converter has to be designed in the mixed commutation region.

For a CM-PRC, design in the mixed-commutation mode requires a minimum load.
The converter can be designed to regulate the output from no load to full load in both
the natural and force commutation regions. However, design in the natural commu-
tation region is not practical since the region for natural commutation is very limited.

In applications where MOSFETS are used as switching devices, it is most desirable
to design the converters in thc force commutation regions where all the switches are
turned on at zero voltage. The slow recovery internal diodes can be used and the output
capacitors of the MOSFETS can be utilized as the lossless snubbers. The CM-PRC.
operating above resonant frequency is found to be most attractive since zero-voltage
turn-on can be implemented for ail the switches in an operation from no load to full
load.

The clamped-mode SRC and PRC are emerging as the mainstay in high performance
and high power conversion applications. The clamped-mode concept can be further
extended to applications in dc-ac power inversions, where a high frequency ac output

or an ac distributed bus is required.
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APPENDIX A.1
DERIVATION OF CLAMPED-MODE, PARALLEL-
RESONANT CONVERTER

Figure A.l illustrates the combination of the two resonant inverters in a phase-
controlled, parallel-resonant converter(PC-PRC). The outputs of the inverters are con-
nected in series. Viewing tank voltages v, and v, as new voltage sources, a simplified
circuit for the PC-PRC is shown in FFigure A.1(b). The circuit equations for the PC-PRC

are

diy
v, = Ve +L-""1-;—, (4.1
dv
i = ('—d%' + o, (4.2)
di
vy = vy + LT?, (4.3)
v,
iy =C —‘—f— + iy (A4.4)
and
¥ = (Ve + vea) (4.5)

By adding Equ. (A.1) to (A.3), and (A.2) and (A.4), we obtain
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1 diLZ

(1 + ) = (ve; +ver) + L(—— L ) (A4.6)
(i1 + i) = Ly Ly o, (A7)
Rewriting Eqs. (A.6) and (A.7),
O+ ) = vp 4 L) (T2 (438)
+
(it ! ira) )_'_( C ) dz (4.9)

From Egs. (A.8) and (A.9), viewing v, and (i, + i;,)/2 as new state variables, an equiv-

alent circuit for the PC-PRC can be derived, as shown in Figure A.1(c), where

S (4.10)
i
iy - (ips : i) , (A.11)
and
VS =1 + V2. (/1.'2)

'The quasi-square-wave voltage vg, as shown in Figure A.l(e), can be realized using the
full-bridge circuit shown in Figure A.1(d), which is a clamped-mode, parallel-resonant

converter{ PC-PRC).
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APPENDIX B.1
RULES FOR CONSTRUCTING EQUILIBRIUM
STATE TRAJECTORIES OF A CM-SRC

An equilibrium state trajectory constructed in the composite diagram discussed in
Section 2.3.4 must satisfy the following rules. These rules are obtained from the con-

verter’s operation.

¢ On the upper half plane (i, y > 0)
=  Triggering QI br forcing Q1 ofT initiatcs M6.
= Triggering Q2 initiates M .
= Forcing Q2 off initiates M35.

¢ On the lower half plane (i, y < 0)
= Triggering Q3 or forcing Q3 ofT initiates M3.
« Triggering Q4 initiates M4.
» Forcing Q4 off initiates M2.

®  On the vgy-axis (ijy =10)

= If the previous topological mode is M2,
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M1 is initiated if voy < I — Vo (trajectory crosses vy -axis on the left-hand
side of ml);
M6 is initiated if voy < —Vyy (trajectory crosses vqy -axis on the left-hand

side of m6) and QI is forced off the instant of crossing.

= If the previous topological mode is M3,

A

M6 is initiated if vy < —Vy (trajectory crosses vqy -axis on the left-hand
side of m6);

M1 is initiated if voy < 1 — V,y (trajectory crosses vqy -axis on the left-hand
side of m1) and Q2 is triggered at the instant of crossing;

MS is initiated if vy < —1 — Vyu (trajectory crosses vy -axis on the left-
hand side of m5) and Q2 is forced off at the instant of crossing;

MO is initiated if voy > —Vopu (trajectofy crosses vy -axis on the right-hand
side of m6). If the crossing point of the trajectory is to the left of ml (
vew < 1 — Vy), MO will be terminated when Q2 is triggered which initiates

Ml.

= [f the previous topological mode is M4,

M3 is initiated il vy < —1 — Vo (trajectory crosses vy -axis on the left-
hand side of m3);

M6 is initiated il v.n << —F,y (trajectory crosses vy -axis on the left-hand
side of m6) and QI is triggered at the instant of crossing;

MO is initiated if voy > —1 — V5 (trajectory crosses vy -axis on the right-
hand side of m5). If the crossing point of the trajectory is to the lcft of mé
(vey < —Von). MO will be terminated when QI is triggered which initiates

Mé.
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= If the previous topological mode is M$5,

A M1 is initiated if vy > —1 + Vo (trajectory crosses vey -axis on the right-
hand side of md);
A M3 is initiated if voy > Vypy (trajectory crosses vey -axis on the right-hand

side of m3) and Q3 is forced off the instant of crossing.
= If the previous topological mode is M6,

A M3 is initiated if vey > Vop (trajectory crosses vy -axis on the right-hand
side of m3);

A Md is initiated il voy > —1 + Vp (trajectory crosses vy -axis on the right-
hand side of m4) and Q4 is triggered at the instant of crossing;

A M2 is initiated if voytl + Vou (trajectory crosses vey -axis on the right-hand
side of m2) and Q4 is forced off at thc instant of crossing;

A MO is initiated if vy < V,p (trajectory crosses vy -axis on the left-hand side
of m3). If the crossing point of the trajectory is to the right of m4 (
ven > —1 + Vop), MO will be terminated when Q4 is triggered which initiates

M4,

« If the previous topological mode is M1,

»

A M2 is initiated if voy > | + V,,y (trajectory crosses vey -axis on the right-
hand side of m2);
A M3 is initiated if voy > V,y (trajectory crosses vey -axis on the right-hand

side of m3) and Q4 is triggered at the instant of crossing;
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A MO is initiated if vey < 1 + V,p (trajectory crosses vqy -axis on the left-hand
side of m2). If the crossing point of the trajectory is to the right of m3 (

ven > Von), MO will be terminated when Q4 is triggered which initiates M3.
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APPENDIX B.2
PREDICTION OF MODE TRANSITIONS OF A CM-SRC
OPERATING BELOW RESONANT FREQUENCY

Consider the boundary trajectories, T,,, between Mode 111 and Mode IV, and T3,
between Mode 111 and Mode V, as shown in Figure B.2.1 and Figure B.2.2, respectively.
These two trajectories are constructed via same topological mode sequence and can be

represented by the same equations,

I+ (1 — R+ 2Vyy)* — R?
21— R+2Vyp) '
1+ R2— (1= R+2Vyy)? (B.2.1)
2R '

cos{ =

cos d =
D en = e
SN" w46+

The parameter R can be used to determine whether a trajectory defined by equations
(B.2.1) is a Ty, or Ty, When R < | — 2F,y, cquations (B.2.1) represent a T, . When
R > 1 — 2V,y, equations (B.2.1) represent a Ty;.

Such a boundary trajectory can only be constructed with R in between Foy and 1,
as illustrated in Figureb B.2.3. The frequency, wyy, of the trajectory is related to Rina

way as shown in Figure B.2.4, where

- T
Wiy = l

-l
T+ 2cos ( T2V, )

(B.2.2)
LA

m+cos ' Vo +cos'(1 = 2V2y)

Wgn =

This relationship can be used to determine the transitions of operating modes as follows.
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(a). Von < 0.5

(a.1) If wgy > w,y, such a boundary trajectory does not exist, implying both mode-1V
and mode-V operations do not exist. The converter’s operation transits from Mode I1I
directly to Mode VI, as indicated by S3 in Figure 2.10(c).

The boundary B¢ angle, By, separating mode III and Mode VI, can be calculated

from trajectory T, as shown in [Figure B.2.5,

Big=wsy X 8, &=cos'(1 =2V
36 SN 0

(a.2) If wgy= wsy, one such boundary trajectory exists. The converter’s operation
transits from mode 111 to the boundary trajectory back to Mode III then to Mode VI,
as indicated by S4 in Figure 2.10(c). If the boundary trajectory is viewed as a special
case of Mode-1Il -operation, the converter’s mode transition sequence is the same as

(a.1).

(a.3) If wyy < wgy < wsy, two such boundary trajectories exist. Equations (B.2.1) have

two sets of solutions, (R, {,, 4,) and (R,, {,, ;).

e (a3l) IfR <1-=2Vyy aﬁd R, > 1 — 2V,y, a boundary trajectory, Ty, between
Mode 11l and Mode IV and another boundary trajectory, T;s, between Mode 111
and Mode V exist, implying both Mode-1V and Mode-V operations exist. The
converter’s operation transits from Mode 11 to Mode I'V to Mode V back to Mode
IIT to Mode VI, as indicated by S5 in FFigure 2.10(d).

The boundary fs angle, f,,, between Mode I[II and Mode 1V is equal to
wsy X 0.
The boundary fs angle, f,s, between Mode IV and Mode V can be calculated

from trajectory T,s, as shown in [Figure B.2.6,
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6Viy

— — -l — A —————————
B45-COSNX 5, 0 = cos (l 1—-2V0N ).

The boundary fs angle, fs;, between Mode V and Mode III is equal to
Wgy xhéz.

The boundary B angle, B+, between Mode III and Mode VI is calculated as in
(a.l).

¢ (a3.2) If Ry<1—-2V,y and R,< | —2V,y, two boundary trajectories exist be-
tween Mode III and Mode 1V, implying Mode-V operation does not exist. The
converter’s operation transits from Mode Il to Mode IV back to Mode III to
Mode VI, as indicated by S6 in Figure 2.10(e).
The boundary Bs angle, fi,, between Mode I1II and Mode IV is equal to
Wgy X 0.
The boundary B angle, f,;, between Mode IV and Mode III is equal to
Wgy X 8.
The boundary fg angle, f,, between Mode III and Mode VI is calculated as in

. (a.n).

o (a3.3) If Ry>1—2Voy and Ry> 1 —2V,y, two boundary trajectories exist be-
tween Mode I11 and Mode V, implying Mode-IV operation does not exist. The
converter’s operation transits from Modc 111 to Mode V back to Mode 111 to Mode
VI, as indicated by S7 in FFigure 2.10(c).

The boundary s angle, fi5, between Mode IIl and Mode V is equal to
wgy X 8;. |

The boundary Bg angle, fs;, between Mode V and Mode III is equal to
wgy X 0,
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The boundary s angle, 3, between Mode III and Mode VI is calculated as in
(a.1).

(a.4) If 0.5 < wgy < w,y, one such boundary trajectory exists. Equations (B.2.1) have

one solution, (R,, {,, 6))-

* (ad4.l) IfR <1-2Vyy,a boundafy trajectory exists between Mode III and Mode
IV. Since a Mode-IV trajectory can not transit directly into a Mode-VI trajectory,
Mode-V operation must also exist. The converter’s operation transits from Mode
IIT to Mode 1V to Mode V to Mode VI, as indicated by S8 in Figure 2.10(b).

The boundary Bs angle, fi, between Mode III and Mode IV is equal to
wgey X 0.
The boundary s angle, 3,5, betwcen Mode 1V and Mode V is calculated as in

(a3.1). _
The boundary fs angle, fs, between Mode V and Mode VI can be calculated

from trajectory Ty, as shown in Figure B.2.7,

BSG = WgsyN X (5, o= COS'l(l - ZVéN)'

* (ad4.2) If R,>1—-2V,y, a boundary trajectory exists between Mode III and Mode
V, implying Mode-1V operation does not cxist. The converter’s operation transits
from Mode I1I to Mode V to Mode VI, as indicated by S9 in Figure 2.10(d).

The boundary fg angle, f;5, between Mode III and Mode V is equal to
wgy X ;.
The boundary fg angle, f, between Mode V and Mode VI is calculated as in

(ad.l).
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(b). Von> 0.5

(b.1) If wgy > w4y, such a boundary trajectory does not exist, implying both Mode-1V
and Mode-V operations do not exist. The converter’s operation transits from Mode 111

directly to Mode VI, as in (a.l).

(b.2) If wgy < wyy, one such boundary trajectory exists. Since R > Voy > 1 — 2V, the
trajectory is between Mode III and Mode V, implying Mode-1V operation does not ex-
ist. The converter’s operation transits from Mode IIl to Mode V to Mode VI, as in

(ad.2).
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Figure B.2.1 Boundary Trajectory Between Mode 111 and Mode IV
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Figure B.2.2 Boundary Trajectory Between Mode I11 and Mode V
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Figure B.2.3 Extreme Trajectory Described by Equation (B.2.l)
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VON < 0.5 Von > 0.5

Figure B.2.4 Relationship Between Frequency of the Trajectory Described
by Equation (B.2.1) and Radius R
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Figure B.2.5 Boundary Trajectory Between Mode III and Mode VI
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MODE IV

Figure B.2.6 Boundary Trajectory Between Mode IV and Mode V
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Figure B.2.7 Boundary Trajectory Betwecn Mode V and Mode VI
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FORTRAN Program for Determining Mode Transitions and Mode Bound-
aries Below Resonant Frequency

agaaaaaaoaanaaanan

10

C
C

C.

(@)

20

shdbdbberbhhhbkdhbhbbkkkbhdokkkh bk kbbb bk bbb hddkdokkdhdkokh bk
whkkh

##+++  PROGRAM NAME : SCBD.FOR
¢+22r FUNCTION : CALCULATE BOUNDARY B ANGLES AND PREDICT

i MODE TRANSITIONS OF A CM-SRC OPERATING
hiee BELOW RESONANT FREQUENCY.
sk d

bk ddddkkrphhhb kb b bk bk bk ko kkkh kb bk pkhk by

hikhh
s#s++ FOR B > BETA(l) ---> MODE I OPERATION
s++e+ FOR BETA(l) > BETA(2) ---> MODE Il OPERATION
es+++ FOR BETA(2) > BETA(3) ---> MODE Il OPERATION
ss++¢ FOR BETA(3) > B > BETA(4) ---> MODE IV OPERATION
ss+++ [OR BETA(4) > BETA(S) ---> MODE V OPERATION
ss++¢ FOR BETA(S) > BETA(6) ---> MODE IIl OPERATION
ss+++ FOR BETA(6) > B ---> MODE VI OPERATION
gk

IMPLICIT REAL*4 (A-11,0-7)

DIMENSION PAR(3), BETA(6), GUESS(3)

PI=4.*ATAN(1.) :

READ(5,1000) WN, VON, INDEX

READ(5,3000) ERREL, (GUESS(K). K = 1,3)

L2 1)

**+ A GOOD GUESS FOR GUESS(K), K= 1,3 ARE 1.1, 3.14, 1.57.
e
IF(INDEX.NE.1) STOP
INTL=0
WTS=P/WN
ERREL = 0.0001
ITMAX = 200
IF(VON.LT.0) GO TO 10
IF(VON.EQ.0) VON = 0.0001
INTL=INTL+ I
PAR(1)=WTS
PAR(2)= VON
PAR(3)=PI
WIN = PI/(PI+ ACOS(VONY))
IF(WN.LE.WIN) THEN
Bl = WTS-PI+ ACOS(1-2*VON*+2)
IBl=1
ELSE
IBI=0
ENDIF .
CALL SB2(PAR ERREI,I'TMAX,B2,INTL,FNORM,GUESS)
BETA(2)= B2
IF(IBL.EQ.1) THEN
BETA(I)=BI
ELSE
BETA(1)= B2
ENDIF
B6=ACOS(1-2*VON**2)
BETA(6) = B6

LI
VVVvVvVYy
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W3N1=PI/(PI+ 2*ACOS((1 + 2*VON)**-1))
W3N2= PI/(P1+ ACOS(VON) + ACOS(1-2*VON**+2))
IF(VON.LE.0.5) THEN
IF(WN.GE.W3N1) THEN
IF(IB1.EQ.1) THEN
ID=6
ELSE
ID=12
ENDIF
BETA(3)=B6
BETA(4)=B6
BETA(5)=B6
GO TO 99
ENDIF
IF(WN.LT.W3NL.AND.WN.GE.W3N2) THEN
RMAX = (1+2*VON)/2
RMIN=VON
SIGN=1
CALL B34(RMAX,RMIN,RB3,VON,B3,WN,PLSIGN)
RMAX = I.
RMIN = (1 +2*VON)/2
SIGN=-]
CALL B34RMAX,RMIN,RB4,VON,B4,WN,PLSIGN)
IF(RB3.1.E.(1-2*VON).AND.RB4.LI(1-2*VON)) TIEN
IF(IBL.EQ.1) THEN
ID=3
ELSE
ID=9
ENDIF
BETA(3)=B3
BETA(4)= B4
BETA(5)=B4
GO TO 99
ENDIF
IF(RB3.GT.(1-2*VON).AND.RB4.G T .(1-2*VON)) TIIEN
IF(IB1.EQ.1) THEN :
D=4
ELSE
ID=10
ENDIF
BETA(3)=B3
BETA(4)= B3
RETA(S)=B4
GO TO 99
ENDIF
IE(RB3.1LE(1-2*VON).AND.RBA.GT.(1-2*VON)) TTIEN
IF(IBLEQ.1) THEN
ID=1
ELSE
ID=7
ENDIF
B5=ACOS(1-6*VON*#2/(1-2*VON))
BETA(3)=B3
BETA(4)=B5
BETA(5)= B4
GO TO 99
ENDIF
ENDIF

c
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99
35

IF(WN.LT.W3N2) THIEN
RMAX = (1 + 2*VON)/2
RMIN=VON
SIGN=1
CALL B34(RMAX,RMIN,RB3,VON,B3,WN,PL,SIGN)
IF(RB3.LE.(1-2*VON)) THEN

IF(IBL.EQ.1) THEN
D=2
ELSE
ID=8
ENDIF
B5= ACOS(1-6*VON**2/(1-2*VON))
BETA(3)=B3
BETA(4) = BS
BETA(5)= B6
ELSE
IF(IBL.EQ.1) THEN
ID=5
ELSE
ID=11
ENDIF
BETA(3)=B3
BETA(4)=B3
BETA(S)=B6
ENDIF
GO TO 9
ENDIF
ELSE
IF(WN.GT.W3N2) TIIEN
IF(IB1.EQ.1) THEN
ID=6
ELSE
ID=12
ENDIF
BETA(3)=B6
BETA(4)=B6
BETA(5)=B6
ELSE
RMAX =1
RMIN=VON
SIGN= |
CALL B34(RMAX,RMIN,RB3,VON,B3,WN,PLSIGN)
IF(IBL.EQ.1) THEN
ID=5
ELSE
ID=11
ENDIF
BETA(3)=B3
BETA(4)=B3
BETA(5)= B6
ENDIF
ENDIF
DO 35I=16
BETA(I) = BETA(I)* 180/WTS
CONTINUE
WRITT(6,2000) ID, VON, (BETA(I), I= 1,6), FNORM
VON = VON-0.02
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GO TO 20

1000 FORMAT(2F10.5,11)
2000 FORMAT(1X,12,3X,8F10.5)
3000 FORMAT(SF10.5)

ancaon

121

END

LAt L L]
*hhk
hedhd

SUBROUTINE SB2(PAR,ERREL,ITMAX,B2,INTL,FNORM,GUESS)
EXTERNAL FCN2

DIMENSION XGUESS(3),X(3),PAR(3),GUESS(3)

COMMON WTS,VON,PI

N=3
J=0

WTS = PAR(])
VON = PAR(2)
PI = PAR(3)

IF(INTL.EQ.1) THEN
X(1)=GUESS(1)
X(2)=GUESS(2)
X(3)= GUESS(3)
ENDIF
XGUESS(1) = X(1)-J*0.2
XGUESS(2) = X(2)-J*0.2
XGUESS(3) = X(3) + J*0.2
CALL NEQNF(FCN2,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.0.AND.X(2).GE.0.AND.X(3).GE.0.AND.X(3).LE.PAR(3)
1 .AND.X(2).LE.3.1416) THEN
B2=X(2)
RETURN
ELSE
IF(J.EQ.10) THEN
WRITE(6,1200)
STOP
ELSE
J=J+1
GO TO 121
ENDIF
ENDIF

1200 FORMAT(/,5X,’ERROR : CAN“T FIND B2 *))

acccao

221

END

kg
hkkhk
#kkkk

SUBROUTINE B34(RMAX,RMIN,R,VON,BT,WN,PLSIGN)
R=(RMAX + RMIN),/2.
BT =ACOS((1+ R**2-(1-R + 2*VON)**2)*0.5/R)
AL=ACOS((1 + (I-R + 2*VON)**2-R**2)*.5/(1-R + 2*VON))
WCAL=PI/(AL+ BT+ P))
IF(ABS(WN-WCAL).LT.0.0001) RETURN
IF(SIGN*WCAL.GT SIGN*WN) THEN
RMAX =R
ELSE
RMIN=R
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ENDIF
GO TO 221
END

(AL L]
rhbdp
LA L L]

olelelele)

SUBROUTINE FCN2(X,F,N)
DIMENSION X(N), F(N)

COMMON WTS, VON, PI

F(1)=-2*X(1)*COS(X(2))-(1 + X(1)**2-(1-2*VON + X(1))**2)
F(2)= -2*(1-2*VON + X(1))*COS(X(3))

1 -(1+(1-2*VON + X(1))**2-X(1)**2)

F(3)=X(2)+ X(3)-WTS

RETURN

END
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APPENDIX B.3
PREDICTION OF MODE TRANSITIONS OF A CM-SRC
OPERATING ABOVE RESONANT FREQUENCY

Consider the boundary trajectories, 7,3, between Mode A and Mode B, and T, ,
between Mode A and Mode C, as shown in Figure B.3.1 and Figure B.3.2, respectively.
These two trajectories are constructed via same topological mode sequence and can be

represented by the same cquations,

14+ (R, —1+2Vyy)? — R?

oS = R Tt 2o
L+ R = (R, =1 + 2V}

cos fi = ! (2IR, on) , (B.3.1)
n

COSN= 6+ﬂ .

The parameter R, can be used to distinguish between trajectories 7,5 and T, . When
R, > 1, equations (B.3.1) represent a 7, . When R, < 1, equations (B.2.1) represent a
Tye -

As illustrated in IYigure B.3.3, the frequency of a trajectory represented by equation

(B.3.1) increases as R, decrecascs. Thus, the frequency, @y, separating trajectory T,

from trajectory 7, occurs at R, = | and is calculated as
T
Wy =3 ; (B.3.2)

where, 6 =cos!(Voy) and f=cos'(I — 2V ).
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If the converter’s operating frequency, wgy, is greater than w,y, boundary trajectory
T,c exists. This implies that Mode B operation does not exist. As S decreases, the
converter’s operation transits from Mode A to Mode C, as indicated by SA in Figure
2.13(a). The boundary B angle, S, , can be calculated by solving equation (B.3.1).
Angle g, is equal to 8 x wgy.

If wgy < wy, boundary trajectory T, exists. Thus, as s decreases, the converter’s
operation transits from Mode A to Mode B to Mode C, as indicated by SB in Figure
2.13(a). The boundary fi angle, 8,5 , is caléulated by solving equation (B.3.1). Angle
B4p is equal to f x wgy.

The boundary fis angle, 8-, between Mode B and Mode C can be calculated from
trajectory Tpe, as shown in Figure B.3.4. Angle f- is equal to B x wgy, where

B =cos’!(l1 —2V4y).
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Figure B.3.1 Boundary Trajectory Between Mode A and Mode B
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Figure B.3.2 Boundary Trajectory Between Mode A and Mode C
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Figure B.3.3 Relationship Between F requency of the Trajectory Described

by Equation (B.3.1) and Radius R,
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Figure B.3.4 Boundary Trajectory Between Mode B and Mode C
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FORTRAN Program for Determining Mode Transitions and Mode Bound-
aries Above Resonant Frequency

ehkehbhk bbbkt d kbbb hh bbb bbbk hhkhkk kbbb kbbb d bbbk bbbkt kil
okl

t++++ PROGRAM NAME : SC10BD.FOR

t¢ss+ FUNCTION : CALCULATE BOUNDARY B ANGLES AND PREDICT
Aah b MODE TRANSITIONS OFF A CM-SRC OPERATING

b ABOVE RESONANT FREQUENCY.

Phkkd
Shbbh kbbb h b kbbb b h bbb h kb bbb bbb hkkkk bbb bbb h bbbk bbb d kbbb

sk

ss+2¢+ EOR B > BETAIl ---> MODE A OPERATION
+se¢+ FOR BETAl > B > BETA2 ---> MODE B OPERATION
s++++ FOR BETA2 > B ---> MOCE C OPERATION
(121 ] ]
IMPLICIT REAL*4 (A-11,0-7)
DIMENSION PAR(3)
COMMON WTS, VON, PI
PI=4.*ATAN(L.)
10 READ(5,1000) WN, VON, INDEX
IF(INDEX.NE.1) STOP
WTS=Pl/WN
ERREL=0.0001
=0
ITMAX = 200
20 IF(VON.LT.0) GO TO 10
A3=ACOS(VON)
B3=ACOS(1-2*VON**2)
B3S=B3*180/WTS
WIN = PI/(A3+ B3)
CALL BETAI2(ERREL,ITMAX,BI12,1)
J=J+1
IF(WN.LT.WIN) THEN
BETA1=BI12*180/WTS
BETA2=B3S
ELSE
BETA1=BI12*180/WTS
- BETA2=BETALl
ENDIF
WRITE(6,2000) VON,BETA1,BITA2
WRITE(7,2000) VON,BFTA2
VON = VON-0.01
GO TO 20
1000 FORMAT(2F10.5,11)
2000 FORMAT(1X,3F14.5)
END

eleleolololisieolelelelieolelele;

ok kk
ok
AL L L)

aaoaa

SUBROUTINE BETAI2(ERREL,ITMAX,B12,JD)
EXTERNAL F12
DIMENSION X(2), XGUESS(2)
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COMMON WTS,VON,PI
N=2
J=0
IF(JD.EQ.0) THEN
X(1)= 10.
X(2)=PI
ENDIF
121 XGUESS(1)= X(1)-J*0.45
XGUESS(2) = X(2)-J*W'TS/20.
CALL NEQNF(F12,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.(1-VON).AND.X(2).GE.0.AND.
1 X(2).LE.WTS) THEN
Bi12=X(2)
RETURN
ELSE
IF(J.EQ.20) THEN
WRITE(6,1200)
STOP
ELSE
J=J+1
GO TO 121
ENDIF
ENDIF
1200 FORMAT(/,5X,’ERROR : CAN"T FIND BI12 ".))
END

bk
LA L A
ke

aacach

SUBROUTINE F12(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PI

F(1) = 2*X(1)*COS(X(2))-(1 + X(1)**2-(2*VON-1+ X(1))**2)
F(2) = 2*(2*VON-1+ X(1))*COS(WTS-X(2))

1 -(1+(2*VON-1+ X(1))**2-X(1)**2)

RETURN

END
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APPENDIX B.4
CALCULATION OF TRAJECTORY PARAMETERS
BELOW RESONANT FREQUENCY

The parameters for the equilibrium trajectories of a CM-SRC can be obtained by
solving sets of nonlinear equations. The equations are derived from the geometrical re-
lationship among the parameters. Notice that the distance between any two centers
(ml-in6) of topological modes are known.

The equations for solving the parameters of Mode-1 Trajectory have already be
shown in Section 2.3.7.1.

The equations for solving the parameters of Mode-I1 Trajectory are shown in Figure
B.4.1.

The equations for solving the parameters of Mode-111 Trajectory are shown in Figure
B.4.2.

The equations for solving the parameters of Mode-1V Trajectory are shown in Figure
B.4.3.

The equations for solving the paramecters of Mode-V Trajectory are shown in Figure
B.4.4.

The equations (or solving the parameters of Mode-VI Trajectory are shown in Figure

B.4.5.
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'FORTRAN Program for Calculating Trajectory Parameters Below Resonant
[Frequency

T I T P T P

e

*#4++  PROGRAM NAME : SCPAR.FOR

*##+4+  FUNCTION : CALCULATE PARAMETERS FOR THE EQUILIBRIUM STATE
A TRAJECTORIES OF A CM-SRC OPERATING BELOW RESONANT

hh FREQUENCY.

kbt
hkkkbtdaa bbb bbbt b bbb e bbbk khhbibr ekt bbbk bbhb bbb dbd b e

B YeYeTelelete o e e Yelale)

LAl L L)

s++++ REFER TO THE FIGURES IN APPENDIX B.4 FOR THE MEANINGS OF X(I)'S

bk

IMPLICIT REAL*4 (A-H,0-Z)
DIMENSION. BETA(6),X(6),XGUESS(6)

COMMON WTS,VON,PLBT

EXTERNAL FCNA,FCNB,FCNC,FCND,FCNE,FCNF

. PI=4*ATAN(L)
1 10 READ(5,1000) WN, VON, BS, INDEX
IF(INDEX.NL.1) STOP

READ(5,3000) (XGUESS(K), K = 1,6)
WTS=PI/WN

BT =BS*WTS/180

ERREL =0.0001

JOLD=0

ITMAX = 200

CALL SCABD(WN,ERREL,ITMAX,BETA)

1 IF(BT.GE.BETA(1)) THEN
J=1

ELSE
IF(BT.GE.BETA(2)) THEN
J=2
ELSE
IF(BT.GE.BETA(3)) THEN
J=3
ELSE
IF(BT.GE.BETA(4)) THEN
J=4
ELSE
IF(BT.GE.BETA(5)) THEN
J=5
ELSE
IF(BT.GE.BETA(6)) THEN
1=3
ELSE
1=6
ENDIF
ENDIF
ENDIF
ENDIF
ENDIF
ENDIF
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1=0
GO TO (100,200,300,400,500,600), J
100 N=6
101 IF(J.NEJOLD) THEN
X(1)=XGUESS(1)
X(2)= XGUESS(2)
X(3)= XGUESS(3)
X(4)= XGUESS(4)
X(5)=XGUESS(5)
X(6)= XGUESS(6)
ENDIF
XGUESS(1) = X(1)-1*0.1
XGUESS(2) = X(2)-1*0.05
XGUESS(3) = X(3)-1*0.1
XGUESS(4) = X(4)-1*0.1
XGUESS(5)=X(5)+ I*0.1
XGUESS(6) = X(6)-1*0.1
CALL NEQNF(FCNA ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).GT.0.AND.X(3).GE.0.AND.X(4).GE.0
1 .AND.X(5).GE.0.AND.X(6).GE.0.AND.X(3).LE.PLAND.X(4)
1 .LE.PLAND.X(5).LE.PLAND.X(6).LE.PI) GO TO 999
IF(1.GE.20) STOP
I=1+1
GO TO 101
200 N=4
201 IF(J.NEJOLD) THEN
X(1)=2.
X(2)="PI
X(3)=0.
X(4)=PI
ENDIF
XGUESS(1)= X(1)-1*0.2
XGUESS(2) = X(2)-1*0.2
XGUESS(3)= X(3) + I*0.1
XGUESS(4) = X(4)-140.2
CALL NEQNF(IFCNB,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).GT.0.AND.X(3).GE.0.AND.X(4).GE.0
1 .AND.X(2).LE.PLAND.X(3).LE.PL.AND.X(4).LE.PI) GO TO 999
1F(1.GE.20) STOP
I=1+1
GO TO 201
300 N=5
301 IFUJ.NEJOLD) THEN
X(l)= L5
X(2)=2.
X(3)=PI2
X(4)="PI
X(5)=PI/2.
ENDIF
XGUESS(1)= X(1)-1*0.15
XGUESS(2) = X(2)-1*0.2
XGUESS(3)= X(3)
XGUESS(4) = X(4)-1%0.2
XGUESS(5) = X(5)-1*0.2
CALL NEQNF(FCNC,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).GT.0.AND.X(3).GE.0.AND.X(4).GE.0
I .AND.X(5).GE.0.AND.X(3).LE.PLAND.X(4)
1 .LE.PLAND.X(5).LE.PI) GO TO 999
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IF(1.GE.20) STOP
I=1+1
GO TO 301
400 N=6
401 IF(J.NE.JOLD) THEN
X(1)=1.-2*VON
X(2)=2*VON
X(3)=Pl/4
X(4)=3*Pl/4
X(5)=Pl/4
X(6)=Pl/4
ENDIF
XGUESS(1)= X(1)-1*0.1
XGUESS(2) = X(2) + I*0.15
XGUESS(3) = X(3)-1*0.1
XGUESS(4) = X(4)-1*0.15
XGUESS(5) = X(5)-1*0.1
XGUESS(6) = X(6)-1*0.1
CALL NEQNF(FCND,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).GT.0.AND.X(3).GE.0.AND.X(4).GE.0
1 .AND.X(5).GE.0.AND.X(6).GE.0.AND.X(3).LE.PL.AND.X(4)
1 .LE.PLAND.X(5).LE.PLAND.X(6).LE.PI) GO TO 999
IF(I.GE.20) STOP
[=1+1
GO TO 401
500 N=3
501 IF(J.NEJOLD) THEN
X(1)=1-2*VON
X(3)=Pl)2
ENDIF
XGUESS(1)=X(1)+ 0.1
XGUESS(3) = X(3)-1*0.1
XGUESS(2) = WTS-BT-XGUESS(3)
CALL NEQNF(FCNE,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(1).LE.1.AND.X(2).GE.0.AND.X(3).GE.0
1 .AND.X(2).LE.PLAND.X(3).LE.PI) GO TO 999
IF(1.GE.20) STOP
I=1+1
GO TO 501
600 N=3
601 IF(J.NEJOLD) THEN
X()= 1.
X(3)=PI/2.
ENDIF
XGUESS(1)= X(1)-1*0.1
XGUESS(3) = X(3)-1%0.1
XGUESS(2) = WI'S-BT-XGUESS(3)
CALL NEQNF(FCNF,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).GE.0.AND.X(3).GE.0.AND.X(1).LE.1
1 .AND.X(2).LE.(2*PI).AND.X(3).LE.PI) GO TO 999
IF(1.GE.20) STOP
I=1+1
GO TO 601
999 WRITE(6,2000) J, BT, VON, (X(K), K=1,N)
JOLD=]
IF(BT.EQ.0.001) GO TO 10
BT=BT-WTS/100
IF(BT.LE.0) BT =0.001
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GO TO 11
3000 FORMAT(6F8.4)
2000 FORMAT(1X,I1,2X,8F8.4)
1000 FORMAT(3F10.5,11)
END

LI XL L]
L1212 1)
rhkdd

olelolele!

SUBROUTINE SCABD(WN,ERREL,ITMAX,BETA)
DIMENSION X(3),BETA(6),XGUESS(3)
COMMON WTS,VON,PLBT

Q

INTL=1
WIN = PI/(PI+ ACOS(VON))
CALL SB2(ERREL,ITMAX,B2,INTL)
IF(WN.LE.WIN) THEN
Bl=WTS-PI+ ACOS(1-2*VON**2)
ELSE
Bl=B2
ENDIF
B6= ACOS(1-2*VON**2)
BETA(1)=BlI
BETA(2)=B2
BETA(6)=B6
IF(VON.LE.0.5) THEN
VONR = ((COS(PI*(1-WN)*.5/WN))**-1 -1)*.5
IF(VON.GT.VONR) TIIEN
ID=6
BETA(3)=B6
BETA(4)=B6
BETA(5)=B6
GO TO 99
ENDIF
WIN = PI/(PI+ 2*ACOS((1 + 2*VON)**-1))
W2N = PI/(PI+ ACOS(VON) + ACOS(1-2+VON*+2))
IF(WN.GE.WIN) THEN
ID=6
BETA(3)=B6
BETA(4)=B6
BETA(5)=B6
GO TO 99
ENDIF
IF(WN.LT.WIN.AND.WN.GE.W2N) THEN
RMAX = (1 + 2*VON)/2
RMIN=VON .
SIGN=1
CALL B34(RMAX,RMIN,RUP,VON,BUP,WN,PI,SIGN)
RMAX=1.
RMIN = (1 + 2*VON)/2
SIGN=-]
CALL B34(RMAX,RMIN,RDN,VON,BDN,WN,PLSIGN)
IF(gUP.LE.(1-2'VON).AND.RDN.LF,.( 1-2*VON)) THEN
ID=3
BETA(3)=BUP
BETA(4)= BDN
BETA(S5)= BDN
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GO TO 99
ENDIF
lF%gUP.GT.(l-Z*VON).AND.RDN.GT.(1-2‘VON)) THEN

=5

BETA(3)=BUP

BETA(4)=BUP

BETA(S)= BDN

GO TO 99
ENDIF
IF{II;UP.LE.(1-2‘V0N).AND.RDN.GT.(1-2'VON)) THEN

=1

B5=ACOS(1-6*VON*#2/(1-2*VON))

BETA(3)=BUP

BETA(4)=B5

BETA(S)=BDN

GO TO 99
ENDIF

ENDIF
IF(WN.LT.WIN.AND.WN.LT.W2N) THEN
RMAX = (1 + 2*VON)/2
RMIN=VON
SIGN=1
CALL B34(RMAX,RMIN,RUP,VON,BUP,WN,PISIGN)
IF(RUP.LE.(1-2*VON)) THEN

ID=2

B5=ACOS(1-6*VON**2/(1-2*VON))

BETA(3)= BUP

BETA(4)=BS

BETA(S)=B6

ELSE

ID=4

BETA(3)=BUP

BETA(4)=BUP

BETA(S)=B6
ENDIF
GO TO 99

ENDIF
ELSE
WIN = PI/(P1+ ACOS(1-2*VON**2) + ACOS(VON))
IF(WN.GT.WIN) THEN

ID=6

BETA(3)=B6

BETA(4)=B6

BETA(S)=B6

ELSE

ID=4

RMAX = |

RMIN = VON

SIGN=1

CALL B34(RMAX,RMIN,RUP,VON,BUP,WN,PISIGN)

BETA(3)= BUP

BETA(4)= BUP

BETA(S)=B6
ENDIF

ENDIF

99 RETURN
END

C
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SUBROUTINE SB2(ERREL,ITMAX,B2,INTL)
EXTERNAL FCN2
DIMENSION X(3),XGUESS(3)
COMMON WTS,VON,PI,BT
N=3
J=0
IF(INTL.EQ.1) THEN
X()=1.1
X(2)=3.14
X(3)=1.57
ENDIF
121 XGUESS(1)=X(1)-J*0.1
XGUESS(2) = X(2)-J*0.15
XGUESS(3) = X(3)
CALL NEQNF(FCN2,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.0.AND.X(2).GE.0.AND.X(3).GE.0.AND.X(3).LE.PI
1 .AND.X(2).LE.3.1416) THEN
B2=X(2)
RETURN
ELSE
IF(J.EQ.10) THEN
WRITE(6,1200)
STOP
ELSE
I=J+1
GO TO 121
ENDIF
ENDIF
lZOOEll;%RMAT(/,SX,’ERROR :CAN"TFIND B2 *))

skt
ekt
(2211

olelelele]

SUBROUTINE B34RMAX,RMIN,R,VON,BT,WN,PLSIGN)
221 R=(RMAX +RMIN)/2.
BT =ACOS((1+ R**2-(1-R + 2*VON)**2)*0.5/R)
AL=ACOS((1 +(1-R + 2*VON)**2-R**2)* 5/(1-R + 2*VON))
WCAL = PI/(AL+ BT + PI)
IF(ABS(WN-WCAL).LT.0.0001) RETURN
IF(SIGN*WCAL.GT.SIGN*WN) TTIEN
RMAX=R

ELSE

RMIN=R
ENDIF
GO TO 221
END

*hken
L2 12 L]
ek

olololele!

SUBROUTINE FCN2(X,F,N)
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DIMENSION X(N), F(N)

COMMON WTS,VON,PLBT

F(1)=-2*X(1)*COS(X(2))-(1 + X(1)**2-(1-2*VON + X(1))**2)
F(2)= -2*(1-2*VON+ X(1))*COS(X(3))

1 -(L+(1-2*VON + X(1))**2-X(1)**2)

F(3) UX(z) +X(3)-WTS

END

shehd
ok
L1221

aqaaaa

SUBROUTINE FCNA(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PLBT

F(1) =-2*X(1)*COS(X(6))-(1 + X(1)**2- X(2)"2)

F(2) = -2%(X(1)-2*VON)*COS(X(5))-(1 + (X(1)-2*VON)**2-X(2)**2)
F(3)= 2*X(2)*COS(X(3))-(1 + X(2)**2-(X(1)-2*VON)**2) .
F(4) = 2*X(2)*COS(X(4))-(1 + X(2)**2-X(1)**2)

F(5)=X(5)+ X(6)-BT

F(6) = PI-X(3)-X(4) + X(5) + X(6)-WTS

RETURN

END

shrid
Yk
rhdd

aaaan

SUBROUTINE FCNB(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PIL,BT

F(1)=-2*X(1)*COS(X(2))-(1 + X(1)**2-(1-2*VON + X(1))**2)
F(2)=-2*(1+ X(1)-2*VON)*COS(X(4))-(1 + (1 + X(1)-2*VON)**2
1 -X(D)**2)

F(3)=X(4)+ X(2) + X(3)-WTS

F(4)=X(2)+ X(3)-BT

RETURN

END

hddp
LA L L)
b

acaoan

SUBROUTINE FCNC(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PI,BT

F(1)=-2*X(2)*COS(X(4))-(1 + X(2)**2-X(1)**2)

F(2) = 2*(X(2) + 2*VON)*COS(X(5))-(1 + (X(2) + 2*VON)**2-X(1)**2)
F(3)=2*X(1)*COS(X(3) + BT)-(1 + X(1)**2-(X(2) + 2*VON)**2)
F(4) = 2*X(1)*COS(X(3))-(1+ X(1)**2-X(2)**2)

F(5)=X(4) + X(5)+ BT-WTS

RETURN

END

bk
shkd

olole!
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SUBROUTINE FCND(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PI,BT

F(1) = 2*X(1)*COS(X(4))-(1 + X(1)**2-X(2)**2)
F(2)=24(X(1) + 2*VON)*COS(X(3))-(1 + (X(1)+ 2*VON)**2
1 ~(X(2)-4*VON)**2)

F(3)=2*X(2)*COS(X(6))-(1 + X(2)**2-X(1)**2)

F(4) = 2%(X(2)-4*VON)*COS(X(5))-(1 + (X(2)-4*VON)**2
1 -(X(1)+2*VON)**2)

F(5)= X(3)+ X(4)-BT

F(6)= X(5)+ X(6)+ BT + PI-WTS

RETURN

END

(L2121
etk
shkbh

ololelele!

SUBROUTINE FCNE(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PI,BT

F(1)=2*X(1)*COS(BT)-(1 + X(1)**2-(1-X(1) + 2*VON)**2)

F(2) o 24(1-X(1) + 2*VON)*COS(X(3))-(1 + (1-X(1) + 2*VON)**2
1 -X(1)**2)

F(3)=X(3)+ BT + X(2) + PI-WTS

RETURN -

END

L LY L
L L L
rhkdd

aqanaon

SUBROUTINE FCNF(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS,VON,PI,BT

F(1)=2*X(1)*COS(BT)-(1 + X(1)**2-(X(1)-1+ 2*VON)**2)
F(2)=2%(X(1)-1 + 2*VON)*COS(X(3))-(1 + (X(1)-1+ 2*VON)**2
1 -X(1)**2)

F(3)=X(3)+ BT + X(2)-WTS

RETURN

END
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FORTRAN Programs for Calculating Circuit Salient Features of a
CM-SRC Operating Below Resonant Frequehcy

T N T i
reres

¢++s+  PROGRAM NAME : SCOUTIL.FOR

*#s+s¢  FUNCTION : CALCUILATE AVERAGE INDUCTOR CURRENT (LOAD
hhddd CURRENT), RMS INDUCTOR CURRENT AND PEAK CAP-
eies ACITOR VOLTAGE.

ke
L AA L R L R IS I A L L it L I e e R ST R I YR Y T2 ]

aaaoacaaan

REAL IAV, ILRMS, VPK
DIMENSION X(6)
PI=4.*ATAN(1)
10 READ(5,1050) WN
WTS=PI/WN
11 READ(5,1000) J,BT,VON,(X(K), K = 1,6)
C
C *+*+++ TIIE INPUIS ARE OBTAINED FROM PROGRAM SCPAR.FOR
C
IF(J.EQ.0) STOP
GO TO (100,200,300,400,500,600), J
100 R=X(1)
R1=X(2)
Bl=X(3)
B2=X(4)
AL=X(5)
GA =X(6)
IAV = ((R-2*VON)*(1-COS(AL)) + R1*(COS(B1)+ COS(B2)) + R*(1-COS(GA)))
1 /WTS
ILRMS = ((0.5%(R-2*VON)**2*(AL-0.5*SIN(2*AL)) + 0.5*R 1 **2*(PI-
1 BI1-B2+0.5*SIN(2*B1)+ 0.5*SIN(2*B2)) + 0.5*R **2%(GA-
1 0.5*SIN(2*GA)))/WTS)**0.5
VPK = 1+R-VON
GO TO 999
200 R=X(1)
Bl=X(2)
FI=X(3)
AL=X(4)
IAV = ((1-2*VON + R)*(1-COS(AL)) + R*(1-COS(B1)))/WTS
ILRMS = ((0.5*(1-2*VON + R)**2*(AL-.5*SIN(2*AL))
1 +.5*R**2%(BI1-.5*SIN(2*B1)))/WTS)**0.5
VPK=1+R-VON
GO TO 999
300 R=X(1)
R1=X(2)
Bl =X(3)
AL=X(4)
GA=X(5)
IAV = (R1*(1-COS(AL)) + R*(COS(BN-COS(B1 + BT)) + (R1+ 2*VON)*
1 (1-COS(GA)))/WTS
ILRMS = ((0.5*R1**2%(AL-.S*SIN(2*AL)) + .5*R**2*(BT + .5*SIN(2*B1)
1 -.5*SIN(2*BI+ BT)))+.5*(R 1+ 2*VON)**2*(GA-.5*SIN(2*GA)))
I /WTS)**0.5
VPK'=R1+VON
GO TO 999
400 R=X(1)
R1=X(2)
Bl=X(3)
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B2=X(4)
AL=X(5)
GA=X(6) '
IAV = (2*(R1-2*VON) + (R 1-4*VON)*(1-COS(AL)) + (R + 2*VON)*(1-COS(B1))
1 +R*(1-COS(B2))+ R1*(1-COS(GA)))/WTS
ILRMS = ((.5*(R1-2*VON)**2*PI + ,5%(R 1-4*VON)**2#(AL-.5*SIN(2*AL))
1 +.5%R+2*VON)**2*BI-.5*SIN(2*B1)) + .5*R **2%(B2-.5*SIN(2* B2))
I +.5*R1**2%(GA-.5*SIN(2*GA)))/WTS)**0.5
VPK =R1-VON
GO TO 999
500 R=X(1)
Fl=X(2)

AL=X(3)
IAV = (2%(1-R) + R*(1-COS(BT)) + (1-R + 2*VON)*(1-COS(AL)))/WTS

ILRMS = ((.5*PI*(1-R)**2+ .5*R **2*(BT-.5*SIN(2*BT))
I +.5%1-R+ 2*VON)**2¢(AL-.5*SIN(2*AL)))/WTS)**0.5
VPK = I-R+VON
GO TO 999
600 R=X(1)
FI=X(2)
AL=X(3)
IAV = (R*(1-COS(BT)) + (R-1+ 2*VON)*(1-COS(AL)))/WTS
ILRMS = ((.5*R**2*(BT-.5*SIN(2*BT)) + .5*(R-1+ 2*VON)**2*
I (AL-.5*SIN(2*AL)))/WTS)**0.5
VPK =R-1+VON
999 BS=BT*I80/WTS
WRITE(6,2000) BS, IAV, ILRMS, VPK
GO TO 11
1050 FORMAT(F10.5)
1000 FORMAT(1X,I1,2X,8F'8.4)
2000 FORMAT(4F14.5)
END
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*#442 PROGRAM NAME : SCOUT2.FOR

*+se+ FUNCTION : CALCULATE AVERAGE CURRENTS FOR D1,D2, RMS
thdde CURRENTS, TURN-ON CURRENTS AND TURN-OFF CUR-
AAhdd RENTS FOR Q1,Q2.

(222 ] ]
LA ARl L LS L A Al A i A I S AR i i Al E LY 22212 2sTd

acoaaoaaan

REAL IQA, IDA, IAOFF, IAON
DIMENSION X(6)
PI=4.*ATAN(l))
10 READ(5,1050) WN
WTS=PI/WN
11 READ(5,1000) J,BT,VON,(X(K), K=1,6)
C
C *++++ THE INPUTS AERE OBTAINED FROM PROGRAM SCPAR.FOR
C
IF(J.EQ.0) STOP
GO TO (100,200,300,400,500,600), J
100 R=X(1)
R1=X(2)
Bl=X(3)
B2=X(4)
AL=X(5)
GA=X(6)
IDA =(R-2*VON)*(1-COS(AL))/W'TS
IQA=((0.5*R1**2*(PI-B1-B2+ 0.5*SIN(2*B 1) + 0.5*SIN(2*B2))
I +0.5*R**2*(GA-0.5*SIN(2*GA)))/WTS)**0.5
IAOFF=0.
IAON=RI1*SIN(B1)
GO TO 999
200 R=X(1)
B1=X(2)
FI=X(3)
AL=X(4)
IDA=0.
IQA=((0.5*(1-2*VON + R)**2*(AL-.5*SIN(2*AL))
1 +.5*R**2*(B1-.5*SIN(2*B 1)))/WTS)**0.5
IAOFF=0.
IAON=0.
GO TO 999
300 R=X(1)
R1=X(2)
B1=X(3)
AL=X(4)
GA=X(5)
IDA = (R1+2*VON)*(1-COS(GA))/WTS
IQA = ((0.5*R1**2*(AL-.5*SIN(2*AL)) + .5*R**2%(BT + .5*SIN(2*B1)
1 -.5*SIN(2*(B1 + BT))))/WTS)**0.5
IAOFF=(R1+2*VON)*SIN(GA)
IAON=0.
GO TO 999
400 R=X(1)
R1=X(2)
B1=X(3)
B2=X(4)
AL=X(5)
GA=X(6) ,
IDA = ((R1-4*VON)*(1-COS(AL)) + (R + 2*VON)*(1-COS(B1)) + R1*(1-COS(GA)))
1 /WTS
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IQA = ((.5*(R1-2*VON)**2+PI + .S*R**2#+(B2-.5*SIN(2*B2)))/WTS)**0.5
IAOFF = R1*SIN(GA)
IAON=0.
GO TO 999
500 R=X(1)
FI=X(2)
AL=X(3)
IDA = (1-R + 2*VON)*(1-COS(AL))/WTS
IQA = ((.5*PI*(1-R)**2+ .5*R**2*(BT-.5*SIN(2*BT)))/WTS)**0.5
IAOFF =(1-R + 2*VON)*SIN(AL)
IAON=0.
GO TO 999
600 R=X(1)
FI=X(2)
AL=X(3)
IDA = (R-1+ 2*VON)*(1-COS(AL))/WTS
IQA = (.5*R**2#(BT-.S*SIN(2*BT))/WTS)**0.5
IAOFF = R*SIN(BT)
IAON=0.
999 BS=BT*I80/WTS
WRITE(6,2000) BS, IDA, IQA, IAOFF, IAON
GO TO 11
1050 FORMAT(F10.5)
1000 FORMAT(1X,I1,2X,8F8.4)
2000 FORMAT(5F14.5)
END

APPENDIX B.S 276



aoaaqacan

C

(A2 AR A R AR I Rl L R L I I R A R RS IR Sl PR YL Y L]

rhkhd
(22 L1
kb
rhetd
D
e

PROGRAM NAME : SCOUT3.FOR

FUNCTION : CALCULATE AVERAGE CURRENTS FOR D3,D4, RMS
CURRENTS, TURN-ON CURRENTS AND TURN-OFF CUR-
RENTS FOR Q3,Q4.

SRERRRF R bR bR R bR b kbbb bR bk bk bk bRk bRk R h kbbbt s b dp kb sdd

REAL IDB, IQB, IBOFF, IBON
DIMENSION X(6)
PI=4.*ATAN(L.)

10 READ(S,1050) WN

WTS =PI/WN

11 READ(5,1000) J,BT,VON,(X(K), K=1,6)
C
C #+*++ THE INPUTS ARE OBTAINED FROM PROGRAM SCPAR.FOR

IF(J.EQ.0) STOP
GO TO (100,200,300,400,500,600), J
100 R=X(1)

Rl=

X(2)

Bl=X(3)

B2=

X(4)

AL=X(5)

GA=X(6)

IDB = ((R-2*VON)*(1-COS(AL)) + R1*(COS(B1) + COS(B2)))/WTS
IQB = (0.5*R**2*(GA-0.5*SIN(2*GA))/WTS)**0.5

IBOFF=0.

IBON = R1*SIN(B2)

GO TO 999

200 R=X(1)

Bl=

X(2)

FI=X(3)

AL=

X4

IDB = (1-2*VON + R)*(1-COS(AL))/WTS
IQB =(.5*R**2*(B1-.5*SIN(2*B1))/WTS)**0.5
IBOFF=0.

IBON = R*SIN(BI)

GO TO 999

300 R=X(1)

Rl=

X(2)

Bl=X(3)

AL=

X4

GA=X(5)
IDB=R1*(1-COS(AL))/WTS
IQB = ((.5*R**2#(BT + .5*SIN(2*B1)-.5*SIN(2*(B1 + BTY)))

l

+.5%(R1+2*VON)**2*(GA-.5*SIN(2*GA)))/W'TS)**0.5

IBOFF =0.
IBON = R*SIN(BI)
GO TO 999

400 R=X(1)
R1=X(2)
Bl=X(3)
B2=X(4)

AL=

X(5)

GA=X(6)
IDB = (2*(R1-2*VON) + (R + 2*VON)*(1-COS(B1)))/WTS
IQB=((.5*(R1-4*VON)**2*(AL-.5*SIN(2*AlL)) + .5*R**2*(B2-.5*SIN(2*B2))

1

+ .5*R1*+2%(GA-.5*SIN(2*GA)))/WTS)**0.5

IBOFF = (R + 2*VON)*SIN(B1)
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IBON=0.
GO TO 999
500 R=X(1)
FI=X(2)
AL=X(3)
IDB = 2*(1-R)/WTS
IQB = ((.5*R**2*(BT-.5*SIN(2*BT)) + .5%(1-R + 2*VON)**2%(AL-
1 .5*SIN(2*AL)))/WTS)**0.5
IBOFF=0.
IBON=0.
GO TO 999
600 R=X(1)
FI=X(2)
AL=X(3)
IDB=0. _
IQB =((.5*R**2*(BT-.5*SIN(2*BT)) + .5%(R-1 + 2*VON)**2*
1 (AL-.5*SIN(2*AL)))/WTS)**0.5
IBOFF=0.
IBON=0.

999 BS=BT*180/WTS
WRITE(6,2000) BS, IDB, 1QB, IBOFF, IBON

GO TO 11
1050 FORMAT(F10.5)
1000 FORMAT(1X,11,2X,8F8.4)

2000 FORMAT(SF14.5)
END
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APPENDIX B.6
DC CHARACTERISTICS BELOW
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APPENDIX B.7
CALCULATION OF TRAJECTORY PARAMETERS
ABOVE RESONANT FREQUENCY

The equations for solving the parameters of the equilibrium trajectories of a CM-SRC
operating above resonant frequency are included in this section.

The equations for solving the parameters of Mode-A Trajectory are shown in Figure
B.7.1.

The equations for solving the parameters of Modc-B Trajectory are shown in Figure
B.7.2.

The equations for solving the paramcters of Mode-C Trajectory are shown in Figure

B.7.3.
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FORTRAN Program for Calculating Trajectory Parameters Above Reso-
nant Frequency

T P T T T Ty
rtie

t+ss+ PROGRAM NAME : SCIOPAR.FOR

shese

##+4+  FUNCTION : CALCULATE EQUILIBRIUM STATE TRAJECTORY PARAMETERS
bl FOR A GIVEN OUTPUT VOLTAGE, VON, AND OPERATING

here FREQUENCY, WN. B ANGLE : VARYING.

Pk
dhkpkbhpb kbbb bbb bbb th bbbk bbbk bk bbb bbbk hb kbbb bbbk h b hh b hk b

*hbph

s++++ REFER TO THE FIGURES IN APPENDIX B.7 FOR THE MEANINGS OF X(Iy'S
shddd
IMPLICIT REAL*4 (A-H,0-7)
EXTERNAL FCNA, FCNB, FCNC
COMMON WTS, VON, PI, BT
DIMENSION X(5), XGUESS(5), Y(5), YY(5)
PI=4.*ATAN(1.)
1=0
10 READ(5,1000) WN, VON, INDEX
IF(INDEX.NE.1) STOP
READ(5,2100) (XGUESS(K), K = 1,5)

*##+ A GOOD GUESS FOR X(K), K=1,518
+++6.6,68, 1.9, 14, 1.7 FOR WN= 1.1, 1.2,
%**4,4,2,2,1.5FOR WN=13,
#++28,28,1.7, 1.7, 1.3 FOR WN= 14

olelelolelvioieololelolele!

aoqaaan

JA=0
JB=0
IC=0
WTS =PI/WN
ERREL = .0001
ITMAX = 200
A3=ACOS(VON)
B3=ACOS(1-2*VON**2)
WIN = PI/(A3+ B3)
CALL BETAI2(ERREI.ITMAX,B12,])
J=J+1
IF(WN.LT.WIN) TIIEN

BETAl=BI12

BETA2= B3

ELSE
BETAl=BI12
BETA2=BI2

BT=WTS
99 IF(BT.GE.BETAl) THEN
=1
ELSE
IF(BT.GE.BETA2) THEN
J1=2
ELSE
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=3
ENDIF
ENDIF
GO TO (100,200,300), JJ
100 N=5
IC=0
IF(JA.EQ.0) THEN
Y(1)= XGUESS(1)
Y(2)= XGUESS(2)
Y(3)= XGUESS(3)
Y(4)= XGUESS(4)
Y(5)= XGUESS(5)
ENDIF -
110 XGUESS(1)=Y(1)-IC*.5
XGUESS(2)= Y(2)-IC*.5
XGUESS(3) = Y(3)-IC*WTS/20
XGUESS(4) = Y(4)-IC*WTS/20
XGUESS(5) = Y(5)-IC*WTS/20
CALL NEQNF(FCNA,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.(1-VON).AND.X(2).GE.VON.AND.
1 X(3).LE.PI.AND.X(3).GE.0.AND.X(4).GE.0
1 .AND.X(4).LE.PLAND.X(5).GE.0.AND.
1 X(S5).LE.PT) THEN
ID=1
A=A+
DO [15K=I,N
115 Y(K)=X(K)
BS=BT*180/WTS
WRITE(6,2000) ID,WTS,VON,BS,(X(I), I= 1,N)
GO TO 999
ELSE
IF(IC.GE.20) STOP
IC=IC+]!
GO TO 110
ENDIF
200 N=5
IC=0 _
IF(JB.EQ.0) THEN
YY(2)=Y(1)
YY(1)=Y(1)-1
YY(5)= Y(4)
YY(3)=0.
YY(4)=0.
ENDIF
235 XGUESS(1)= YY(1)
XGUESS(2) = YY(2)
XGUESS(3)= YY(3)
XGUESS(4) = YY(4) + 1C*0.1
XGUESS(5)= YY(5)
DO 236 JK=I,N
236 IF(XGUESS(JK).LT.0) XGUESS(JK)=0
CALL NEQNF(FCNB,ERREL,N;ITMAX,XGUESS,X, FNORM)
IF(X(1).GE.0.AND.X(2).GE.0.AND.X(3).GE.0.AND.
1 X(3).LE.PLAND.X(4).LE.WTS.AND.X(4).GE.0.AND.
1 X(5).LE.WTS.AND.X(5).GE.0) THEN
ID=2
IB=JB+1
DO 250 K=1I,N
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250 YY(K)=X(K)
BS=BT*180/WTS
WRITE(6,2000) ID,WTS,VON,BS,(X(I), I= I,N)
IC=0
GO TO 999
ELSE
IF(XGUESS(4).GE.WTS) THEN
BT=BT+0.015
IC=0.
GO TO 99
ELSE
IC=IC+1
GO TO 235
ENDIF
ENDIF
300 N=3
IC=0
IF(JC.EQ.0) THEN
Y()=1
Y(3)= ACOS(VON)
Y(2)= WTS-Y(3)-ACOS(1-2*VON**2)
ENDIF
360 XGUESS(1)= Y(1)-IC*0.1
XGUESS(2) = Y(2) + IC*0.1
XGUESS(3) = Y(3)-1C*0.1
DO 361 JK=1I,N
361 IF(XGUESS(JK).LT.0) XGUESS(JK)=0 -
CALL NEQNF(FCNC,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).LE.1. AND.X(2).LE.WTS.AND.X(2).GE.0.AND.
1 X(3).LT.WTS.AND.X(3).GE.0) THEN
ID=3
JC=JC+1
DO 350 K=1,N
350 Y(K)=X(K)
BS = BT*180/WTS
WRITE(6,2000) ID,WTS,VON,BS,(X(I), I=1,N)
IC=0
GO TO 999
ELSE
IF(IC.GE.20) STOP
IC=IC+1
GO TO 360
ENDIF
999 [F(BT.LE.0) GO TO 10
BT =BT-WTS/100
IFBT.LT.0) BT=0
GO TO 99
1000 FORMAT(2F10.5,11)
2000 FORMAT(1X,I1,F8.5,F7.4,710.5,519.5)
2100 FORMAT(5F9.5)
END

ehkkd
LA Ll L]
LE L L L)

olelelele]

SUBROUTINE FCNA(X,F,N)
DIMENSION X(N), F(N)

APPENDIX B.7



ololelele!

slelelele!

olvielele:

COMMON WTS, VON, PI, BT

F(1)= 2%X(1)+ 2*VON)*COS(BT-X(5))-(1 + (X(1) +

1 2%VON)**2-X(2)**2)

F(2)= 2*X(2)*COS(X(3))-(1+ X(2)**2-(X(1)+ 2*VON)**2)
F(3)= 2*X(2)*COS(X(4))-(1 + X(2)**2-X(1)**2)

F(4)= 2*X(1)*COS(X(5))-(1+ X(1)**2-X(2)**2)

F(5)= WTS-BT-X(3)-X(4)+ PI

RETURN

END

L2 AL L]
(1111
(a2l ]

SUBROUTINE FCNB(X,F,N)
DIMENSION X(N), F(N)

COMMON WTS, VON, PI, BT
F(1)=-2*X(1)*COS(X(5))-(1 + X(1)**2-X(2)**2)

F(2)= 2%(X(1)+ 2*VON)*COS(X(4))

1 -(1+(X(1)+2*VON)**2-X(2)**2)

F(3)= 2*X(2)*COS(X(3))-(1+ X(2)**2-X(1)**2)

F(4)= 2*X(2)*COS(X(3) + BT)-(1 + X(2)**2-(X(1) + 2*VON)**2)
F(5)= X(5)+ X(4)-WTS + BT

RETURN

END

wkkhd
ekt
L2 21l

SUBROUTINE FCNC(X,F,N)
DIMENSION X(N), F(N)

COMMON WTS, VON, PI, BT

F(1)= 2*X(1)*COS(BT)-(1 + X(1)**2-(X(1)-1 + 2*VON)**2)
F(2)= 2%(X(1)-1+ 2*VON)*COS(X(2))

1 -(1+(X(1)-1+2*VON)**2-X(1)**2)

F(3)= X(2)+X(3)+ BT-WTS

RETURN

END

(i1t
L L L LT
bt

SUBROUTINE BETA12(ERREL,ITMAX,B12,ID)
EXTERNAL F12
COMMON WTS, VON, PI, BT
DIMENSION X(2), XGUESS(2)
N=2
J=0
IF(JD.EQ.0) THEN
X(1)=10.
X(2)=WTS
ENDIF

121 XGUESS(1)= X(1)-J*0.45

XGUESS(2)=X(2)-J1*WTS/20.
CALL NEQNF(F12,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.(1-VON).AND.X(2).GE.0.AND.
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1 X(2).LE.WTS) THEN
B12=X(2)
RETURN
ELSE
1F(J.EQ.20) THEN
WRITE(6,1200)
STOP
ELSE
I=J+1
GO TO 121
ENDIF
ENDIF
1200 FORMATY(/,5X,,ERROR : CAN'T FIND BI2 *,)
END

bkt
LAl L]
kb

olololele!

SUBROUTINE F12(X,F,N)

DIMENSION X(N), F(N)

COMMON WTS, VON, PI, BT

F(1)= 2*X(1)*COS(X(2))-(1 + X(1)**2-(2*VON-1+ X(1))**2)
F(2) = 24(2*VON-1+ X(1))*COS(WTS-X(2))
1 -(1+(2*VON-1+X(1))**2-X(1)**2)

RETURN

END
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EXPRESSIONS FOR CIRCUIT SALIENT FEATURES

APPENDIX B.8

ABOVE RESONANT FREQUENCY

Circuit -Circuit Operating Modes
Salient
Features Mode A Mode B Mode C
Verx Ri—-1+Voy Ry+Von Ry =1+ Voy
! Da+ Db+ Dc Da+ Db+ Dc Da+ Db
A woTs wyTs woTs
Ra+Rb+Rc 1 [ Ra+Rb+Rec ]+ Ra+Rb |5
Irms — P |2 2
(DoTJ onJ ons
I Ra_ 15 Ra+Rb &
QIRMS wyTs woTs ons
I Ra+Rb 1+ Rb+Re |5 Ra+Rb
QIRMS onS onS ons
I Db+ Dc Dc
D14y woT's woT's ons
I Dec Da 0
D24v (DoTJ' (DoTS
lQlo/]' R2 sin n R3 sin & Rz sin &
IQZO_”' R3 sin (-4 0 0
1910n 0 0 0
IQlon 0 R| sin Y 0
Da= R\(1 —cosy) Ry(1 —cosn) R\(1 —cos )
Db= —=Ry(cosn+cosd) [R(cosy— cos(y +8) Ry(1 — cos §)
Dc= Ry(1 — cos o) R,(l —cos )
| R, siny . | R sin 21 sin 23
Ra= =5 -—=) ? - ) (ﬂ - )
R 2
Ro= | Férn-e- | L+ sndy _ _f_(,;__)
sin2§ , sin2y Sln(zv + Zﬁ)
( >t )] ) — )
' R sin2e R} sin 26
Re= | 57— | 56-737)
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FORTRAN Programs for Calculating Circuit Salient Features of a

'CM-SRC Operating Above Resonant Frequency

L L L L LT T
I

*#24+ PROGRAM NAME : SCI00UT.FOR

sheee

*a#2+ FUNCTION : CALCULATE IAV, IRMS, VPK, IQARMS, IQBRMS,
A IDA, IDB, IAOFF, IBOFF, IAON, IBON. SRC,

heee ABOVE RESONANT FREQUENCY.

rhkdd
LA A A A A I L L L L L Y Y T YT I L)

elelelelolielelelele)

REAL IAV, IRMS, IQARMS, IQBRMS, IDA, IDB, IAOFF, IBOFF,
1 IAON, IBON

DIMENSION X(5)

PI=4.*ATAN(1.)

10 READ(5,1000) ID,WTS,VON,BS, (X(I),[ = 1,5)
GO TO (100,200,300), ID
100 R=X(1)

R1=X(2)

Bl=X(3)

B2=X(4)

AL=X(5)

B=WTS-X(3)-X(4)+ Pl -

GA=B-AL

IAV = (R*(1-COS(AL))-R1*(COS(B1) + COS(B2))

1 +(R+2*VON)*(1-COS(GA)))/WTS

IRMS = ((R**2* 5%(AL-.5*SIN(2*AL)) + R1##2*.5%(B2+ B1-PI
1 -.5%SIN(2*B2) + SIN(2*BI1))) + (R + 2*VON)*+2¢ 5+
1 (GA-.5*SIN(2*GA)))/WTS)**.5

VPK =R-1+VON

IDA = (-R1%(COS(B1)+ COS(B2)) + (R + 2*VON)*(1-COS(GA)))/WTS
IQARMS = (R**2* 5*(AL-.5*SIN(2*AL))

1 /WTS)**5

IAOFF = R1*SIN(B2)

IAON=0.

IDB = (R + 2*VON)*(1-COS(GA))/WTS

IQBRMS = ((R**2*.54(AL-.5*SIN(2*AL)) + R1#*2%.5%(B2 + B1-PI
I -.5*SIN(2*B1)+SIN(2*B2))))/ WTS)**.5
'IBOFTF = (R + 2*VON)*SIN(GA)

IBON=0.

GO TO 20

200 R=X(1)

RI=X(2)

Bl =X(3)

GA=X(4)

AL=X(5)

B=WTS-GA-AL

IAV = (R*(1-COS(AL)) + R 1*(COS(B1)-

1 COS(BI+B))+ (R + 2*VON)*(1-COS(GA)))/WTS
IRMS = ((R**2%.5%(AL-.5*SIN(2*AL)) + R | *+2*

1 .5*(B+.5*SIN(2*B1)-.5*SIN(2*B1 + 2*B)) +

1 (R+2*VON)**2* 5%(GA-.5*SIN(2*GA)))

1 /WTS)**.5

VPK =R + VON
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IDA = (R + 2*VON)*(1-COS(GA))/WTS
IQARMS = ((R**2*.5%AL-.5*SIN(2*AL))+ R1#*2*
1 .5*B+.5*SIN(2*B1)-.5*SIN(2*B| + 2*B)))
1 /WTS)**.5
IAOFF = (R + 2*VON)*SIN(GA)
IAON=0.
IDB = R*(1-COS(AL))/WTS.
IQBRMS = ((R1+*2*
I .5%B+.5*SIN(2*B1)-.5*SIN(2*B1 + 2*B)) +
1 (R+2*VON)*%2¢ 5% GA-.5*SIN(2*GA)))
1 /WTS)**.5
IBOFF=0.
IBON=RI*SIN(BI)
GO TO 20
300 R=X(1)
GA=X(2)
FI=X(3)
B=WTS-GA-FI
IAV = (R*(1-COS(B)) + (R-1 + 2*VON)*(1-COS(GA)))
1 /WTS
IRMS = ((R**2*.5%(B-.5*SIN(2*B)) + (R-1 + 2*VON)**2
1 *5%GA- S'SIN(2'GA)))/WTS)" 5
VPK=R-1+VO
IDA=(R-1+ 2‘VON)*(I -COS(GA))/WTS
IQARMS = (R**2*.5%(B-.5*SIN(2*B))/WTS)**.5
IAOFF = (R-1+2*VON)*SIN(GA)
IAON= 0
IDB=0.
IQBRMS = IRMS
IBOFF=0.
IBON=0.

20 WRITE(6,2000) BS,IAV,IRMS,VPK
WRITE(7,2000) BS,IQARMS,IDA,JAOFT,IAON
WRITE(8,2000) BS,IQBRMS,IDB,IBOFT,IBON
GO TO 10

1000 FORMAT(1X,11,F8.5,F7.4,F10.5,5[°9.5)
2000 FORMAT(5F14.5)
END
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APPENDIX B.9
DC CHARACTERISTICS ABOVE
RESONANT FREQUENCY
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APPENDIX B.10
GENERATION OF CIRCUIT WAVEFORMS OF A CM-SRC

Fortran Program for Generating Capacitor Voltage and Inductor Current
Waveforms (Below Resonant Frequency)

n"uuuuntnntnuuunuunnnntnuu‘uunununuouu

T

*es++  PROGRAM NAME : SCWAVE.FOR

tes++  [UNCTION : GENERATE STEADY-STATE WAVEFORMS FOR THE INDUCTOR
b CURRENT AND CAPACITOR VOLTAGE OF A CM-SRC

b OPERATING ABOVE RESONANT FREQUENCY.

thhnd
(A2 A I AL L A A A A R e L L I I AT s ey

aaooanann

REAL ILN, VCN
DIMENSION X(6)
PI=4.*ATAN(1)
10 READ(5,1050) WN
11 READ(5,1000) J,BT,VON(X(K), K = 1,6)
C

C ***++ THE INPUTS ARE OBTAINED I'ROM PROGRAM SCPAR.FOR

C
IF(1.LEQ.0) STOP
WT=0. -

YT=0.
GO TO (100,200,300,400,500,600), J
100 R=X(1)
RI=X(2)
B1=X(3)
B2=X(4)
AL=X(5)
GA = X(6)
T=PI-Bl
101 IF(T.LT.B2) GO TO 102
ILN=RI*SIN(T)
VCN=RI*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T ="T-(PI-B2-B1)/30.
WT'=WT + (PI-B2-B1)* 180*WN/PI/30.
GO TO 101
102 T=GA
YT=YT+(PI-B2-B1)
WT = YT*180*WN/PI
103 IF(T.LT.0) GO TO 104
ILN = R*SIN(T)
VCN=R*COS(T) + 1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-GA/50.
WT=WT + GA*180*WN/PI/50.
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GO TO 103

104 T=0.
YT=YT+GA
WT = YT*180*WN/PI

105 IF(T.LT.-AL) GO TO 106
ILN = (R-2*VON)*SIN(T)
VCN = (R-2*VON)*COS(T) + 1 + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/30.
WT=WT + AL*180*WN/P1/30.
GO TO 105

106 T=-Bl
YT=YT+AL
WT=YT*180*WN/PI

107 IF(T.LT.(-P1+ B2)) GO TO 108
ILN=RI*SIN(T)
VCN = R1*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-(P1-B2-B1)/30.
WT=WT+ (PI-B2-B1)*180*WN/PI/30.
GO TO 107

108 T=-PI+GA
YT=YT+ (PI-B2-Bl)
WT=YT*180*WN/PI

109 IF(T.LT.-PI) GO TO 110
ILN = R*SIN(T)
VCN=R*COS(T)-1+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-GA/50.
WT=WT + GA*180*WN/PI/50.
GO TO 109

110 T=PI
YT=YT+GA
WT = YT*180*WN/PI

111 IF(T.LT.(PI-AL)) GO TO 112
ILN = (R-2*VON)*SIN(T)
VCN = (R-2*VON)*COS(T)-1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN, ILN
T=T-AL/30.
WT =WT+ AL*180*WN/PI/30.
GO TO 111

112 T=PI-Bt
YT=YT+AL
WT=YT*180*WN/PI

113 IF(T.LT.B2) GO TO 10
ILN = R1*SIN(T)
VCN = R1*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT ,VCN,ILN
T=T-(PI-B1-B2)/30.
WT =WT+ (PI-B1-B2)*180*WN/PI/30.
GO TO 113

200 R=X(1)
Bl=X(2)
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FI=X(3)
AL=X(4)
T=PI

201 IF(T.LT.(PI-AL)) GO TO 202
ILN= (R + 1-2*VON)*SIN(T)
VCN=(R + 1-2*VON)*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/50.
WT=WT + AL*180*WN/PI/50.
GO TO 201

202 T=BI
YT=YT+AL
WT = YT*180*WN/PI

203 IF(T.LT.0) GO TO 204
ILN = R*SIN(T)
VCN=R*COS(T)+ I-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-B1/30.
WT =WT + B1*180*WN/PI/30.
GO TO 203

204 T=FI
YT=YT+BI
WT=YT*180*WN/PI

205 IF(T.LT.0) GO TO 206
ILN=0.
VCN=R+ 1-VON
WRITE(7,2000) WT,ILN
WRITE(6,2000) WT ,VCN,ILN
T =T-FI/30.
WT = WT + FI*180WN/PI1/30.
GO TO 205

206 T=0.
YT=YT+FI
WT=YT*180*WN/PI

207 IF(T.LT.-AL) GO TO 208
ILN=(R + 1-2*VON)*SIN(T)
VCN=(R + 1-2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-AL/S50.
WT=WT + AL*180*WN/P1/50.
GO TO 207

208 T=-PI+Bl
YT=YT+AL
WT=YT*I180*WN/PI

209 IF(T.LT.-PI) GO TO 210
ILN=R*SIN(T)
VCN=R*COS(T)-1+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-BI/30.
WT=WT+ BI*180*WN/PI/30.
GO TO 209

210 T=FI
YT=YT+BI
WT=YT*180*WN/PI
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211 IF(T.LT.0.) GO TO 212
ILN=0.
VCN=-R-1+ VON
WRITE(7,2000) WT, ILN
.. WRITE(6,2000) WT.VCN,ILN
T="T-FI/30.
WT =WT + FI*180*WN/P1/30.
GO TO 211
212 T=PI
YT=YT+FI
WT = YT*I80*WN/PI
213 IF(T.LT.(PI-AL)) GO TO 10
ILN=(R + 1-2*VON)*SIN(T)
VCN=(R + 1-2*VON)*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/50.
WT=WT + AL*180*WN/PI/50.
GO TO 213
300 R=X(l)
R1=X(2)
Bl=X(3)
AL=X(4)
GA=X(5)
T=-PI+GA
301 IF(T.LT.-PI) GO TO 302
ILN=(R1+ 2*VON)*SIN(T)
VCN=(R1+ 2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-GA/30.
WT=WT+ GA*180*WN/PI/30.
GO TO 301
302 T=PI
YT=YT+GA
WT = YT*180*WN/PI
303 IF(T.LT.(PI-AL)) GO TO 304
ILN = RI*SIN(T)
VCN=RI*COS(T)-VON
WRITE(7,2000) WT,ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/50.
WT=WT + AL*180*WN/P1/50.
GO TO 303
304 T=PI-Bl
YI=YT+AL
WT=YT*180*WN/PI
305 IF(T.LT.(PI-BI-BT)) GO TO 306
LN =R*SIN(T)
VCN=R*COS(T)+ 1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-BT/30.
WT=WT+ BT*180*WN/PI/30.
GO TO 305
306 T=GA
YT=YT+BT
WT=YT*180*WN/PI
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307 IF(T.LT.0) GO TO 308
ILN = (R1+ 2*VON)*SIN(T)
VCN=(R1+ 2*VON)*COS(T)-VON
WRITE(7,2000) WT,ILN

. WRITE(6,2000) WT,VCN,ILN
T=T-GA/30.
WT =WT + GA*180*WN/PI/30.
GO TO 307
308 T=0.
YT=YT+GA
WT = YT*180*WN/PI

309 IF(T.LT.-AL) GO TO 310
ILN = R1*SIN(T)
VCN=R1*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-AL/50.

WT =WT+ AL*180*WN/P1/50.
GO TO 309

310 T=-Bl
YT=YT+AL
WT = YT*180*WN/PI

311 IF(T.LT.(-B1-BT)) GO TO 312
ILN = R*SIN(T)
VCN=R*COS(T)-1+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT.VCN,ILN
T=T-BT/30.

WT =WT + BT*180*WN/PI/30.
GO TO 311

312 T=-PI+GA
YT=YT+BT
WT = YT*180*WN/PI

313 IF(T.LT.-PI) GO TO 10
ILN = (R1+2*VON)*SIN(T)
VCN=(R1+2*VON)*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-GA/30.

WT = WT + GA*180*WN/P1/30.
GO TO 313
400 R=X(1)
RI=X(2)
Bl=X(3)
B2=X(4)
AL=X(5)
GA=X(6)
T=-PI+GA

401 IF(T.LT.-PI) GO TO 402

ILN = R1*SIN(T)
VCN = R1*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-GA/30.
WT=WT+GA*180*WN/PI/30.
GO TO 401

402 T="PI

YT=YT+GA
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WT = YT*180*WN/PI
403 IF(T.LT.0) GO TO 404

* ILN=(R1-2*VON)*SIN(T)
VCN = (R1-2*VON)*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T =T-P1/60.
WT=WT + PI*180*WN/P1/60.
GO TO 403

404 T=0.
YT=YT+PI
WT = YT*180*WN/PI

405 IF(T.LT.-AL) GO TO 406
ILN = (R1-4*VON)*SIN(T)
VCN = (R 1-4*VON)*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/20.
WT=WT+ AL*180*WN/PI/20.
GO TO 405

406 T=-PI+BI
YT=YT+AL
WT=YT*180*WN/PI

407 IF(T.LT.-PI) GO TO 408
ILN = (R + 2*VON)*SIN(T)

VCN=(R +2*VON)*COS(T) + | + VON

WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-B1/20.
WT=WT + B1*180*WN/PI/20.
GO TO 407

408 T=PI
YT=YT+BI
WT=YT*180*WN/PI

409 IF(T.LT.(PI-B2)) GO TO 410
ILN = R*SIN(T)
VCN=R*COS(T)+ 1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T =T-B2/40.
WT = WT + B2*180*WN/PI/40.
GO TO 409

410 T=GA
YT=YT+B2
WT=YT*180*WN/PI

411 IF(T.LT.0) GO TO 412
ILN = RI*SIN(T)
VCN = R1*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-GA/30.
WT =WT + GA*180*WN/PI/30.
GO TO 411

412 T=0.
YT=YT+GA
WT = YT*180*WN/PI

413 IF(T.LT.-PI) GO TO 414
ILN = (R1-2*VON)*SIN(T)
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VCN = (R1-2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T =T-PI/60.
WT =WT + PI*180*WN/PI/60.
GO TO 413

414 T=PI
YT=YT+PI
WT = YT*180*WN/PI

415 IF(T.LT.(PI-AL)) GO TO 416
ILN = (R1-4*VON)*SIN(T)
VCN = (R1-4*VON)*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/20.
WT=WT+ AL*180*WN/P1/20.
GO TO 415

416 T=BI
YT=YT+AL
WT = YT*180*WN/PI

417 IF(T.LT.0.) GO TO 418
ILN = (R + 2*VON)*SIN(T)
VCN = (R + 2*VON)*COS(T)-1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-B1/20.
WT =WT + B1*180*WN/PI/20.
GO TO 417

418 T=0.
YT=YT+BI
WT = YT*180*WN/PI

419 IF(T.LT.-B2) GO TO 420
ILN = R*SIN(T)
VCN = R*COS(T)-1+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T = T-B2/40.
WT=WT + B2*180*WN/PI/40.
GO TO 419

420 T=-PI+GA
YT=YT+B2
WT = YT*180*WN/PI

421 IF(T.LT.-PI) GO TO 10
ILN=RI*SIN(T)
VCN = RI1*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-GA/30.
WT =WT + GA*180*WN/P1/30.
GO TO 421

500 R=X(1)
FI=X(2)
AL=X(3)
T=-PI+AL

501 IF(T.LT.-PI) GO TO 502
ILN =(1-R + 2*VON)*SIN(T)
VCN=(1-R + 2*VON)*COS(T) + VON
WRITE(7,2000) WT, LN
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WRITE(6,2000) WT,VCN,ILN
T=T-AL/30.
WT =WT + AL*180*WN/PI/30.
GO TO 501

502 T=PI
YT=YT+AL
WT=YT*180*WN/PI

503 IF(T.LT.0) GO TO 504
ILN = (1-R)*SIN(T)
VCN = (1-R)*COS(T)-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-PI/50.
WT =WT + PI*180*WN/P1/50.
GO TO 503

504 T=FI
YT'=YT+PI
WT=YT*180*WN/PI

505 IF(T.LT.0.) GO TO 506
ILN=0.
VCN=1-R-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-FI/30.
WT=WT+ FI*180*WN/P1/30.
GO TO 505

506 T=PI
YT=YT+FI
WT = YT*180*WN/PI

507 IF(T.LT.(PI-BT)) GO TO 508
ILN = R*SIN(T)
VCN=R*COS(T) + 1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-BT/30.
WT=WT + BT*180*WN/PI/30.
GO TO 507

508 T=AL
YT=YT+BT
WT = YT*180*WN/P!

509 IF(T.LT.0.) GO TO 510
ILN = (1-R + 2*VON)*SIN(T)

VCN=(1-R + 2*VON)*COS(T)-VON

WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-AL/30.
WT =WT + AL*180*WN/PI/30.
GO TO 509

510 T=0.
YT=YT+AL
WT = YT*180*WN/PI

511 IF(T.LT.-PI) GO TO 512
ILN = (1-R)*SIN(T)
VCN=(1-R)*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-PY/50.
WT=WT+ PI*180*WN/P1/50.
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GO TO 511

512 T=FI
YT=YT+PI
WT = YT*180*WN/PI

513 IF(T.LT.0.) GO TO 514
ILN=0.
VCN=-14+R+VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-FI/30.
WT=WT + FI*180*WN/PI/30.
GO TO 513

514 T=0.
YT=YT+FI
WT = YT*180*WN/PI

515 IF(T.LT.-BT) GO TO 516
ILN = R*SIN(T) :
VCN = R*COS(T)-1+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T="T-BT/30.
WT=WT + BT*180*WN/P1/30.
GO TO 515

516 T=-PI+AL
YT=YT+BT
WT = YT*180*WN/PI

517 IF(T.LT.-PI) GO TO 10
ILN = (1-R + 2*VON)*SIN(T)
VCN=(1-R + 2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/30.
WT =WT+ AL*180*WN/P1/30.
GO TO 517

600 R=X(1)
FI=X(2)
AL=X(3)
T=-PI+AL

601 IF(T.LT.-PI) GO TO 602
ILN = (R-1+ 2*VON)*SIN(T)
VCN = (R-1+ 2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT . VCN,ILN
T=T-AL/30.
WT = WT + AL*180*WN/PI/30.
GO TO 601

602 T=FI
YT=YT+AL
WT=YT*I180*WN/PI

603 IF(T.LT.0) GO TO 604
ILN=0.
VCN=-R+ |-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT ,VCN,ILN
T=T-FIj20.
WT =WT + FI*180*WN/PI/20.
GO TO 603

604 T=PI
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YT=YT+FI
WT = YT*180*WN/PI

605 IF(T.LT.(PI-BT)) GO TO 606
ILN = R*SIN(T)
VCN = R*COS(T) + 1-VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-BT/30.
WT = WT+ BT*180*WN/PI/30.
GO TO 605

606 T=AL
YT=YT+BT
WT = YT*180*WN/PI

607 IF(T.LT.0) GO TO 608
ILN = (R-1+ 2*VON)*SIN(T)

VCN=(R-1+2*VON)*COS(T)-VON

WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-AL/30.
WT=WT + AL*180*WN/PI/30.
GO TO 607

608 T=FI
YT=YT+AL
WT = YT*180*WN/PI

609 IF(T.LT.0.) GO TO 610
ILN=0.
VCN=R-1+VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-FI/20.
WT =WT + FI*180WN/PI/20.
GO TO 609

610 T=0.
YT=YT+FI
WT = YT*180*WN/PI

611 IF(T.LT.-BT) GO TO 612,
ILN = R*SIN(T)
VCN = R*COS(T)-1+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T=T-BT/30.
WT =WT+ BT*180*WN/PI/30.
GO TO 611 ~

. 612 T=-PI+AL
YT=YT+BT
WT = YT*180*WN/PI

613 1H(T.LT.-PI) GO TO 10
ILN = (R-1+ 2*VON)*SIN(T)

VCN = (R-1+ 2*VON)*COS(T) + VON

WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T ="T-AL/30.
WT=WT + AL*180*WN/P1/30.
GO TO 613

1050 FORMAT(F10.5)

1000 FORMAT(1X,1,2X,8F8.4)

2000 FORMAT(3F14.5)
END
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Fortran Program for Generating Capacitor Voltage and Inductor Current
Waveforms (Above Resonant Frequency)

ananaaaan

10 READ(S,1000) ID,WTS,VON,BS,(X(K), K = 1,5)
C
C *4**+ THE INPUTS ARE GENERATED BY THE FILE SC10PAR.FOR

C

LR AR A AL L L A AL L LA LAl Rl L L L e e Y P Y Y TS LIt )

ek

*#+4+ PROGRAM : SCIOWAVE.FOR

(422 1]

*e#++ FUNCTION : GENERATE DATA FOR ILN AND VCN FOR A COMPLETE
haan SWITCHING CYCLE UNDER STEADY-STATE. SRC, ABOVE
Aadd RESONANT FREQUENCY.

*hhddk

LAAA AL L LI AL R L L Ly Y Y L LI

REAL ILN, VCN
DIMENSION X(5)
PI=4.*ATAN(1.)

WN = PI/WTS

BT = BS/WN
IF(ID.EQ.0) STOP
WT=0.

YT=0.

GO TO (100,200,300), ID

100 R=X(1)

R1=X(2)
Bl=X(3)
B2=X(4)

~AL=X(5)

GA=BT-AL
T=-PI+B2

101 IF(T.LT.-B1) GO TO 102

ILN = R1*SIN(T)
VCN=RI*COS(T)+ VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-(B1+ B2-PI)/30.

WT=WT +(-PI+ B2+ B1)*180*WN/PI/30.

GO TO 101

102 T=-PI+GA

YT=YT-(PI-B2-Bl)
WT=YT*I180*WN/PI

103 IF(T.LT.-PI) GO TO 104

ILN = (R + 2*VON)*SIN(T)
VCN = (R +2*VON)*COS(T) + 1 + VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN

T=T-GA/30.

WT=WT+ GA*180*WN/P1/30.

GO TO 103

104 T=PI

YT=YT+GA
WT=YT*180*WN/PI

105 IF(T.LT.(PI-AL)) GO TO 106

ILN = R*SIN(T)
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VCN=R*COS(T)+ I-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-AL/30.
WT=WT+ AL*180*WN/P1/30.
GO TO 105

106 T=B2
YT=YT+AL
WT=YT*180*WN/PI

107 IF(T.LT.(PI-B1)) GO TO 108
ILN = R1*SIN(T)
VCN=R1*COS(T)-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T =T-(-PI+ B2+ B1)/30.
WT = WT-(PI-B2-B1)* 180*WN/PI/30.
GO TO 107

108 T=GA
YT = YT-(PI-B2-BI)
WT = YT*180*WN/PI

109 IF(T.LT.0) GO TO 110
ILN = (R + 2*VON)*SIN(T)
VCN = (R + 2*VON)*COS(T)-1-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-GA/30.
WT=WT+ GA*180*WN/PI/30.
GO TO 109

110 T=0
YT=YT+GA
WT = YT*180*WN/PI

111 IF(T.LT.-AL) GO TO 112
ILN = R*SIN(T)
VCN=R*COS(T)-1+ VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T="T-AL/30.
WT=WT+AL*180*WN/PI/30.
GO TO 111

112 T=-PI+B2
YT=YT+AL
WT = YT*180*WN/PI

113 IF(T.LT.-Bl) GO TO 10
ILN = RI*SIN(T)
VCN=RI1*COS(T)+ VON
WRITE(6,2000) WT,VCN,II.N
WRITE(7,2000) WTILN
T =T+ (PI-B1-B2)/30.
WT=WT-(PI-B1-B2)*180*WN/PI/30.
GO TO 113

200 R=X(1)
RI=X(2)
Bl=X(3)
GA=X(4)
AL=X(5)
T=-PI+GA

201 IF(T.LT.-PI) GO TO 202
ILN = (R + 2*VON)*SIN(T)
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VCN = (R + 2*VON)*COS(T) + VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-GA/30.
WT=WT+ GA*180*WN/PI/30.
GO TO 201

202 T=PI
YT=YT+GA
WT=YT*180*WN/PI

203 IF(T.LT.(PI-AL)) GO TO 204
ILN = R*SIN(T)
VCN=R*COS(T)-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-AL/30.
WT =WT + AL*180*WN/P1/30.
GO TO 203

204 T=PI-Bl
YT=YT+AL
WT = YT*180*WN/PI

205 IF(T.LT.(PI-B1-BT)) GO TO 206
ILN = R1*SIN(T)
VCN=RI*COS(T) + 1-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T ="T-BT/30.
WT=WT+ BT*180*WN/PI/30.
GO TO 205

206 T=GA
YT=YT+BT
WT = YT*180*WN/PI

207 IF(T.LT.0) GO TO 208
ILN = (R + 2*VON)*SIN(T)
VCN=(R + 2*VON)*COS(T)-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT.ILN
T="T-GA/30.
WT=WT + GA*180*WN/PI/30.
GO TO 207

208 T=0.
YT=YT+GA
WT=YT*180*WN/PI

209 IF(T.LT.-AL) GO TO 210
ILN = R*SIN(T)
VCN = R*COS(T) + VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT.ILN
T="T-AL/30.
WT=WT + AL*180*WN/PI/30.
GO TO 209

210 T=-Bl
YT=YT+AL
WT = YT*180*WN/PI

211 IF(T.LT.(-B1-BT)) GO TO 212
ILN = RI*SIN(T)
VCN = R1*COS(T)-1+ VON
WRITE(6,2000) WT,VCN,II.N
WRITE(7,2000) WT,ILN
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T="T-BT/30.
WT =WT+ BT*180*WN/PI1/30.
GO TO 211

212 T=-PI+GA
YT=YT+BT
WT = YT*180*WN/PI

213 IF(T.LT.-PI) GO TO 10
ILN = (R + 2*VON)*SIN(T)
VCN = (R + 2*VON)*COS(T) + VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT.ILN
T=T-GA/30.
WT=WT + GA*180*WN/PI/30.
GO TO 213

300 R=X(1)
GA=X(2)
FI=X(3)
T=-PI+GA

301 IF(T.LT.-PI) GO TO 302
ILN = (R-1+ 2*VON)*SIN(T)
VCN = (R-1+2*VON)*COS(T) + VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-GA/30.
WT=WT + GA*180*WN/P1/30.
GO TO 301

302 T=0
YT=YT+GA
WT=YT*180*WN/PI

303 IF(T.GT.FI) GO TO 304
ILN=0.
VCN=-R+ I-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T + F1/30.
WT=WT + FI*180*WN/P/30.
GO TO 303

304 T=PI
YT=YT+FI
WT = YT*180*WN/PI

305 IF(T.LT.(PI-BT)) GO TO 306
ILN = R*SIN(T)
VCN=R*COS(T) + I-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T ="T-BT/30.
WT=WT+ BT*180*WN/PI/30.
GO TO 305

306 T=GA
YT=YT+BT
WT = YT*180*WN/PI

307 IF(T.LT.0) GO TO 308
ILN = (R-1+ 2*VON)*SIN(T)
VCN = (R-1 + 2*VON)*COS(T)-VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT.ILN
T=T-GA/30
WT =WT + GA*180*WN/PI/30.
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GO TO 307

308 T=0

YT=YT+GA
WT=YT*180*WN/PI

309 IF(T.GT.FI) GO TO 310

ILN=0.
VCN=R-1+VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT.ILN
T=T+FI/30.

WT=WT+ FI*180*WN/P1/30.
GO TO 309

310 T=0.

YT=YT+FI
WT=YT*180*WN/PI

311 IF(T.LT.-BT) GO TO 312

ILN = R*SIN(T)
VCN = R*COS(T)-1+ VON
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT.ILN
T=T-BT/30.

WT=WT + BT*180*WN/PI/30.
GO TO 311

312 T=-PI+GA

YI=YT+BT
WT=YT*180*WN/PI

313 IF(T.LT.-PI) GO TO 10

ILN = (R-1+ 2*VON)*SIN(T)

VCN=(R-1+2*VON)*COS(T)+ VON

WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-GA/30.

WT = WT + GA*180*WN/PI/30.
GO TO 313

1000 FORMAT(1X,11,2X,8F8.4)
2000 FORMAT(3F14.5)

END
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APPENDIX C.1
RULES FOR CONSTRUCTING EQUILIBRIUM
STATE TRAJECTORIES OF A CM-PRC

An equilibrium state trajectory constructed in the composite diagram discussed in
Section 3.3.4 must satisfy the following rules. These rules are obtained from the con-

verter’s operation.

¢ On the left half plane (voy < 0),

= triggering of QI initiates MG;

= triggering of Q2 initiates M1;

= triggering of Q4 initiates MS.

¢  On the right half plane (vcy > 0),

= triggering of Q3 initiates M3;

= triggering ol Q4 initiates M4;

= triggering of Q2 initiates M2.

L4 On the iLN-aXiS (VcN = 0),

= if the magnitude of i, is greater than /,y,
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A triggering of Q2 initiates M2;

A triggering of Q4 initiates MS5;
= if the magnitude of ;'LN is greater than I,y and no triggering event occurs,
A M2 is initiated if the previous topological mode is M1;
~a M3 is initiated if the previous topological mode is M6;
A M3 is initiated if the previous topological mode is M4;
A MG is initiated if the previous topological mode is M3;
= if the magnitude of i,y is equal to Ipy,

A MO is initiated if the previous topological mode is M3 or M6; MO will be
terminated when Q2 or Q4 is triggered which initiates M2 or MS$, respec-

tively,;
A M2 is initiated if the previous topological mode is ML and ijy > 0;
A M3 is initiated if the previous topological mode is ML and iy <0;
= if the magnitude of i, y is less than Iy,

A MO is initiated if the previous topological mode is M3 or M6; MO will be

terminated when Q2 or Q4 is triggered which initiates ML;

Ao ML is initiated if previous topological mode is M1 or M4.
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A systematic way to construct equilibrium trajectories of a CM-PRC is illustrated
in Figure C.1.1. Starting with an equilibrium trajectory (ayscyta, in Figure C.1.1(a)
or agss’cytt’ ay in Figure C.1.1(b)) corresponding to conventional PRC operation, the
triggering instant of Q1(Q3), ay, a,, ay, ... (cg, ¢}, €3, --.), is gradually moved counter-
clockwise along the trajectory of M5(M2). By doing so, the effective duty ratio of
the quasi-square-wave voltage is gradually reduced and various equilibrium trajec-
tories can be obtained.

In Figure C.1.1(a), trajectory a\b,sc,djta, corresponds to a mode-Iy operation.
Trajectory a,byc,dya, corresponds to a mode-/Iy operation. Trajectory aub,c,d,a,
corresponds to a mode-I/s operation. Trajectory asbsscsdstas corresponds to a mode-
Is operation. Trajectory a;b;sc,d;ta; corresponds to a mode-1I; operation.

In Figure C.1.1(b), trajectory a,b ss’c\d\t'a; corresponds to a mode-I1I opera-
tion. Trajectory ayh,s’c,dyt’a, corresponds to a mode-I¥Vy operation. Trajectory
aghes’ cedst’ ag corresponds to a mode-/V operation. Trajectory a;b,ss’c,dstt’ a; corre-
sponds to a mode-II]; operation. Trajectory agh,ss’ codytt’ ay corresponds to a mode-
I11; operation. Trajectory a,ob;os’c,odo!’ ayo corresponds to a mode-I¥; operation.

Figure C.1.2 shows the construction of equilibrium trajectories above resonant
frequency. In Figure C.1.2(a), trajectory a,b,sc,dta, represents a mode-I operation.
Trajectory a,b,.scd).ta, represents a mode- I operation. Trajectory a,b;c,d,a, repres-
ents a mode-/IA; operation. Trajectory a,b,c,d,a, represents a mode-IIAg opera-
tion.

In Figure C.1.2(b), trajectory a,b,ss’c,d,1t'a, represents a mode-III; operation.
Trajectory a,b,s'c,dyt'a, represents a mode-/V operation. It can be shown, however,

that mode-IV operation cannot exist at frequencies above resonant frequency.
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Figure C.1.1 Systematical Construction of Equilibrium Trajectories
Below Resonant Frequency
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Figure C.1.2 Systematical Construction of Equilibrium Trajectories
Above Resonant Frequency
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APPENDIX C.2
PREDICTION OF MODE TRANSITIONS OF A CM-PRC
OPERATING BELOW RESONANT FREQUENCY

Assume the waveform for the capacitor voltage is continuous when S is equal to
180°(PRC operation). This requires [...]

1+ (1 = 2(cos(——)—1))
——N (C2.1)
sin( )

Wy

Ion < —0.5 x sin( "w'zT)

As g decreases, the first operating mode for the converter is mode 1.

Further decreasing fg, the converter’s operation may transit into mode 11 or mode

II1. Consider the boundary trajectories, T,,, and Tp,,, between mode I and mode 11, as

shown in Figure C.2.1. These trajectories can be represented by the equations

-
1
cos p=—,
|+ R*- R}
Cos 0 = ——p—,
14+ R -R?
+ Ky — (C.2.2)
(.OSy=——-2—R:—-—,
n
sy TPt
R1=2’().v+\/R2—|.

and can be constructed only when R + 1 > R, which leads to

inﬁnile when IONS 0.5,
Ripax=| 212
e =29 when Iy > 0.5.
2o — 1

2I()NS Rl < leax’
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The corresponding frequency to these trajectories are shown in Figure C.2.2 as a func-

tion of radius R, where

= =cos’ (1 —271.2
») =— o2’ o =cos (1 —2Isp),
(C.2.3)
=T =21 —cos (1 — 212
@, - 0/2 ’ g 2 cos (l 210N)'

w, is the frequency occurs at R, = R,.., —1, and wy, is the highest possible frequency

which can be numerically determined. [f we define

1 for Ioy<0.5,
®12max = @ for ION>O‘59

from FFigure C.2.2, the transition of the operating mode can be determined as follows.

(a). If w3, < wgsy, the converter’s operation transits form mode I to mode 111 since
there is no boundary trajectory exists between mode I and mode I1. The boundary S
angle, fi;;, between mode I and mode Il can be calculated by solving equation C.2.7,
Bis=(x;~ &, + 0) X wgy .

(b). If 0, < Wsy < W3y the converter’s operation transits form mode I to mode II
back to mode I to mode III since two boundary trajectories between mode I and mode
Il exist. Two sets of solutions, (R, R,.a.p,y) and (R, R/, d’,p’,y’), can be obtained
when equation C.2.2 is solved. Thc boundary fig angles between mode I and mode I1-
are B4 = (06— p) x wsgy and fi;p=(0" — p') X wgy . The boundary fsy angle between
mode [ and mode 111 is calculated as in (a).

(c). If 0w, < wgy < w,, the converter’s operation transits from mode I to mode II to
mode IV, since there is one boundary trajectory between mode 1 and mode II exists.

The transition from mode Il to mode IV can be easily justified since, besides mode I,
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mode IV is the only possile operating mode for the converter to transit into from mode
[I. One solution, (R, R,, o, p, y), for equation C.2.2 exists. The boundary fg angle be-
tween mode I and mode I is B, = (¢ — p) x wgy. The boundary f angle between mode
IT and mode 1V is By =0 X wgy, o= cos'(1 — 2/4y), which is calculated from Figure
C.2.5(b). |

(d). If wgy < w,, the converter’s operation transits form mode I to mode I1I, since there
is no boundary trajectory exists between mode I and mode II. The boundary B angle,

B3, between mode I and mode 111 is calculated as in (a).

Before proceeding to determine the mode transitions as B is further decreased, con-
sider the boundary trajectories, 7,3, and 7}4,, between mode 111 and Mode 1V, as shown

in Figure C.2.3. These trajectories can be described by equations

2
cosa=—g—:23—,
{=2ION—R’ (C.2.4)
L oz
Dsw =n+ > +7.

The corresponding frequency to these trajectories are shown in Figure C.2.4 as a func-

tion of radius R, where

T

A= 2 ¥ 2y
(C.2.5)
Dy —T
I# T+ 21()” !
3
@y for l()NSiz_—’
(C.2.6)

Wy =
Y n 3

gy + 24567 [OF lov>—5—,

and w,, w, are the same as in equation (C.2.3).
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Figure C.2.5 shows the boundary trajectories mode I and mode I1I, and mode II and

mode 1V. The boundary trajectory between mode I and mode III can be described by

equations
2— R}
cos 0 =—>—,
1+ R - R?
COSﬂ=T,
1+ R} - R}
cosa; =———,
. (C2.7)
COS oty = —=—,
2 R2
—y=T=C
Y 7’
R} =1+4ljy,
mSN="_7+”—"+°‘2-al'

The boundary trajectory between mode II and mode IV can be described by equations

cosog=1-— 2]02,\,,
- (C.2.8)

“;.;N =n+ -%- + 6.

For wgy < w,, two boundary trajectories between mode Il and mode IV exist, and
one boundary trajectory between mode | and mode II1 exists.

For w, < wgy < w;, one boundary trajectory between mode II and mode IV exists,
while no boundary trajectory exists between mode I and mode I11.

For w; < wgy, no boundary trajectory exists between mode 11 and mode 1V, while

one boundary trajectory betwecn mode I and mode I1I exists.

From Figure C.2.4, as fis is further decrcases, the transitions of the converter’s oper-

ating mode can be determined as follows.

APPENDIX C.2 326



For the sequence in (a),

(a).1 if wy < wgy, the converter’s operation transits from mode III to mode V since no
boundary trajectory exists between mode 111 and mode 1V; the boundary S angle be-
tween mode 11l and mode V is f55 = 21,y X wgy;

(a).2 if wy > wgy, the converter’s operation transits from mode I11I to mode IV back to
mode III to mode V since two boundary trajectories between mode 111 and mode IV
exists; two sets of solutions, (R, #,#) and (R’, o', '), can be obtained from equation
(C.24); the boundary fg angles between mode IIl and mode IV are
Bisa = (0 + ¢) X wgy and fyp = (o' — ') X wgy; the boundary fgy angle between mode

III and mode V is calculated as in (a).1.

For the sequence in (5),
(b).1 if wy < wgy, the converter’s operation transits from mode III to mode V since no ,
boundary trajectory exists between mode Il and mode IV; the boundary B¢ angle be-
tween mode III and mode V is calculated as in (a).l;

(b).2 if wy > wgy, the converter’s operation transits from mode 111 to mode IV back to
mode Il to mode V since two boundary trajectories between mode 111 and mode IV
exists; the boundary fs angles between mode I11 and mode 1V, and the boundary Bgy

angle between mode II1 and mode V, are calculated as in (a).2.

For the sequence in (c),

(c).1 if w;p2>w, and w;3 < wgy, the converter’s operation transits from mode IV to
mode III to mode V since one boundary trajectory between mode III and mode IV ex-
ists; the boundary fs angle betwecen mode 111 and mode 1V, and the boundary fgy angle

between mode 111 and mode V, are calculated as in (a).2;
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(c).2 if w 3> w, and w5 > wgy, the converter’'s operation transits from mode IV to
mode V since no boundary trajectory exists between mode III and mode IV: the
boundary B angle between mode IV and mode V is 45 = 2I,y X wgy;

(¢c).3 if w3 < w,, the converter’s operation transits from mode IV to mode III to mode
V since one boundary trajectory between mode 111 and mode 1V exists; the boundary

Bs angles are calculated as in (a).2.

The case for the sequence in (d) is special since two boundary trajectories between mode
IT and mode IV exist.

(d).1 If w; 3 > w,, the converter’s operation transits from mode III to mode IV to mode
IT back to mode IV to mode V since one boundary trajectory between mode 111 and
mode IV and two boundary trajectories between mode II and mode IV exist. The
boundary B angle between mode IlIl and mode IV is calculated as in (a).2. The
boundary Bgy angle between mode IV and mode V is calculated as in (c).2. The
boundary Sy angles between mode 11 and mode IV are B,,, = wgy x cosi(1 — 213y) and’
Bus = wsy X (27 — cos'(1 — 214y)) |
(d).2 If w3 <w, and w;p < wgy, the converter’'s operation transits from mode III to
mode IV to mode II back to mode IV to mode III to mode V since two boundary tra-
jectories between mode III and mode IV and two boundary trajectories between mode
IT and mode IV exist. The boundary s angle between mode II1 and mode 1V and the
boundary fsy angle between mode Il and mode V is calculated as in (a).2. The
boundary figy angles between mode [1 and mode IV are calculated as in (d).1.

(d).3 If w;3<w, and w; 5> wgy, the converter’'s operation transits from mode 111 to
mode IV to mode I1 back to mode IV to mode V since one boundary trajectory between
‘mode 111 and mode 1V and two boundary trajectorics between mode II and mode IV

exist. The boundary g angles are calculated as in (d)1

APPENDIX C.2 328



(a)o=2n(y=20)

(b) o < n(y <0)

Figure C.2.1 Boundary Trajectories Between Mode I and Mode 3
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wz ——.—-—._—— —————— R=1

(a) Iy < 0.5

(b) ION > 0.5

Figure C.2.2 Corresponding Frequency for the Trajectories in Figure C.2.1

330



(@a)o=>n

o
4 Yon
)
T °
(b)o<=n

Figure C.2.3 Boundary Trajectories Between Mode 111 and Mode 1V
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(a) Frequency for T,;,
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(b) Frequency for Ty

Figure C.2.4 Corresponding Frequency for the Trajectories in Figure C.2.3
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Figure C.2.5 Boundary Trajectories for Discontinuous Capacitor Voltage
Waveform
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APPENDIX C.3
PREDICTION OF MODE TRANSITIONS OF A CM-PRC
OPERATING ABOVE RESONANT FREQUENCY

Depending upon the switching frequency, the capacitor voltage waveform of a
CM-PRC at fig= 180° can be continuous or discontinuous. The boundary frequency

for continuous capacitor voltage waveform is

J(4

=T oy

L+ 12, (C.3.1)

p=cos'(l - IozN), 0 = cos’ (————— ),
| J1+4ly

If wgy = n[21,y, the converter operates only in mode V.

1

NARX. %" >

y= cos"(

Ifwp < Wsy < nf2l,y, the converter first operates in mode 111 then transits to mode
V. The boundary fis angle between mode 111 and mode V is Bis = 2Ioy X wgy.

If wgy < wp, the converter operates in mode [ when fg is decreased from 180° As
s is further decreased, the converter’s operation may transit into mode [IA or mode lllv.

Consider the boundary trajectories, 7°,,, and 7y,,,, between mode I and mode 1A,

as shown in Figure C.3.1. Thesc trajectorics can be described by equations
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( 1+R}—R?
cosa,=———3——2—

2R,
COs a, = -l-
2T R,
1+R}—R2 (C3.2)
cosn = _2R2_— ,

RZ = (Ry + 2I,p)* +1,

=a2—a|+n—t]+—72t-,

Wy

2],
- and can be constructed only when I,y < 0.5 and R, > Rg, where Rs=l—;}%—. The
— zlon

corresponding {requency for these trajectories are shown as a function of radius R, in
Figure C.3.2, where wy is the [requency occurs at R, = Rg and w, is the highest possible
frequency which can be calculated numerically. From Figure C.3.2, the transitions of
the operating mode can be determined as follows.

(a). If wgy = wy, the converter’s operation transits from mode [ to mode III to mode
V since no boundary trajectory exists between mode I and mode IIA. The boundary
- Bs angle between mode I and mode I11 and the boundary fs angle between mode I11 and
mode V are calculated as in Appendix C.2.

(b). If wgy < wy, the converter’s operation transits from mode I to mode IIA back to
mode [ to mode V since two boundary trajectories between mode I and mode IIA exist.
Two scts of solutions, (R,, Ry, 1, a), ;) and (R, Ry, n’, &), &,'), can be obtained from
equation C.3.1. The boundary fs anglcs between mode I and mode IIA are
Prioaa= (a3 —a) x wgy and B8 = () — ;") X wgy. The boundary fig angle between
mode I and mode 111 and the boundary fi; between mode 111 and mode V are calculated

as in Appendix C.2.

A Fortran program for determining the mode transitions and mode boundaries in this

frequency range is included in the following. The program requires inputs for wgy and
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Ioy and generates outputs for four boundary angles, BA1, BA2, BC1, and BC2. When
Bs = BAl, the converter operates in mode I. When BA1 > fig > BA2, the converter op-
erates in mode IIA. When BA2 > fiy > BCl, the converter operates in mode I. When
BC1 > Bg = BC2, the converter operates in mode III. When BC2 > fis, the converter

operates in mode V.
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Figilre C.3.2 Corresponding Frequency for the Trajectories in Figure C.3.1
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Fortran Program for Determining Mode Transitions and Mode Boundaries
Above Resonant Frequency

L Y T Y T L Lt LT T T Ty
reees

¢++++ PROGRAM NAME : PCI0BD.FOR

hees

#4+¢+ FUNCTION : CALCULATE THE MODE BOUNDARIES OF A CLAMPED-MODE
b PRC OPERATING ABOVE THE RESONANT FREQUENCY.

(A2 T ]
LA A A A A A R A R L AL I AR L I P I L I LI PRy Yy T
(22 L L]

+ss++ FOR BS > BAI ---> MODE I OPERATION
s++++ FOR BAl > BS > BA2 ---> MODE IIA OPERATION
s++++ EOR BA2 > BS > BCl ---> MODE I OPERATION
ss+s+ FOR BCl > BS > BC2 ---> MODE IIl OPERATION
ses++ FOR BC2 > BS ---> MODE V OPERATION
hkdd
IMPLICIT REAL*8 (A-H,0-Z)
COMMON WN, OI, PI
PI=4.*DATAN(1.D0)
11 READ(5,*) WN, OI
IF(WN.LT.0) STOP
WTS=PI/WN
10 A=DACOS(1-OI**2)
B =DACOS((1+ OI**2)/(1 + 4*O1**2)*+0.5)
C=DACOS(1/(1 + 4*0[+*2)*+0.5)
WNI1=PI/(A+B+C)
WN2= PI/(2*0OI)
IF(WN.GE.WN2) THEN
BCl1=WTS
BC2=WTS
ELSE
IF(WN.GE.WN1) THEN
BC1=WTS
BC2=2*OIl
ELSE
BC2=2*OI
A =DACOS(-2*0I**2+ (1 + 4*Q[**2)**0.5)
B=DACOS(1/(1+ 4*01**2)**(.5)
WN3 = PI/(0.5%(PI+ A) + B)
IF(WN.GE.WN3) THEN
RII = (2**0.5)*OI
RL = (1 +4*01++2)**0.5-1
15 R = (RII + RL)/2.
CALL FQBDHI(R,AL,BEL,BE2,GALGA2)
WNC = PI/(AL + BE1-BE2+ GA2+ GAl)
IF(DABS(WNC-WN).LE.1.D-4) THEN
BCl=(GA2+ GAl +AL)
ELSE
IF(WNC.GT.WN) THEN
RH=R
ELSE
RL=R
ENDIF
GO TO 15

eleleloieioleleleIolelolele e
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ENDIF
ELSE
RH=2+*0I
RL=(1+4*01**2)**0.5-1
25 R=(RII+RL)/2.
CALL FQBDIIR,AL,BE1,BE2,GA1,GA2)
WNC=PI/(AL+ BE1 + BE2+ GA2-GAl)
IF(DABS(WNC-WN).LE.1.D-4) THEN
BCl=(GA2-GAl +AL)
ELSE
IF(WNC.GT.WN) THEN
RL=R

ELSE
RH=R
ENDIF
GO TO 25
ENDIF
ENDIF
ENDIF
ENDIF
CALL BDIIA(BA1,BA2)
WRITE(6,2000) WN, OI, BAl, BA2, BC1, BC2
2000 FORMAT(6F12.5)
GO TO 11
END

L2 A LT
LAl L]
L LI LT

olololele]

SUBROUTINE FQBDIIK(R1,AL,BE1,BE2,GA1,GA2)

IMPLICIT REAL*8 (A-11,0-Z)
COMMON WN, OI, PI
R2=(1+4*01**2)**0.5
AL=DACOS(1-0.5*R1**2)
BEl=(PI-AL)*0.5

BE2=PI-DACOS((1+ R1#*2-R2**2)/(2*R 1))
GA1=DACOS((1 + R2**2-R1**2)/(2*R2))
GA2=DACOS(1/R2)

RETURN

END

*hbrd
LA LA L)
ok

acaoan

SUBROUTINE BDIIA(BAI,BA2)
IMPLICIT REAL*8 (A-11,0-7)
COMMON WN, OI, P
WTS=PI/WN
11 IF(OLGE.0.5) THEN
BAl=WTS
BA2=WTS
RETURN
ENDIF
R2A1=2*01**2/(1-2*0I)
CALL FQIIA(R2A1ALIL,AL2ET2WALWALL)
R2=R2A1+25.
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12 CALL FQIIA(R2,AL1,AL2,ET2,WNC1,WNC2)
IF(WNC1.GE.WA1) THEN
R2=R2*2.
GO TO 12
ENDIF
R2A2=R2
WA2=WNCI
RH=R2A2
RL=R2Al
14 R2=(RH+RL)/2.
R2P=R2+ .D-4
CALL FQIIA(R2,AL1,AL2,ET2,WNC1,WNC2)
CALL FQIIA(R2P,AL1,AL2,ET2,WNCP1,WNCP2)
IF(DABS(RH-RL).LE.1.D-4) THEN
R2AMAX =R2
WAMAX=WNCI
ELSE
IF(WNCI1.LE.WNCP1) THEN
RL=R2
ELSE
RH=R2
ENDIF
GO TO 14
ENDIF
IF(WN.GE.WAMAX) THEN
BAl=WTS
BA2=WTS
RETURN
ENDIF
IF(WN.GE.WAI) THEN
RH=R2A2
RL=R2AMAX
22 R2=(RH+RL)/2.
CALL FQIA(R2,ALI,AL2,ET2,WNCI,WNC2)
IF(DABS(RII-RL).LE.1.D-4) THEN
BAl=(AL2+ALl)
ELSE
IF(WNC1.GT.WN) THEN
RL=R2
ELSE
RH=R2
ENDIF
GO TO 22
ENDIF
RH=R2AMAX
RL=R2Al
24 R2=(RII+RL)/2.
CALL FQUA(R2,ALI,AL2,EI2,WNCI,WNC2)
IF(DABS(RII-RL).LE.1.D-4) TTIEN
BA2=(AL2+ALl)
ELSE
IF(WNCL.GT.WN) TIHEN
RII=R2
ELSE
RL=R2
ENDIF
GO TO 24
ENDIF
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ELSE
IF(WN.GE.WA2) THEN
R2A3=R2A2
ELSE
R2=R2A2*2
26  CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(WN.GT.WNCI) THEN
R2A3=R2
ELSE
R2=R2*2
GO TO 26
ENDIF
ENDIF
RH=R2A3
RL=R2AMAX
28 R2=(RH+RL)/2.
CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(DABS(RII-RL).LE.1.D-4) THEN
BAl=(AL2+ALl)
ELSE
IF(WNC1.GT.WN) THEN
RL=R2
ELSE
RII=R2
ENDIF
GO 10 28
ENDIF
R2=R2Al +5. -
32 CALL FQUA(R2,AL1,AL2,ET2,WNC1,WNC2)
IF(WNC2.LE.WN) THEN
R2A4=R2
ELSE
R2=R2%2.
GO TO 32
ENDIF
RH=R2A4
RL=R2Al
34 R2=(RH+RL)/2.
CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(DABS(RII-RL).LE.1.D-4) THEN
BA2=(AL2-ALI)
ELSE
IF(WNC2.GT.WN) THEN
RL=R2
ELSE
RII=R2
ENDIF
GO TO 34
ENDIF
ENDIF
RETURN
END

LA L )
Rk
Rk

olololele]

SUBROUTINE FQIIA(R2,ALI,AL2,ET2,WNCI,WNC2)
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IMPLICIT REAL*8 (A-H,0-Z)
COMMON WN, OI, P1
R3=((R2+2*0I)**2+ 1.)**0.5
AL2=DACOS(1/R3)

AL1=DACOS((1 + R3**2-R2**2)/(2*R3))
ET1=2*PI-DACOS((1+ R2**2-R3**2)/(2*R2))
ET2=2*PI-ETI

WNCI1=PI/(AL2+ AL1+ 1.5*PI-ET1)
WNC2=PI/(AL2-AL1 + 1.5*PI-ET2)
RETURN

END
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APPENDIX C4
CALCULATION OF TRAJECTORY PARAMETERS
OF A CM-PRC

The parameters for the equilibrium trajectories of a CM-PRC can be obtained by
solving sets of nonlinear equations. The equations are shown in Figures C.4.1 ~ C.4.6.

There are different equilibrium trajectorics shown for each operating mode. All the
equilibrium trajectories can be described by the same sets of equations shown. However,
all the trajectories must be considered when the circuit salient features are calculated.
For example, the natural-commutation trajectory and the semi-commutation trajectories
in an operating mode have different device conduction sequences. Thus, the expressions
for calculating switch currents and diode currents are derived from different conduction
intervals, which results in different expressions. The expressions for calculating peak
capacitor voltage in the trajectories with the same commutation features are also differ-
ent. As shown in Figure C.4.1(b) and Figure C.4.1(c), the peak capacitor voltage for the
trajectories are R, + 1 and R,, respectively.

The FORTRAN programs for calculating trajcctory parameters at frequencies below
and above rcsonant frequency are included at the cnd of this section. The outputs gen-

erated by the programs are defined in the following:

¢ For mode-I trajectory in Iigurc C.d.1, ID=1, X(1)=R,, X(2)=R,, X(3)=R,,
X(@)=p, X(5)=0a, X(6)=1n, X(7)=a;, X(8)=ay; IDD=11 for Trajectory C.4.1(a),
IDD =12 for Trajectory C.4.1(b), IDD=13 for Trajectory C.4.1(c), IDD= 14 for
Trajectory C.4.1(d), IDD =15 for Trajectory C.4.1(e).

¢  For mode-II trajectory in Figure C.4.2, ID=2, X(1)=R,, X(2)= R,, X(3)= p, X(4)=
o, X(5)=a, X(6)~X(8)=dummy; IDD =21 for Trajcctory C.4.2(a), IDD=122 for
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Trajectory C.4.2(b), IDD=23 for Trajectory C.4.2(c), IDD=29 for Trajectory
C.4.2(d).

¢ For mode-IIl trajectory in Figure C.4.3, ID=3, X(1)=R,,,X(2) = f:R,, X(3)=o,
X4(4)= 7, X(8)=a;, X(6)=a; X(7)~X(8)= dummy ; IDD=31 for Trajectory
C.4.3(a), IDD=32 for Trajectory C.4.3(b), IDD=33 for Trajectory C.4.3(c),
IDD =34 for Trajectory C.4.3(d), IDD =35 for Trajectory C.4.3(e). IDD=36 for
Trajectory C.4.3(f), IDD =137 for Trajectory C.4.3(g).

¢ TFor mode-IV trajectory in Figure C.4.4, ID=4, X(1)=R,, X(2)=0, X(3)=9,
X(4)~X(8)= dummy ; IDD=41 for Trajectory C.4.4(a), IDD=42 for Trajectory
C.4.4(b), IDD =43 for Trajectory C.4.4(c), IDDD =44 for Trajectory C.4.4(d).

¢ For mode-V trajectory in Figure C.4.5, ID=35, X(1)~X(8)= dummy ; IDD=55.

® For mode-ITA trajectory in Figure C.4.6, ID=21, X(1)=R,, X(2)=R,, X(3)=R,,
X(4)=p, X(5)=n, X(6)=a;, X(7)=a;, X(8)=dummy; IDD=23 for Trajectory
C.4.6(a), IDD =24 for Trajectory C.4.6(b), IDID =25 for Trajectory C.4.6(c).
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(a) Natural-commutation trajectory .

cos,o=—l- cosa2=1+3, R32=l+(2ION+ R,z—l)z,

R’
1+ R} - R? 1+ R} - R?
cosa=—2—R—-—, cosy = >R ,
1 2
1+ R} — R? 1+ R} —R?
cosn = 7K, s °°s°‘1=_§R_, _
3
Bs
Wy =% to—p, Dsy 0~ Ptrr—y—n+ta;—a.
ISR, 0<Ry,\/1+4I2y <R;, 0O<a, pP<T,
~Fsa,ys%, 0sn<3E, 0sos2m

Figure C.4.1 Mode-I Trajectories
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(c) Mixed-commutation trajectory (¢ < )

Figure C.4.1 Continued

347



(d) Force-commutation trajectory (n<n)

(e) Force-commutation trajectory (n > )

Figure C.4.1 Continued
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(a) Natural-commutation trajectory

_1+R}-R] 1+R:- R}
Coso = 2R1 , Cosy 2R2 ,
1+ R} - R} _1+R}-R!
cosp= 7R, , os o = IR, )
B
w;N =0—p R3=R2_210Nv
m__ Z_ I
wsy ¢ pt 2 v+ 2

O0<R, Ry, 2Ioy<R;,, —-LT<a,y,p<Z, 0<0<2x

Figure C.4.2 Mode-II Trajectorics
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M3

(b) Mixed-commutation trajectory (¢ = n)

(¢) Mixed-commutation trajectory (¢ < m)

Figure C.4.2 Continued
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(d) Force-commutation trajectory (multiple conduction)

Figure C.4.2 Continued
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(a) Natural-commutation trajectory

2-R?  g—
cos g = 21, yz”z",
cos _1+R{-R} 1+ R:—R}
"=, ' SN =TR,
cosm==, /Rl +¢=2op,
2
Bs
wSN=a2—a1+a+{, w’;N=a+1t—y—-n+az—a1+{.

O<R), 1SR<\/1+4lgy, 0<ey<T-,

—E<a, v, osus-3zl, 0<o<2r, 0<¢< 2,y

2

Figure C.4.3 Mode-I1I Trajectories
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(c) Mixed-commutation trajectory (¢ < m)

Figure C.4.3 Continued
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(e) Force-commutation trajectory (n < mn, R,sina, < lyy)

Figure C.4.3 Continued
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(g) Force-commutation trajectory (7 > n, R,sina, </Ioy)

Figure C.4.3 Continued

355



(a) Natural-commutation trajectory

2-R} o—m
COS o= 2 N y=—2—,
Bs
wSN=U+{, R1=210N_{’
LU I _
sy —°t3 y+0+¢.

OSR S2py, —I-<y<E, 0<o<2n, 0<2< 2y

2 2

Figure C.4.4 Mode-1V Trajectories
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(b) Mixed-commutation trajectory (¢ > n)

(c) Mixed-commutation trajectory (¢ < n)

Figure C.4.4 Continued
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(d) Force-commutation trajectory

Figure C.4.4 Continued
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Figure C.4.5 Mode-V Trajectory
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(a) Mixed-commutation trajectory

1+ R} - R2 1+R?-R?
I 1 3 _ 3 1
cos( > + p) 7R, y  COSap= T ,
1+ R} — R} 1+ R} — R}
cosy = T , cosa;= 3R, ,
Bs
sy =~ %  Ry=Ry +2oy,
T
Bsy — 2 MtmTate

OSnsll.
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Sals )

ZIONSRI’ OSRz, ISR_‘;, Osazy PS 2 ’ 2 ?’

Figure C.4.6 Mode-1IA Trajectories
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(b) Force-commutation trajectory (n = =)

(c) Force-commutation trajectory (n < n)

Figure C.4.6 Continued
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FORTRAN Program for Calculating Trajectory Parameters Below Resonant
Frequency '

C (A2 ALl 2T R I PR Yty e Y Y Y Y2 1 )
C (212 )]
C +*+*++ PROGRAM NAME : PCPAR.FOR
C #++++ FUNCTION : CALCULATE PARAMETERS [FOR THE STEADY-STATE STATE
C #teae TRAJECTORIES BELOW RESONANT FREQUENCY.
C *herk
C LIRS A T i it s sy L s S T Ty Y YT L)
C
DIMENSION X(8),Y(8),YY(8), XGUESS(8),BD(8),I1(8)
COMMON WN,OLPIBT,WTS
EXTERNAL FCNI,FCN2,FCN3,FCN4
PI=4.*ATAN(].)
ERREL = 0.0001
ITMAX = 200
10 READ(5,*) WN,OL,ND
IF(WN.LT.0) STOP
WRITE(6,1000) WN,OI
IC=1
WTS=PI/WN
12 READ(5,*) (BD(K), K = 1,8)
J=0
DO 14K=1_8

IF(BD(K).NE.0.) J=J + 1
BD(K) = BD(K)*WTS/180.
14 CONTINUE
READ(S,*) (ID(K), K=1,J+ 1)
BT=WTS
15 DO22K=1J
IF(BT.GE.BD(K)) THEN
I1=ID(K)
GO TO 35
ENDIF
22 CONTINUE
N=IDJ+1)
35 GO TO (100,200,300,400,500),IT
100 IF(IC.EQ.1) THEN
CALL INITIALI(XGUESS)
IC=0
Y(1)=XGUESS(2)
Y(2)= XGUESS(1)
Y(3)= XGUESS(3)
Y(4) = XGUESS(4)
Y(5)=2*PI-XGUIESS(5)
Y(6) = XGUESS(8)
Y(7)= XGUESS(7)
Y(8) = XGUESS(6)
ELSE
IF(I0D.EQ.2) THEN
DO 103 I=1,5
103 YY(I)=Y()
Y()=YY(2)
Y(2)= YY(1)
Y(3)=(1+YY(2)**2)**0.5
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Y(@)=YY(3)
Y(5)=YY(4)
Y(6) = ACOS(1/Y(3))
Y(N)=Y(6)
Y(8)= PI)2.
ENDIF
ENDIF
1=0
N=8
105 XGUESS(1)=Y(I)-1*0.2
XGUESS(2) = Y(2)-1*0.2
XGUESS(3)= Y(3) + 1*0.2
XGUESS(4) = Y(4)
- XGUESS(5)= Y(5)
XGUESS(6)= Y(6)
XGUESS(7)= Y(7)
XGUESS(8) = Y(8)
CALL NEQNF(FCN1,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.0.AND.X(2).GE.1.AND.X(3).GE.1.AND.
1 X(4).GE.0.AND.X(4).LE.1.5708.AND.X(5).GE.0.AND.X(5).LE.6.2832
1 .AND.X(6).GE.X(7).AND.X(7).GE.0.AND.X(6).LE.1.5708.AND.
1 X(8).GE.1.57079.AND.X(8).LE.3.1416) THEN
IFLAG=1
I0D=1
DO 150 K=1,N
Y(K) = X(K)
150 CONTINUE
X()=Y(2)
X(2)=Y(1)
X(3)=Y(3)
X(4)=Y(4)
X(5)=2*PI-Y(5)
X(6)=Y(8)
X(M=Y(7
X(8)=Y(6)
IF(X(5).GE.PI) THEN
GA=(1-1/WN)*PI-X(6)+ BT
IF(X(2)*SIN(GA).GT.Ol) THEN
IDD=11

ELSE
IDD= 12
ENDIF
ELSE
IF(X(6).LE.PI) THEN
IF(X(3)*SIN(X(7).GT.ON THEN
IDD=13

ELSE
IDD=14
ENDIF
ELSE
IDD=15
ENDIF
ENDIF
BS=BT*180/WTS
WRITE(6,9999) ILIDD,BS (X(K),K=1,8)
9999 FORMAT(1X,12,1X,12,F10.4,8F7.4)
GO TO 999
ELSE
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IF(I.GE.8) THEN
C BS=BT*I80/WTS
C WRITE(6,8888) BS
C8888  FORMAT(/'ERROR OCCUR AT BS = *,F10.4)
BT =BT+ WTS/(3*ND)
GO TO 15
ELSE
I=1+1 .
GO TO 105
ENDIF
ENDIF
200 1=0 '
IF(IOD.EQ.1) THEN
TEMP= Y(1)
Y(1)=Y(2)
Y(2)=TEMP
Y(3)= Y(4)
Y(4)=Y(5)
Y(5)=PI)2.
ENDIF
IF(IOD.EQ.4) THEN
Y(1)=2*Ol
Y2)=1.
Y(3)=0.
Y(4)= ACOS(1-2*O1**2)
Y(5)=PI/2.
ENDIF
N=5
205 XGUESS(1)= Y(1)-I*0.15
XGUESS(2) = Y(2)-1*0.15
XGUESS(3)= Y(3)-1*.05 -
XGUESS(4) = Y(4) +I*.15
XGUESS(5) = Y(5)-1+.05
CALL NEQNF(FCN2,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GE.0.AND.X(2).GE.2*OLAND.X(3).GE.
1 -1.57079.AND.X(3)*X(5).GE.0.
1 .AND.X(3).LE.3.1416. AND.X(4).GE.0.AND.X(4).LE.6.2832.AND.
1 X(5).GE.-1.57079.AND.X(5).LE.3.1416) THEN
I0D=2
DO 250 K=1,N
Y(K)=X(K)
250 CONTINUE
X(1)=Y(1)
X(2)=Y(2)
X(3)=Y(3)
X(4) = 2*PI-Y(4)
X(5)=Y(5)
X(6)=0.
X(7)=0.
X(8)=0.
IF(X(4).GE.PI) THEN
GA = (1-1/WN)*PI-X(5) + BT
IF(X(2)*SIN(GA).GT.OI) THEN
IDD =21
ELSE
IDD=22
ENDIF
ELSE
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IDD=23
ENDIF
BS=BT*180/WTS
WRITE(6,9999) ILIDD,BS,(X(K),K = 1,8)
GO TO 999
ELSE
IF(1.GE.8) THEN

C BS = B*180/WTS
C WRITE(6,3888) BS
BT =BT+ WTS/(3*ND)
IF(IOD.EQ.1) THEN
TEMP = Y(1)
Y(1)=Y(2)
Y(2)=TEMP

ENDIF

GO TO 15

ELSE

I=1+1

GO TO 205
ENDIF

ENDIF
300 [=0
IF(IFLAG.EQ.0) THEN
Y(1)=2*01
Y(2)= (1+4*01**2)*+0.5
Y(3)="PI/2.
Y(4)= PI/3.
Y(5y=PI/3.
ENDIF
IF(IOD.EQ.1) THEN
Y(2)=Y(3)
Y(3)=Y(5)
Y(4)=Y(6)
Y(5)=Y(7)
ENDIF
IF(IOD.EQ.2) THEN
TEMP = Y(2)
Y(1)=TEMP
Y(2)= (1 + TEMP*#2)*%0.5
Y(3)=Y4)
Y(4)= ATAN(TEMP)
Y(5)=Y(4)
ENDIF
IF(IOD.EQ.4) TIEN
TEMP = Y(2)
Y(2)=(1+ Y(1)**2)**0.5
Y(3)="TEMP
Y(4)= ATAN(Y(1))
Y(5)=Y(4)
ENDIF
N=5
305 XGUESS(1)=Y(1)-1*0.2
XGUESS(2) = Y(2)-140.2
XGUESS(3)= Y(3)
XGUESS(4) = Y(4)-1*0.1
XGUESS(5) = Y(5)-1*0.1
CALL NEQNF(FCN3,ERREL,N,ITMAX,XGUESS,X,FORM)
IF(X(1).GE.0.AND.X(2).GE.0
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1 .AND.X(2).LE.(1+4%01**2)*+0.5.AND.X(3).GE.0
1 .AND.X(3).LE.6.2832.AND.X(5).GE.0.AND.X(5).LE.X(4).AND.
1 X(4).LE.1.5708) THEN
IOD=3
DO 350 K=1,N
Y(K)=X(K)
350 CONTINUE

X(1)=Y(1)

X(2)=Y(2)

X(3)=2*PI-Y(3)

X(4)= 1.5*PI-X(3)/2. + BT-WTS

X(5)=Y(5)

X(6)=Y(4)

X(7)=0.

X(8)=0.

IF(X(3).GE.PI) THEN
GA=(-PI1+X(3))/2.
IF(X(1)*SIN(GA).GT.OI) THEN

IDD=31
ELSE
IDD =32
ENDIF
ELSE
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FORTRAN Program for Calculating Trajectory Parameters Above Resonant
Frequency

LA I R L R LS A AL R L R L R L R R R RIS P IR T ]}
thkdd

s++4s PROGRAM : PCI0PAR.FOR

s++++ FUNCTION : CALCULATE THE PARAMETERS FOR EQUILIBRIUM STATE
b TRAJECTORIES. ION FIXED, PULSE WIDTH VARYING.

*hkgd
LA A LR AL AL PR R L R AL L L RS LR RS R I LI R R R 22t I2 121 2]

ololololololole]

DIMENSION X(8), XGUESS(8), Y(8)
EXTERNAL FCNI, FCN2A, FCN3
COMMON WN, Ol, PI, BT, WTS
PI=4.*ATAN(L.)

ERREL = 0.0001
ITMAX =200
10 READ(5,*) WN,OLSN
IF(WN.LE.0) STOP
WRITE(6,111) WN, OI
IC=1
WTS =Pl/WN
CALL BDY(BA1,BA2,BC1,BC2)
BT=WTS
20 IF(BT.GT.BAI) THEN
ID=1
ELSE
IF(BT.GT.BA2) THEN
ID=21
ELSE
IF(BT.GT.BC1) THEN
ID=1
ELSE
IF(BT.GT.BC2) THEN
ID=3
ELSE
ID=5
ENDIF
ENDIF
ENDIF
ENDIF
IF(ID.EQ.1) GO TO 100
IF(ID.EQ.21) GO TO 2100
IF(ID.EQ.3) GO TO 300
IF(ID.EQ.5) GO TO 500
100 IF(IC.EQ.1) THEN
CALL INITIALI(XGUESS)
IC=0
ELSE
IF(IOD.EQ.21) THEN
XGUESS(1)=(1+ Y(2)**2)**0.5
XGUESS(2)=Y(2)
XGUESS(3)= Y(3)
XGUESS(4) = ACOS(1/XGUESS(1))
XGUESS(5) = XGUESS(4)
XGUESS(6)= Y(5)
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XGUESS(7) = Y(6)
XGUESS(8) = Y(7)
ELSE
DO 110, K=1,8
110  XGUESS(K)= Y(K)
ENDIF
ENDIF
N=8
CAI;.,L NEQNF(FCN1,ERREL,N,ITMAX,XGUESS,X,FNORM)
I0D=1
DO 120,K=18
120 Y(K)=X(K)
IF(X(5).GE.PI) THEN
GA =PI-WTS-X(6) + BT
IF(X(2)*SIN(GA).GE.OI) THEN
IDD=11
ELSE
IDD= 12
ENDIF
ELSE
IF(X(6).LE.PI) THEN
IF(X(3)*SIN(X(7)).GE.Ol) THEN
IDD=13

ELSE
IDD= 14
ENDIF
ELSE
IDD=15
ENDIF ,
ENDIF :
BS=BT*180./WTS
WRITE(6,1000) ID, IDD, BS, (X(K),K = 1,8)
GO TO 999
2100 IF(IOD.EQ.1) THEN
XGUESS(1)= Y(2) + 2*Ol
XGUESS(2)= Y(2)
XGUESS(3)= Y(3)
XGUESS(4)=0.
XGUESS(5) = Y(6)
XGUESS(6)= Y(7)
XGUESS(7)= Y(8)

ELSE
DO 2110, K=1,7
2110  XGUESS(K) = Y(K)
ENDIF
N=7 :

CALL NEQNF(FCN2A,ERREL,N,ITMAX,XGUESS,X,FNORM
I0OD=2]
DO 2120, K=1,N
2120 Y(K)=X(K)
IF(X(5).LE.Pi) THEN
IF(X(3)*SIN(X(6)).GE.OI) THEN
IDD=23
ELSE
IDD = 24
ENDIF
ELSE
IDD=25
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ENDIF
BS=BT*180./WTS
X(8)=0.
WRITE(6,1000) ID, IDD, BS, (X(K), K = 1,8)
GO TO 999
300 IF(IC.EQ.1) THEN
CALL INITIAL3(XGUESS)
IC=0
ELSE
IF(IOD.EQ.1) THEN
XGUESS(1)= Y(2)
XGUESS(2)= Y(3)
XGUESS(3)= Y(5)
XGUESS(4) = Y(6)
XGUESS(5)= Y(7)
XGUESS(6) = Y(8)
ELSE
IF(IOD.EQ.21) THEN
BT =BT + WTS/SN-0.005
GO TO 20
ENDIF
DO 310, K=1,6
310  XGUESS(K)=Y(K)
ENDIF
ENDIF
N=6

CALL NEQNF(FCN3,ERREL,N,ITMAX,XGUESS,X,FNORM)

I0D=3
DO 320, K=1I,N
320 Y(K)=X(K)

IF(X(3).GE.PI) THEN
GA=(X(3)-P)/2.
IF(X(1)*SIN(GA).GE.OI) THEN

IDD=31
ELSE
IDD=132
ENDIF
ELSE
IF(X(4).LE.PI) THEN
IF(X(2)*SIN(X(5)).GE.OI) THEN
IDD=33

ELSE
IF(X(2)*SIN(X(6)).GT.Ol) THEN
IDD = 34

ELSE
IDD =36
ENDIF
ENDIF
ELSE
IF(X(2)*SIN(X(6)).GT.OI) TIIEN
IDD =35
ELSE
IDD=37
ENDIF
ENDIF
ENDIF
BS=BT*180./WTS
X(7)=0.
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X(8)=0.
WRITE(6,1000) ID, IDD, BS, (X(K), K=1,8)
GO TO 999

500 IDD=S55
N=2
X(1)=BT
X(2)=WTS-BT
BS=DBT*180./WTS
DO 505, K=3,8
505 X(K)=0.
WRITE(6,1000) ID, IDD, BS, (X(K), K= 1,8)

999 IF(BT.EQ.0) GO TO 10
BT = BT-WTS/SN
IF(BT.LT.0) BT=0
GO TO 20

111 FORMAT(1X,2F10.5)

1000 FORMAT(1X,12,1X,12,F10.4,8F7.4)

END

*hhke
L2122
*hhk

olelelele!

SUBROUTINE BDY(BA!,BA2,BC1,BC2)
COMMON WN, OI, PI, BT, WTS
10 A=ACOS(1-O1++2)
B = ACOS((1 + OI**2)/(1 + 4*O1*+2)**(.5)
C=ACOS(1/(1 + 4*0[*+2)#%0.5)
WNI1=PI/(A+B+C)
WN2= PI/(2*0I)
IF(WN.GE.WN2) THEN
BC1=WTS
BC2=WTS
ELSE ‘
IF(WN.GE.WN1) THEN
BCI=WTS
BC2=2*0l
ELSE
BC2=2*0l
A=ACOS(-2*01**2+ (1 + 4014*2)*+(.5)
B=ACOS(1/(1 +4*01**2)*+0.5)
WN3 = PI/(0.5*(PI + A)+ B)
IF(WN.GE.WN3) THEN
RH = (2*%0.5)*01
RL = (1+4*01*%2)*+0.5-1
15 R=(RII+RL)/2.
CALL FQBDIII(R,AL,BELBE2,GALGA2)
WNC = PI/(AL + BEI-BE2+ GA2+ GAl)
IF(ABS(WNC-WN).LE. 1.E-4) TIHEN
BC1=(GA2+GAl+AL)
ELSE
IF(WNC.GT.WN) THEN
RII=R
ELSE
RL=R
ENDIF
GO TO 15
ENDIF
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ELSE
RH=2*0I
RL=(1+4*O1#*2)*#+0.5-1

25 R=(RH+RL)/2.

aacaan

anaaan

CALL FQBDHI(R,AL,BE1,BE2,GA1,GA2)
WNC =PI/(AL+ BE1 + BE2+ GA2-GAl)
IF(ABS(WNC-WN).LE.].E-4) THEN
BC1=(GA2-GAl +AL)
ELSE
IF(WNC.GT.WN) THEN
RL=R
ELSE
RH=R
ENDIF
GO TO 25
ENDIF
ENDIF
ENDIF
ENDIF
CALL BDIIA(BA1,BA2)
RETURN
END

*hbdd
2kt
kb

SUBROUTINE FQBDIII(R1,AL,BE1,BE2,GA1,GA2)
IMPLICIT REAL*4 (A-H,0-Z)
COMMON WN, Ol, PI, BT, WTS
R2=(1+4*0[**2)**0.5
AL=ACOS(1-0.5*R1**2)
BE1=(PI-AL)*0.5
BE2=PI-ACOS((1+R1**2-R2*+2)/(2*R 1))
GA1=ACOS((1 + R2**2-R1**2)/(2*R2))
GA2=ACOS(1/R2)

RETURN

END

(LR L)
shkdd
Pk

SUBROUTINE BDIIA(BA1,BA2)
IMPLICIT REAL*4 (A-H,0-7)
COMMON WN, OI, PI, BT, WTS

11 IF(OL.GE.0.5) THEN

BAl=WTS
BA2=WTS
RETURN
ENDIF
R2A1=2*01**2/(1-2*OI)
CALL FQIIA(R2A1,ALLAL2,ET2,WA1,WALI)
R2=R2A1+25.

12 CALL FQIIA(R2,AL1,AL2,ET2,WNC1,WNC2)

IF(WNCI1.GE.WAI) THEN
R2=R2*2.
‘GO TO 12
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ENDIF
R2A2=R2
WA2=WNCl
RH=R2A2
RL=R2Al
14 R2=(RH+RL)/2.
R2P=R2+ 1.E-4
CALL FQIIA(R2,AL1,AL2,ET2,WNC1,WNC2)

CALL FQIIA(R2P,AL1,AL2,ET2,WNCP1,WNCP2)

IF(ABS(RH-RL).LE.1.E-4) THEN
R2AMAX = R2
WAMAX = WNCI
ELSE
IF(WNCI1.LE.WNCP1) THEN
RL=R2
ELSE
RH=R2
ENDIF
GO TO 14
ENDIF
IF(WN.GE.WAMAX) THEN
BA1=WTS
BA2=WTS
RETURN
ENDIF
IF(WN.GE.WAI) THEN
RH=R2A2
RL=R2AMAX
22 R2=(RH+RL)2.
CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(ABS(RH-RL).LE.1.E-4) THEN
BAl=(AL2+ALl)
ELSE
IF(WNC1.GT.WN) THEN
RL=R2
ELSE
RH=R2
ENDIF
GO TO 22
ENDIF
RH=R2AMAX
RL=R2Al
24 R2=(RH+RL)2.
CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(ABS(RH-RL).LE.1 .E-4) THEN
BA2=(AL2+ALl)
ELSE
IF(WNCI.GT.WN) THEN
RH=R2
ELSE
RL=R2
ENDIF
GO TO 24
ENDIF
ELSE
IF(WN.GE.WA2) THEN
R2A3=R2A2
ELSE
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R2=R2A2*2
26  CALL FQUA(R2,ALI,AL2,ET2,WNC1,WNC2)
IF(WN.GT.WNCI) THEN
R2A3=R2
ELSE
R2=R2*%2
GO TO 26
ENDIF
ENDIF
RH=R2A3
RL=R2AMAX
28 R2=(RH+RL)2.
CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(ABS(RH-RL).LE.1.E-4) THEN
BAl=(AL2+ALI)
ELSE
IF(WNC1.GT.WN) THEN
RL=R2
ELSE
RH=R2
ENDIF
GO TO 28
ENDIF
R2=R2A1+5.
32 CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(WNC2.LE.WN) THEN
R2A4=R2
ELSE
R2=R2*2.
GO TO 32
ENDIF
RH=R2A4
RL=R2Al
34 R2=(RH+RL)/2.
CALL FQUA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(ABS(RH-RL).LE.1.E-4) THEN
BA2=(AL2-ALI)
ELSE
IF(WNC2.GT.WN) THEN
RL=R2
ELSE
RH=R2
ENDIF
GO TO 34
ENDIF
ENDIF
RETURN
END
dkkkd

ok
whkkd

aaaan

SUBROUTINE FQIIA(R2,AL1,AL2,FT2,WNC1,WNC2)
IMPLICIT REAL*4 (A-H,0-Z)

COMMON WN, Ol, PI, BT, WTS
R3=((R2+2*0ON)**2+ 1.)**0.5

AL2=ACOS(1/R3)
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AL1=ACOS((1+ R3**2-R2**2)/(2*R3))
ET1=2*PI-ACOS((1 + R2**2-R3*+2)/(2*R2))
ET2=2*PI-ETI

WNC1="PI/(AL2+ALI + L.5*PI-ET1)
WNC2=PI/(AL2-AL1 + 1.5*PI-ET2)
RETURN

END

LA L L L]
*hddd
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SUBROUTINE INITIALI(X)
IMPLICIT REAL*4 (A-H,0-Z)
DIMENSION X(8)

COMMON WN, OI, PI, BT, WTS
RMAX = 10.

601 CALL ICFREQI(RMAX,R3,RO,SLLAL1,AL2,WNC)

IF(WNC.GT.WN) THEN
RMAX = RMAX*2.
GO TO 601
ENDIF
RA=RMAX
RB=1.
611 R=(RA+RB)/2.
CALL ICFREQI(R,R3,RO,SI,AL1,AL2,WNC)
IF(ABS(WNC-WN).LE.0.0001) THEN
X(l)=R
X(2)=(1+ R**2-2°R*COS(SI))**0.5
X(3)=R3
X(4)=RO
X(5)=SI
X(6) =PI+ ACOS((1+ X(2)**2-R**2)/(2*X(2)))
X(7)=-ALl
X(8)=AL2
RETURN
ELSE
IF(WNC.LT.WN) THEN
RA=R
ELSE
RB=R
ENDIF
GO TO 611
ENDIF
END

ook ok
rhkkd
ok

olelolele!

SUBROUTINE INITIAL3(X)
IMPLICIT REAL*4 (A-H,0-7)
DIMENSION X(8)
COMMON WN, Ol, PI, BT, WTS
RA=(1.+4.*01**2)**0.5
RB=1.

622 R=(RA+RB)/2.
CALL ICFREQ3}(R,SI,AL1,AL2,WNC)
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IF(ABS(WNC-WN).LE.0.0001) THEN
X(1)=(2.-2.*COS(SI))**0.5
X(2)=R
X(3)=SI
X(4) = 1.5*P1-0.5*SI
X(5)=-ALl
X(6)=AL2
RETURN

ELSE
IF(WNC.LT.WN) THEN
RA=R
ELSE
RB=R
ENDIF
GO TO 622
ENDIF
END

L2 LAl
L2 2L L]
*hktd
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SUBROUTINE ICFREQ}(R1,R3,RO,SI,AL1,AL2,WNC)
IMPLICIT REAL*4 (A-H,0-Z)
COMMON WN, O1I, P, BT, WTS
R3=(1+(2*Of+ (R1**2-1)**0.5)**2)**0.5
SI=ACOS((4+ R1**2-R3**2)/(4*R]))
RO=ACOS(1/R1)

AL1=ACOS((4+ R3**2-R1**2)/(4*R]))
AL2=ACOS(1/R3)

WNC=PI/(AL1+ AL2+SI-R0O)
RETURN

END

T
ey
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SUBROUTINE ICFREQ3(R,SI,ALI,AL2,WNC)
IMPLICIT REAL*4 (A-H,0-7)
REAL*4 LK

' COMMON WN, OI, PI, BT, WTS
SI=ACOS((5-R**2)/4.)
AL1=ACOS((3 + R**2)/(4*R))
AL2=ACOS(1/R)
LK = 2*OI-(R**2-1)**0.5
WNC=PI/(LK + AL1+ AL2+SI)
RETURN
END

LA L L
bk
LA LS 1
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SUBROUTINE FCNI1(X,F,N)
IMPLICIT REAL*4 (A-11,0-7)
DIMENSION X(N), F(N)
COMMON WN, 0OlI, PI, BT, WTS
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F(1)= X(1)*COS(X(4))-1
F(2) = 2*X(1)*COS(2*PI-X(5))- 1-X(1)**2+ X(2)**2
F(3)=X(3)*COS(X(8))-1

F(4) = 2*X(3)*COS(X(7))-1-X(3)**2+ X(2)**2

F(5) = 2*X(2)*COS(PI-WTS-X(6) + BT)-1-X(2)**2 + X(1)**2

F(6) = 2*X(2)*COS(X(6))-1-X(2)**2+ X(3)**2
IF(X(1).LT.1) THEN

X(1)=1.
ENDIF
F(7) = X(3)**2-1-(2*O1 + (X(1)**2-1)**0.5)**2
F(8) = X(8)-X(7) + X(5)-X(4)-BT
RETURN

END

LA L L]
ke
ekt

SUBROUTINE FCN2A(X,F,N)

IMPLICIT REAL*4 (A-11,0-Z)
DIMENSION X(N), F(N)

COMMON WN, OI, PI, BT, WTS

F(1)= X(1)-X(2)-2*Ol
F(2)=2*X(3)*COS(X(7))-1-X(3)* *2+ X(1)**2
F(3)=2*X(3)*COS(X(6))-1-X(3)**2+ X(2)**2
F(4) = 2*X(2)*COS(X(5))-1-X(2)**2+ X(3)**2
F(5) = 2*X(1)*COS(X(4) + 0.5*PI)-1-X(1)**2+ X(3)**2
F(6) = 1.5*PI-X(5)-X(6) + X(7) + X(4)-WTS
F(7) = X(7)-X(6)-BT

RETURN

END

shéesd
L2221
LA 2 L L)

SUBROUTINE FCN3(X,F,N)
IMPLICIT REAL*4 (A-11,0-Z)
DIMENSION X(N), F(N)
COMMON WN, Ol, PI, BT, WTS
F(1)=2*COS(X(3))-2+ X(1)**2
F(2) = 2*X(1)*COS(X(4))-1-X(1)**2+ X(2)**2
F(3)= X(2)*COS(X(6))-1
F(4) = 2*X(2)*COS(X(5))-1-X(2)**2+ X(1)**2
IF(X(2).LT.1) THEN

X(2)= 1.00
ENDIF
F(5) = X(6)-X(5) + 2*OI-(X(2)**2-1)**0.5 + X(3)-BT
F(6) = 1.5*PI-X(4)-0.5*X(3)-WTS + BT
RETURN
END
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APPENDIX C.5

CALCULATION OF CIRCUIT SALIENT FEATURES

OF A CM-PRC

Fortran Program for Galculating Circuit Salient Features of A CM-PRC
(for Both Below and Above Resonant Frequency)

an

skt

shdgk

ioleleloleliele!

DIMENSION X(8)

(I T I3RS ISR RS LI 2222 SRR R R R R R 2 R R R R R R 2 R Rt i Ll sl

*##4++ PROGRAM : PCOUT.FOR

s++4+ FUNCTION : CALCULATE VARIOUS CIRCUIT SALIENT FEATURES.
i CAN BE USED IFOR BOTH BELOW AND ABOVE RESONANT
b FREQUENCY.

Y R R R R PRI R R RS LA R R AR 22 2R i ittt tillddd

REAL ILRMS, IQIRMS, IQ2RMS, IDIAV, ID2AV, IQI0FF, IQ20FF,

1 IQION, IQ20N, LK

PI=4.*ATAN(1)
10 READ(5,1000) WN, OI
WTS = P/WN

15 READ(5,2000) 1D, IDD, BS, (X(K),K=1,8)
C  WRITE(6,2000) ID, IDD, BS, (X(K),K=1,8)

BT =DBS*PI/180./ WN

IF(ID.EQ.1) GO TO 100
IF(ID.EQ.2) GO TO 200
IF(ID.EQ.21) GO TO 2100
IF(ID.EQ.3) GO TO 300
IF(ID.EQ.4) GO TO 400
IF(ID.EQ.5) GO TO 500

100 R1=X(1)
R2=X(2)
R3=X(3)
RO=X(4)
SI=X(5)
ET = X(6)
ALLI=X(7)
AL2=X(8)

GA=(1l-1/WN)*PL-ET + BT

B=PI-RO
A=SI-Pt

RA=RMSI(R1,A,B,01,2)

AA=AVV(RLA,B,0OI2)
B=-GA
A=PI-ET

RB=RMSI(R2,A,B,01,3)

AB=AVV(R2A,B,01,3)
B=-ALl
A=AL2
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RC=RMSI(R3,A,B,01,4)
AC=AVV(R3A,B,014)
VAV =(AA + AB+AC)/WTS
ILRMS = ((RA + RB+ RC)/WTS)**0.5
IF(IDD.EQ.11) THEN
VCPK=1+RlI
IQIOFF =0.
IQ20FF =0.
IQION = R2*SIN(GA)-OI
1Q20N = R3*SIN(ALI)-O1
XX = PI-ASIN(OI/R )
B=PI-RO
A=PI-XX
RAA =RMSI(R1,A,B,01,2)
IQIRMS = ((RAA + RB + RC)/WTS)**0.5
. IQ2RMS =((RAA + RC)/WTS)**0.5
B=-(PI-XX)
A=SI-PI
DA=AVI(R1,A,B,01,2)
B=-GA
A=PLET
DB=AVI(R2,A,B,01,3)
IDIAV=-DA/WTS
ID2AV =-(DA + DB)/WTS
ELSE
IF(IDD.EQ.12.0R.IDD.EQ.13) THEN
IF(IDD.EQ.12) TIIEN
VCPK=1+RI
ELSE
VCPK=R2-
ENDIF
IQ1OFF = Ol + RI*SIN(SI)
IQ20FF =0.
IQION=0.
IQ20N = R3*SIN(AL1)-O1
Y= ASIN(OI/R2)
B=-Y
A=PLET
RBB=RMSI(R2,A,B,01,3)
IQIRMS = ((RA + RBB + RC)/WTS)**0.5
B=-GA
A=Y
RBB=RMSI(R2,A,B,01,3)
IQ2RMS = ((RA+ RBB + RC)/W'TS)**0.5
B=-GA
A=Y
DA=AVI(R2,A,B,0L3)
B=-Y
A=PI-ET
DB =AVI(R2,A,B,01,3)
IDIAV = DA/WTS
ID2AV =-DB/WTS
ELSE
IF(IDD.EQ.14) THEN
VCPK =R2
ELSE
VCPK =R3-1
ENDIF
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IQIOFF = O1 + R1*SIN(SI)
IQ20FF = OI-R3*SIN(ALI)
IQION=0.
IQ20N=0.
Z=ASIN(OI/R3)
B=-
A=AL2
RCC=RMSI(R3,A,B,01,49)
IQIRMS =((RA + RCC)/WTS)**0.5
IQ2RMS=((RA+ RB+ RCC)/WTS)**0.5
B=-GA
A=PI-ET
DA=AVI(R2,A,B,01,3)
B=-ALI
A=Z
DB=AVI(R3,A,B,01,4)
IDIAV = (DA '+ DB)/WTS
ID2AV =DB/WTS
ENDIF
ENDIF
GO TO 999
200 R1=X(1)
R2=X(2)
RO=X(3)
SI=X(4)
AL=X(5)
GA=(I-1/WN)*PI-AL + BT
R3=R2-2*01
IF(AL.LT.0.AND.R3*SIN(-AL).GT.Ol) IDD=29
B=0.5*P1
A=-AL
RA = RMSI(R3,A,B,01,3)
AA=AVV(R3,A,B,013)
B=PI-RO
A=SI-PI
RB=RMSI(R,A,B,0l,2)
AB=AVV{(RI],A,B,0l,2)
B=-GA
A=0.5*PI
RC=RMSI(R2,A,B,01,3)
AC=AVV(R2,A,B,013)
VAV=(AA+AB+AC)/WTS
ILRMS = ((RA + RB + RC)/WTS)**0.5
IF(IDD.EQ.21) THEN
XX = ASIN(OI/R1)
B=PI-RO
A=XX
RBB=RMSI(RI1,A,B,0l1,2)
IQIRMS = ((RA + RBB + RC)/WTS)**0.5
IQ2RMS = (RBB/WTS)**0.5
B=0.5*P1
A=-AL
DA =AVI(R3,A,B,0L3)
B=-XX
A=SI1-PI
DB=AVI(R1,A,B,0l1,2)
B=-GA
A=0.5*PI
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DC=AVI(R2,A,B,0L3)
IDIAV =-DB/WTS

ID2AV = (DA-DB-DC)/WTS
VCPK =1+RI

IQIOFF=0.

IQ20FF =0.

IQ10ON =R2*SIN(GA)-OI
IQ20N = R I*SIN(RO) + OI

ELSE
IF(IDD.EQ.22.0R.IDD.EQ.23) THEN

IF(IDD.EQ.22) THEN
VCPK=1+Rl
ELSE
VCPK=R2

ENDIF

Y = ASIN(OI/R2)

B=-Y

A=0.5*PI

RCC=RMSI(R2,A,B,01,3)
IQIRMS=((RA+ RB+ RCC)/WTS)**0.5
A=Y
RCC=RMSI(R2,A,B,01,3)
IQ2RMS =((RB+ RCC)/WTS)**0.5
B=PI/2.

A=-AL
DA=AVI(R3,A,B,0L3)
B=-GA

A=Y
DCC=AVI(R2,A,B,01,3)
IDIAV=DCC/WTS

B=-Y

A=PIl/2.
DCC=AVI(R2,A,B,013)
ID2AV =(DA-DCC)/WTS
IQIOFF = R2*SIN(-GA) + Of
1Q20FF =0.

IQION=0.
IQ20N=RI1*SIN(RO)+ Ol
ELSE

VCPK =R2

Y = ASIN(OI/R3)

B="Plj2.

A=Y

RAA = RMSI(R3,A,B,01,3)
Z=ASIN(OI/R1)

B=PI+Z

A=SI-PI
RBB=RMSI(R1,A,B,01,2)
YY = ASIN(OI/R2)

B=-YY

A=Pl2.
RCC=RMSI(R2,A,B,01,3)
IQIRMS =((RAA + RBB + RCC)/WTS8)**0.5
B=-Y

A= 'A[J
RAA=RMSI(R3,A,B,01,3)
B=-GA
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A=YY
RCC=RMSI(R2,A,B,01,3)
IQ2RMS = ((RAA + RBB + RCC)/WTS)**0.5
B=-Y
A=-AL
DA =AVKR3,A,B,01,3)
B=PI-RO
A=PI+Z
DB=AVIRI1,A,B,01,2)
B=-GA
A=YY
DC=AVI(R2,A,B,01,3)
IDIAV = (-DA-DB + DC)/WTS
B=PI/2.
A=Y
DA =AVI(R3,A,B,01,3)
B=-YY
A=PI/2.
DC=AVI(R2,A,B,01,3)
ID2AV = (DA-DB-DC)/WTS
IQIOFF = R2*SIN(-GA) + OI
IQ20FF =0.
IQION=0.
IQ20N=0.
ENDIF
ENDIF
GO TO 999
2100 R1=X(1)
R2=X(2)
R3=X(3)
RO =X(4)
ET=X(5)
AL1=X(6)
AL2=X(7)
B=0.5*PI
A=-(ET-PI)
RA = RMSI(R2,A,B,01,3)
AA=AVV(R2,A,B,0L3)
B=-ALl
A=AL2
RB=RMSI(R3,A,B,01,4)
AB=AVV(R3,A,B,014)
B=-(0.5*PI-RO)
A=0.5*PI
RC=RMSI(R1,A,B,01,3)
AC=AVV(R1,A,B,01,3)
VAV =(AA+AB+AC)/WTS
ILRMS = ((RA+RB+RC)/WTS)**0.5
IE(IDD.EQ.23) THEN
XX = ASIN(OI/R2)
=.XX
A=PI-ET
RAA=RMSIKR2,A,B,01,3)
IQIRMS = ((RAA + RB)/WTS)**0.5
B=0.5*PI
A=XX
RAA =RMSI(R2,A,B,01,3)
IQ2RMS = ((RAA + RB + RC)/WTS)**0.5
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DA=AVI(R2,A,B,013)
B=-(0.5*PI-RO)
A=0.5*PI
DC=AVI(R1,A,B,01,3)
IDIAV = (DA-DC)/WTS
B=-XX
A=PLET
DA=AVI(R2,A,B,013)
ID2AV =-DA/WTS
VCPK =R2
IQIOFF = R3*SIN(AL2)-Ol
IQ20FF =0.
IQION=0.
1Q20N = R3*SIN(AL1)-Ol
ELSE
IF(IDD.EQ.24) THEN
VCPK =R2
ELSE
VCPK =R3-1.
ENDIF
Y = ASIN(OI/R3)
B=-Y
A=AL2
RBB = RMSI(R3,A,B,014)
IQIRMS = (RBB/WTS)**0.5
IQ2RMS = ((RA + RBB + RC)/WTS)**0.5
B=0.5*PI
A=PLET
DA =AVI(R2,A,B,01,3)
B=-ALl
A=Y
DB=AVI(R3,A,B,01,4)
B=-(0.5*PI-RO)
A=0.5*PI
DC=AVI(R1,A,B,013)
IDIAV = (DA + DB-DC)/WTS
ID2AV = DB/WTS
IQ1OFF = R3*SIN(AL2)-Ol
IQ20FF = R3*SIN(-ALI1)+ OI
IQION=0.
IQ20N=0.
ENDIF
GO TO 999
300 R1=X(1)
R2=X(2)
SI=X(3)
ET=X(4)
AL1=X(5)
AL2=X(6)
LK =2*OL-(R2*#2-1)**0.5
GA=(-PI+SI)/2.
B="PI

A=SI-PI
RA=RMSI(1.,A,B,01,2)
AA=AVV(1.,A,B,01,2)
B=-GA

A=PL-ET
RB=RMSI(R1,A,B,0L3)
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AB=AVV(R1,A,B,0L3)
B=-ALl
A=AL2
RC=RMSI(R2,A,B,01,4)
AC=AVV(R2,A,B,0L4)
VAV =(AA+ AB+AC)/WTS
OI1=(R2**2-1)**0.5-O1
OoR=0I
RD = LK*(OI2**2+ OI1**2+ OI1*O12)/3.
VAV =(AA+AB+AC)/WTS
ILRMS =((RA + RB+ RC+ RD)/WTS)**0.5
IF(IDD.EQ.31) THEN
VCPK =2.
IQIOFF=0.
IQ20FF =0.
IQ1ON = -SIN(SI)-OI
1Q20N = R2*SIN(AL1)-OI
Y = ASIN(OI)
B=PI
A=Y
RAA=RMSI(1.,A,B,01,2)
IQIRMS = ((RAA + RB+ RC + RD)/WTS)**0.5
IQ2RMS = ((RAA + RC+ RD)/WTS)**0.5
A=SI-PI
DA=AVI(].,A,B,012)
B=-GA
A=PLIET
DB=AVI(R1,A,B,0L3)
IDIAV=-DA/WTS
ID2AV = -(DA + DB)/WTS
ELSE
IF(IDD.EQ.32.0R.IDD.EQ.33) THEN
IF(IDD.EQ.32) THEN
VCPK =2.
ELSE
VCPK =R1
ENDIF
IQIOFF = OI-R1*SIN(GA)
IQ20FF =0.
IQION=0.
1Q20N = R2*SIN(AL1)-01
Y1=ASIN(OI/R1)
B=-YI
A=PLET
RBB=RMSI(R1,A,B,01,3)
IQIRMS = ((RA + RBB + RC + RD)/WTS)**0.5
B=-GA
A=Yl
RBB = RMSI(R1,A,B,01,3)
IQ2RMS = ((RA + RBB + RC + RD)/WTS)**0.5
=-GA
A=YI1
DA =AVI(R1,A,B,01,3)
B=-YI
A=PI-ET
DB=AVI(R1,A,B,013)
IDIAV = DA/WTS
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ID2AV =-DB/WTS
ELSE

IF(IDD.EQ.34.0R.IDD.EQ.36) THEN
VCPK =R]
ELSE
VCPK =R2-1

ENDIF

IQ1OFF = OI-R1*SIN(GA)

IQ20FF = OI-R2*SIN(ALI)

IQION=0.

IQ20N=0.

IF(R2*SIN(AL2).GT.OI) THEN
Z=ASIN(OI/R2)

A=AL2
RCC =RMSI(R2,A,B,01,4)
IQIRMS = ((RA + RCC + RD)/WTS)**0.5
IQ2RMS = ((RA + RB + RCC + RD)/WTS)**0.5
B=-GA
A=PLET
DA=AVI(R1,A,B,013)
B=-ALl
A=Z
DB=AVI(R2,A,B,01,4)
IDIAV =(DA+ DB)/WTS
ID2AV = DB/WTS
ELSE
RDD=0I**3/3.
IQIRMS = ((RA + RDD)/WTS)**0.5
IQ2RMS = ((RA + RB + RDD)/WTS)**0.5
B=-GA
A=PLET
DA =AVI(R1,A,B,0L3)
B=-ALl
A=AL2
DB=AVI(R2,A,B,01,4)
DC = (OI-R2*SIN(AL2))**2/2.
IDIAV =(DA + DB + DC)/WTS
ID2AV = (DB + DC)/WTS
ENDIF
ENDIF
ENDIF
GO TO 999
400 R1=X(1)
SI=X(2)
TH=X(3)
LK = 2*OI-R1
GA =(-P1+SI)/2.
B="PI
A=SI-PI
RA=RMSI(1.,A,B,01,2)
AA=AVV(l.A,B,0L2)
B=-GA
A=PI/2.
RB=RMSI(R1,A,B,01,3)
AB=AVV(R1,A,B,01,3)
RC=(OI-LK)**2*TH
AC=0.
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Ol1=(OI-LK)
012=0I
RD = LK*(OI1**2+ O12**2 + O11*012)/3.
AD=0.
VAV =(AA + AB)/WTS
ILRMS =((RA + RB+ RC+ RD)/WTS)**0.5
IF(IDD.EQ.41) THEN
XX = ASIN(OI)
B=PI
A=XX
RAA = RMSI(1.,A,B,01,2)
IQIRMS = ((RAA + RB+ RC + RD)/WTS)**0.5
IQ2RMS = ((RAA + RD)/WTS)**0.5
B=-XX
A=SI-PI
DA=AVI(1.,A,B,01,2)
B=-GA
A=Pl)2.
DB=AVI(R1,1,B,01,3)
DC=TH*(OI-LK)
IDIAV=-DA/WTS
ID2AV = (-DA-DB + DC)/WTS
VCPK =2.
IQIOFF=0.
IQ20FF =0.
IQION = SIN(2*PL-SD)-OI
IQ20N=OI-LK
ELSE
IF(IDD.EQ.42.0R.IDD.EQ.43) TIIEN
IF(IDD.EQ.42) THEN
VCPK=2.
ELSE
VCPK =Rl
ENDIF
Y = ASIN(OI/R1)
B=-Y
A=PIj2. ‘
RBB=RMSI(R1,A,B,013)
IQIRMS = ((RA + RBB + RC + RD)/WTS)**0.5
B=-GA
A=Y
RBB=RMSI(R1,A,B,01,3)
IQ2RMS = ((RA + RBB + RD)/WTS)**0.5
B=-GA '
A=Y
DBB=AVI(RI1,A,B,0L3)
IDIAV =DBB/WTS
B=-Y
A=PI2.
DBB=AVI(R1,A,B,013)
DC=TH*OI-LK)
ID2AV = (-DBB + DC)/WTS
IQIOFF =SIN(SI) + Ol
IQ20FF =0.
IQION=0.
IQ20N=OI-LK
ELSE
VCPK =R1
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IQIOFF =SIN(SI) + OI
- IQ20FF = LK-Ol
IQION=0.
IQ20N=0.
RDD=OI**3/3.
IQIRMS = ((RA + RDD)/WTS)**0.5
IQ2RMS = ((RA + RB+ RC + RDD)/WTS)**0.5
B=-GA
A=PI2.
DB=AVI(R1,A,B,01,3)
DC=(LK-OI*TH
DDD=(LK-OI)**2/2.
IDIAV = (DB + DC + DDD)/WTS
ID2AV = DDD/WTS
ENDIF
ENDIF
GO TO 999

500 LK =BT

PHI=WTS-BT

VAV=0.

RA=LK**3/24.

RB=LK**2*PHI/4.

RC=LK**3/24.

ILRMS = ((RA + RB+ RC)/WTS)**0.5
IQIRMS=(RA/WTS)**0.5

IQ2RMS = ((RA + RB)/WTS)**0.5
IDIAV = (LK *PHI/2. + LK**2/8.)/WTS
ID2AV = (LK **2/8.)/WTS
IQIOFF=LK/2.

IQ20FF =LK/2.

VCPK =0.

IQION=0.

IQ20N=0.

999 WRITE(6,3000) BS, VAV, ILRMS, VCPK

WRITE(7,3000) BS, IQIRMS, IDIAV, IQ10FF, IQION
WRITE(8,3000) BS, IQ2RMS, ID2AV, IQ20FF, IQ20N
IF(BT.EQ.0.AND.OLEQ.1.0) STOP

IF(BT.EQ.0) GO TO 10

GO TO 15

3000 FORMAT(1X,5F14.5)
2000 FORMAT(1X,12,1X,12,F10.4,8F7.4)
1000 FORMAT(2I°14.5)

olololole)

END

ek
pkkg
o e ok

FUNCTION RMSI(R,AL,BE,OLIC)
IF(IC.EQ.2.0R.IC.EQ.3.0R.IC.EQ.4) TIIEN
RMSI=OI**2%(AL + BE)-2*R*O1*(COS(BE)-COS(AL))
1 +0.5*R**2*(AL + BE-0.5*SIN(2*BI3)-0.5*SIN(2*AlL )
ELSE :
IF(IC.EQ.5.0R.IC.EQ.6.0R.IC.EQ.1) TIIEN
RMSI=O0I**2% AL+ BE) + 2*R*OI*(COS(BE)-COS(AL))

1 +0.5*R**2*(AL + BE-0.5*SIN(2*BE)-0.5*SIN(2*AL))
ELSE
RMSI=-9999.
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ENDIF
ENDIF
RETURN
END

ek
L1221
*hkee

olelelele!

FUNCTION AVI(R,AL,BE,OLIC)
IF(IC.EQ.2.0R.IC.EQ.3.0R.IC.EQ.4) TIIEN
AVI=OI*(AL + BE) + R*(COS(AL)-COS(BE))
ELSE
IF(IC.EQ.5.0R.IC.EQ.6.0R.IC.EQ.1) THEN
AVI=-OI*(AL+ BE) + R*(COS(AL)-COS(BE))
ELSE
AVI=-999.
ENDIF
ENDIF
RETURN
END

rkhnd
*hbtd
(L L L]

caoaon

FUNCTION AVV(R,AL,BE,01,IC)
IF(IC.EQ.1.OR.IC.EQ.2) TIHIEN
AVV=(AL+ BE)+ R*SIN(AL) + SIN(BE))
ELSE
IF(IC.EQ.3.0R.IC.EQ.6) THEN
AVV = R*SIN(AL) + SIN(BE))
ELSE
IF(IC.EQ.4.0R.IC.EQ.5) THEN
AVV=-(AL+ BE)+ R*SIN(AL)+ SIN(BE))
ELSE
AVI=-999.
ENDIF
ENDIF
ENDIF
RETURN
END
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APPENDIX C.6
DC CHARACTERISTICS BELOW
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APPENDIX C.7
DC CHARACTERISTICS ABOVE
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APPENDIX C.8

GENERATION OF CIRCUIT WAVEFORMS OF A CM-PRC

elolololololoiolele]

st et e TR R R LT T AR R R LA LR SRR RS RS2SR R R A2 202t

*hedd

+++++ PROGRAM : PCWAVE.FOR

Fortran Program for Generating Capacitor Voltage and Inductor Current
Waveforms (for Both Below and Above Resonant Frequency)

++¢++ EUNCTION : GENERATE DATA FOR PLOTING WAVEFORMS AND STATE

A TRAJECTORIES OF A CM-PRC. THE PROGRAM CAN BE
i USED FOR BOTH BELOW AND ABOVE RESONANT FREQUENCY

ke CASES.

*htt e

Ittt ey e T T P R R R S LR R R LR AL AL SRS L L R Rl Ll

REAL ILN, VCN, LK
DIMENSION X(8)
PI=4.*ATAN(1)

10 READ(5,*) WN, OI

IF(WN.LT.0) STOP

11 READ(5,1000) ID,IDD,BS,(X(K),

WTS=PI/WN
BT = (BS/180)*WTS
DT = WTS/200.
WT=0.
YT=0.
IF(ID.EQ.
IF(ID.EQ.
IF(ID.EQ.

1) GO TO 100

2)

21 2
IF(ID.EQ.3)

4)

5)

TO

GO TO 200
) GO TO 21
GO TO 300
GO TO 400
GO TO 500

00

IF(ID.EQ.
IF(ID.EQ.

100 Ri=X(1)

R2=X(2)
R3=X(3)

RO = X(4)

SI=X(5)

ET=X(6)

ALL=X(7)

AL2=X(8)
GA=(1-1/WN)*PI-ET + BT
T=PI-GA

101 IF(T.LE.ET) GO TO 102

ILN = R2*SIN(T)-0O1
VCN=R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+DT*180/WTS

GO TO 101

102 T=PI-ALl

YT=YT+(PI-GA-ET)
WT=YT*180*WN/PI

103 IF(T.LT.(PI-AL2)) GO TO 104

K=1.8)
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ILN = R3*SIN(T)-OI
VCN=R3*COS(T) + 1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 103

104 T=PI-RO
YT=YT+(AL2-ALl)
WT=YT*180*WN/PI

105 IF(T.LT.(PI-SI)) GO TO 106
ILN=RI*SIN(T) + Ol
VCN=R1*COS(T) + 1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT =WT+ DT*180/WTS
GO TO 105

106 T=-GA
YT=YT+ (SI-RO)
WT=YT*180*WN/PI

107 IF(T.LT.(-P1+ET)) GO TO 108
ILN = R2*SIN(T) + Ol
VCN=R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 107

108 T=-ALI
YT =YT+ (PI-GA-ET)
WT=YT*180*WN/PI

109 IF(T.LT.-AL2) GO TO 110
ILN = R3*SIN(T) + Ol
VCN=R3*COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 109

110 T=-RO
YT =YT+(AL2-ALI)
WT = YT*180*WN/Pi

111 IF(T.LT.(-SI)) GO TO 112
ILN = RI*SIN(T)-OI
VCN=RI1*COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 111

112 T=PI-GA
YT= YT + (SI-RO)
WT=YT*180*WN/PI

113 IF(T.LT.ET) GO TO 10

" ILN=R2*SIN(T)-Ol

VCN=R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+DT*180/WTS
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GO TO 113

200 R1=X(1)

R2=X(2)

RO=X(3)

SI=X(4)

AL=X(5)
GA=(1-1/WN)*PI-AL+ BT
T=PI-GA

201 IF(T.LT.(PI/2.)) GO TO 202
ILN = R2*SIN(T)-OI
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 201

202 T=PIj2.

YT = YT+ (PI/2.-GA)
WT=YT*180*WN/PI

203 IF(T.LT.AL) GO TO 204
ILN = (R2-2*Ol)*SIN(T) + OI
VCN =(R2-2*OI)*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 203

204 T=PI-RO
YT= YT+ (Pl/2.-AL)
WT=YT*180*WN/P!

205 IF(T.LT.(PI-SI)) GO TO 206
ILN = RI*SIN(T) + Ol
VCN=RI*COS(T)+ 1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 205

206 T=-GA
YT =YT +(SI-RO)

WT = YT*180*WN/PI

207 IF(T.LT.-PI/2.) GO TO 208
ILN = R2*SIN(T) + OI
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+DT*180/WTS
GO TO 207

208 T=-PIj2.

YT=YT+ (PI/2.-GA)
WT=YT*180*WN/PI

209 IF(T.LT.(-PI+AL)) GO TO 210
ILN = (R2-2*OI)*SIN(T)-Ol
VCN = (R2-2*O1)*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 209

210 T=-RO
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YT=YT+ (PI/2.-AL)
WT = YT*180*WN/PI

211 IF(T.LT.(-SI)) GO TO 212
ILN = RI*SIN(T)-OI
VCN=R1*COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=1-DT
WT=WT+ DT*180/WTS
GO TO 211

212 T=PI-GA
YT=YT + (SI-RO)
WT=YT*180*WN/PI

213 IF(T.LT.(PI/2.)) GO TO 10
ILN = R2*SIN(T)-OI
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 213

2100 R1=X(1)
R2=X(2)
R3=X(3)
RO=X(4)
ET=X(5)
AL1=X(6)
AL2=X(7)
T=-0.5*Pi+RO

2101 IF(T.LT.(-P1/2.)) GO TO 2102
ILN = RI*SIN(T)+ Ol
VCN=R1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 2101

2102 T=-PI/2.
YT=YT+RO
WT=YT*180*WN/PI

2103 IF(T.LT(ET-2*PI)) GO TO 2104
ILN = (R1-2*OI)*SIN(T)-OI
VCN = (R1-2*OI)*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT =WT+ DT*180/WTS
GO TO 2103

2104 T=-PI-ALI
YT=YT +(1.5*PI-ET)
WT = YT*180*WN/PI

2105 IF(T.LT.(-PI-AL2)) GO TO 2106
ILN = R3*SIN(T)-OI
VCN=R3*COS(T) + 1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 2105

2106 T=0.5*PI+ RO
YT=YT+(AL2-ALI)
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WT = YT*180*WN/PI
2107 IF(T.LT.PI/2.) GO TO 2108
ILN = R1*SIN(T)-O1
VCN=RI1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 2107
2108 T=PI/2.
YT=YT+RO
WT=YT*180*WN/PI
2109 IF(T.LT.(ET-PI)) GO TO 2110
ILN = (R1-2*OI)*SIN(T) + OI
VCN = (R1-2*OI)*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 2109
2110 T=-ALl
YT=YT+ (1.5*PI-ET)
WT=YT*180*WN/PI
2111 IF(T.LT(-AL2)) GO TO 2112
ILN=R3*SIN(T) + Ol
VCN=R3*COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 2111
2112 T=-0.5*PI+RO
YT=YT+(AL2-ALI)
WT=YT*180*WN/Pi
2113 IF(T.LT(-P1/2.)) GO TO 10
ILN=RI*SIN(T)+ Ol
VCN = R1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 2113
300 R1=X(1)
R2=X(2)
SI=X(3)
ET=X(4)
AL1=X(5)
AL2=X(6)
GA =0.5%-P1+SI)
LK = 2*OI-(R2##2-1)*40.5
T=PI-GA
301 IF(T.LT.ET) GO TO 302
ILN = R1*SIN(T)-Ol
VCN=R1+COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 301
302 T=PI-AL!
YT=YT+ (PI-ET-GA)

401




WT=YT*180*WN/PI

303 IF(T.LT.(PI-AL2)) GO TO 304
ILN = R2*SIN(T)-OI
VCN=R2*COS(T) + 1.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT =WT+ DT*180/WTS
GO TO 303

304 T=0.
YT=YT+(AL2-AL1)
WT=YT*180*WN/Pi

305 IF(T.GT.LK) GO TO 306
ILN=OI-LK+T
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+DT*180/WTS
GO TO 305

306 T=PI
YT=YT+LK
WT=YT*180*WN/PI

307 IF(T.LT.(PI-SI)) GO TO 308
ILN =SIN(T)+ Ol
VCN=COS(T) + 1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 307

308 T=-GA
YT=YT+SI
WT = YT*180*WN/PI

309 IF(T.LT.(ET-PI)) GO TO 310
ILN = R1*SIN(T) + OI
VCN =RI1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT =WT+ DT*180/WTS
GO TO 309

310 T=-ALl
YT=YT + (PI-ET-GA)
WT = YT*180*WN/PI

311 [F(T.LT.-AL2) GO TO 312
ILN = R2*SIN(T) + OI
VCN=R2*COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 311

312 T=0.
YT=YT+(AL2-AL1)
WT=YT*180*WN/Pi

313 IF(T.GT.LK) GO TO 314
ILN=-OI+LK-T
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
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T=T+DT
WT=WT+ DT*180/WTS
GO TO 313

314 T=0.
YT=YT+LK
WT=YT*180*WN/PI

315 IF(T.LT.(-SI)) GO TO 316
ILN = SIN(T)-Ol
VCN=COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 315

316 T=PI-GA
YT=YT+SI
WT = YT*180*WN/PI

317 IF(T.LT.ET) GO TO 10
ILN = R1*SIN(T)-OI
VCN=RI1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT =WT + DT*180/WTS
GO TO 317

400 R1=X(1)
SI=X(2)
TH=X(3)
LK =2*OI-R1
GA=0.5%(-PI+SI)
T=PI-GA

401 IF(T.LT.PI/2.) GO TO 402
ILN = R1*SIN(T)-OI
VCN=RI1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT + DT*180/WTS
GO TO 401 o

402 T=0.
YT =YT +(0.5*PI-GA)
WT = YT*180*WN/PI

403 IF(T.GT.TH) GO TO 404
ILN=0OI-LK
VCN=0.
WRITE(6,2000) WT ,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+ DT*180/WTS
GO TO 403

404 T=0.
YT=YT+TH
WT = YT*180*WN/PI

405 IF(T.GT.LK) GO TO 406
ILN=OI-LK+T
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT + DT*180/WTS
GO TO 405

403




406 T=PI
YT=YT+LK
WT=YT*180*WN/PI

407 1F(T.LT.(PI-SI)) GO TO 408
ILN =SIN(T) + OI
VCN=COS(T)+ 1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 407

408 T=-GA
YT=YT+SI
WT=YT*180*WN/PI

409 IF(T.LT.-PI/2.) GO TO 410
ILN = RI*SIN(T) + OI
VCN=R1*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 409

410 T=0.

YT = YT+ (0.5*PI-GA)
WT=YT*180*WN/PI

411 IF(T.GT.TH) GO TO 412
ILN=-OI+LK
VCN=0.

WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT

WT=WT+ DT*180/WTS

GO TO 411

412 T=0.

YT=YT+TH
WT=YT*180*WN/PI

413 IF(T.GT.LK) GO TO 414
ILN=-OI+LK-T
VCN=0.

WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+DT*180/WTS

GO TO 413

414 T=0.

YT=YT+LK
WT=YT*180*WN/PI

415 IF(T.LT.(-SI)) GO TO 416
ILN =SIN(T)-Ol
VCN = COS(T)-1
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+ DT*180/WTS
GO TO 415

416 T=(PI-GA)

YT=YT+SI
WT=YT*180*WN/PI

417 IF(T.LT.P1/2.) GO TO 418
ILN=RI1*SIN(T)-OI
VCN=RI1*COS(T)

404




WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T-DT
WT=WT+DT*180/WTS
GO TO 417

418 T=0.
YT = YT +(0.5*pi-GA)
WT = YT*180*WN/PI

419 IF(T.GT.TH) GO TO 10
ILN=0OI-LK
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+ DT*180/WTS
GO TO 419

500 LK =BT
TH=PI/WN-BT
T=0.

501 IF(T.GT.TH) GO TO 502
ILN=-LK/2.
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+DT*180/WTS
GO TO 501

502 T=0.
YT=YT+TH
WT=YT*180*WN/PI

503 IF(T.GT.LK) GO TO 504
ILN=T-LK/2.
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT + DT*180/WTS
GO TO 503

504 T=0.
YT=YT+LK
WT=YT*180*WN/PI

505 IF(T.GT.TH) GO TO 506
ILN=LK/2.
VCN=0.
WRITE(6,2000) WT ,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+ DT*180/WTS
GO TO 505

506 T=0.
YT=YT+TH
WT = YT*180*WN/PI

507 IF(T.GT.LK) GO TO 508
ILN=LK/2-T
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+DT*180/WTS
GO TO 507

508 T=0.

405




YI=YT+LK
WT=YT*180*WN/PI
509 IF(T.GT.TH) GO TO 10
ILN=-LK/2.
VCN=0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT
WT=WT+DT*180/WTS
GO TO 509
1000 FORMAT(12,1X,12,F10.4,8F7.4)
2000 FORMAT(4F14.5)
END
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