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(ABSTRACT)

Two novel clamped-mode resonant converters are analyzed. These clamped-mode

converters operate at a constant frequency 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 are 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 frequency, 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, peak capacitor voltage, rms switch currents, average diode

currents, switch turn-on currents, and switch turn-off currents. are derived to facilitate

the converter designs.

To illustrate the converter designs in different operating regions, several design ex-

amples are given. Finally, three prototype circuits are built to verify the analytica! re-

sults.
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CHAPTER 1.

INTRODUCTION (

l.l GENERAL BACKGROUND

In recent years, resonant power conversion technology has gained much attention in

power conversion applications [l-32]. Due to their distinct advantages, such as fast re-

sponse, high efliciency, reduced switch stresses, and low EMI (electromagnetic interfer-

ence) levels, 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 Iosses by commutating the switches at zero voltage
4

and/or zero current. As a result, resonant convertcrs can be operated at much higher

frequcncies than PWM converters. 'The increase in operating frequency reduces the size

of magnetic components, thus increasing the convcrters' power density.

Conventional resonant converters have bridge conligurations, as illustrated in Figure

l.l. An LC resonant tank is used to 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, vs , is generated across the resonant tank. The output is obtained by rec-

tifying and iiltering the sinusoidal-like resonant inductor current (series-resonant

INTROI)U(,’TI()N 1
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Figure 1.1 Conventional Series- and Parallel-Resonant Converters

2



+ 2.
E__- · .1 —· D1

L "c -11
- \

L
C xl

+ _ ‘„ Vs __, ¤€‘* -1 ··

-E

(b) Parallel-resonant converter (PRC)

— Figure l.l Continued

3



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 [18,19,3l]. In

general, natural commutation of the switches occurs when the converter operates below

the resonant frequency of the LC tank, while force 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' tum-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 variations, the operating frequency of the conventional

resonant converters usually has to vary over a wide range to regulate their outputs. This

results in a penalty in the magnetics and lilter design and lowers the overall conversion

efliciency.

To optimize the design of magnetic components and lilters, several circuit topologies

and control techniques able to operate at a constant frequency were proposed [33-46].

Figure l.2 shows a parallel—resonant converter (PRC) with a controlled output

rectilier. The converter's operating frequency is lixed. lts 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.

INTRODUCTION 4
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A phase-control scheme was introduccd 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 l.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 controllcd 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 unchangcd.

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

phase·controlled converters.

. To alleviate the current and voltage imbalance and reduce the circulating currents

under light load, the two phase-controllcd 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.

llowever, they operate under a quite different principle. As illustrated in Figure |.4(d)

and l.4(e), the switched input voltage vg to the resonant tank of a clamped-mode reso-

nant converter is a fixed-frequency, duty-cycle-modulatcd, quasi-square wave, instead

of a frequency-modulated square wave in the conventional resonant converters. The

output of the converter is controllcd by varying the time interval, das/ms as shown in

Figure l.4(e), during _which voltage vs is "clamped" at zero volt. These converters are

therefore referred in the text as ”Cf(lI1‘l[)(’(I'-l7‘l0d€ resonant converters". The fact that

clamped—mode resonant converters possess the same dcsired output characteristics as the

INTRO|)UCTl()N 6
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phase-controlled converters while alleviating their aforementioned shortcomings makes

these converters very attractive. lt 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.

INTRODlJ(TI‘l0N 9



1.2 DERIVATION OF CLAMPED·MODE RESONANT CONVERTERS

Figure l.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 vz as new voltage sources, a simpli-

lied equivalent circuit is shown in Figure l.4(b). The circuit equations for the phase-

controllcd, series-resonant converter (PC—SRC) are

(1.1)

_ dv1,,, = 6-7}, (1.2)

vz =v0+vQ+LT, (1.3)

d
il,2 = • (L4)

and

io = im + i1.2· (L5)

Adding (l.I) to (I.3) and (l.2) to (I.4), wc ohtain

(V1 + V2 ) = 2Vo +("c1 + Vcz) + I·(T+ *87% (L6)

and

INTRODUCTION lO



_ _ dv dv0,.. + ·.,> = 0-;}+%)- 0.2)

Rewriting (1.6) and (1.7), we have

(2+-2) (v+v) L 4..V %¥-=»„+ßT°#+<z>;<·..+·.,>. 0.0

_ _ d v + v
F

0... + ·,..> = (20 wßzéi 0.2)

From Eqs. (1.5),( 1.8), and (1.9), viewing (vm + vcz)/2 and (im + isz) as new state variables,

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

+VC = , (Lw)2

(LU)

and

V, = . (1.12)
.

‘ 2

The voltage, vs, as shown in Figure l.4(c), is a quasi-square wave with pulse width, ßs,

determined by the phase displacement between v, und vz. The zero-voltage period of vs

is equal to the phase displacement, das, between v, and vz. Such a voltage can be realized

using a full-bridge circuit, as sl1own in Figure l.4(d), by operating switches Sl,S2,S3, and

S4 in a fashion illustrated in Figure 1.4(1). Whe11 switches Sl and S4 or S2 and S3 are

both on, Vs is clamped at zero volts. Otlierwise, vs is equal to either + E or -13. A full-

mrizonucriow ll



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.

INTR()I)UCTION 12
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I.3 STATE·PLANE AIYALYSIS TECHNIQUES

Many different analysis techniques have been used to characterize the de behaviors

of resonant converters [l,l4·l5,l8-I9,33-34]. 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 voltage 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 [I]. 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-
l

verters [I4-l5,l8-l9,3l]. 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 approaches, the state-plane analysis technique is more

powerful than the output-plane technique. °l'he state-plane teclmique monitors monitor

the instantaneous 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, series-resonant and the clamped-mode, parallel-

resonant convertcrs.

. INTRODUC'l‘ION 14



CHAPTER 2.

ANALYSIS OF CLAMPED-MODE SERIES

RESONANTCONVERTER2.1

INTRODUCTION

ln 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 frequency) where zero-current turn-0lT(natural cornrnutation)

ol' the controlled switches is achieved, thus eliminating the tum-olT losses and stresses

of the switches. 'l’he other is above resonant Frequency where zero-Voltage tum-on of

the switches is achieved, thus eliminating the tum-on losses of the switches. When an

SRC operates below resonant Frequency. lhst antiparallcl diodes are required for the

switches since these diodes are commutatcd 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 tum oll“ at zero current. A simple lossless capacitor snubber

can be employed for the switches to reduce their turn-oll“ losses since the switches always

turn on at zero Voltage.

ANALYSIS OF CM~SRC 15



Similar to SRC, a clamped-mode series-resonant converter (CM-SRC) can be de-

signed to operate either below or above the resonant frequency to obtain either zero-

current tum-off or zero-voltage tum-on. The design is, however, more complicated.

For a CM-SRC, three modes ofcommutation can exist: (I) all the controlled switches

are naturally commutated; this mode is referred to as "nazural 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 tum-on; this mode is referred-to as "mzlxed com-

muta1ion”; (3) all the switches are force commutated (or zero-voltage turn on); this mode

is referred to as 'forced commu1a1ion”. lt should be noticed that in the context of this

thesis, the forced commutation mode is always associated with zero-voltage tum-on

property. This is, however, not neccssarily the case in general When a CM-SRC oper-

ates below the resonant frequency, the switches may be operated undcr 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 commu-

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. lmportant

dc control-to-output characteristics are dcrivcd. Three design examples are given.

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

xmnvsis or cm-snc 16



2.2 CIRCUIT OPERATION

Figure 2.l(a) shows a clamped-mode, series-resonant converter with the controlled

switches SI,S2,S3,S4 in Figure l.4(d) implemented by transistors Ql,Q2,Q3,Q4 and their

antiparallel diodes DI,D2,D3,D4, respectively. The transistors are triggered in a timing

sequence as illustrated in Figure 2.l(b). AII the transistors are driven with 50% duty-

cycle gating signals. Transistors QI,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, ä, with respect to the triggering of Ql,Q3, re-

spectively. 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, ßs, of the quasi-square-

wave voltage, vs, is controlled and the converter’s output voltage, VO, is regulated.

Depending upon the operating conditions, a CM—SRC can result in different modes

of operation. Each mode of operation 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 (IM—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

QI,D4. At t= tl, transistor Q2 is triggered. Diode D4 is commutated and i,_ resonates

through Ql,Q2. At t= t2, i,, dccreases to 7ero due to resonance. Transistors Ql,Q2 tum

off naturally and diodes |)l,D2 conduct suhsequently. The inductor current, i,_, reso-

nates through DI,D2. At the end of the half switching cycle, t=%-, transistor Q3 tums

on, commutating diode DI and a similar process rcpeats with the roles of QI,Q2,l)l,D2

and Q3,Q4,D3,I)4 interchanged, respectively. The rellected load voltage, vs, changes

polarity whenever i,, crosses the zero-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 Ql is triggered. Since

the inductor current ill is negative, Ql cannot conduct. Instead, diode Dl conducts.

The inductor current, ill, resonates through Q4 and DI. At t= tl, transistor Q4 is forced

off and Q2 is triggered. Transistor Q2 cannot conduct since ill is still negative. Instead,

diode D2 conducts. The inductor current ill resonates through Dl and D2. At t= t2, iL

increases to zero. Diodes Dl and D2 commutate naturally and transistors Ql and Q2

conduct subsequently. The inductor current, IL, resonates through Ql and Q2. At the

end of the half switching cycle, t=%-, transistor Ql is forced off. and Q3 is triggered.

A similar process occurs with the roles ofQI ,Q2,Dl,D2 and Q3,Q4,D3,D4 interchanged,

respectively. The reflected load voltage, vk, changes polarity whenever iL crosses the

zero-axis.

In the examples discussed above. the commutation features of the transistors

Ql,Q2,Q3,Q4, and the diodes Dl,D2,D3,D4 are 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 simplilies the analysis.

2.3.l Assumptions

The following assumptions are made during the analysis:

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

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

the tank circuit;

3. the output lilter is large enough such that the output voltage, VO , 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.

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 linear 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 Ml,M2,M3,M4,M5, and M6 are called "resonant modes” and

topological mode MO is called "recess mode". The circuit behaviors ofa CM-SRC under

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

For resonant modes Ml,M2,M3,M4,M5, and M6,

dr ·
dv (2.l)

c .CT= "··
where,

E- V0 for MI,
E+ V0 for M2,

_ VO for M3,
VE ‘

-E+ V0 vor M4,
—E -— V0 for M5,
—V„ for M6.

For recess mode MO,

I, = 0,.—«~« „ ‘”’

By solving these differential equations, exprcssions for i,_ and vc in each topological mode

can bc derived. The exprcssions are normalized and shown in the following.

For resonant modes Ml,M2,M3,M4,M5, and M6,
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i1,1v = *( Vcozv ' VEN) sin wo(' " to) + [1,01v COS wo(’ '" fo) (2. -3)
Vciv = (Vcozv " ‘·'s1v)°°S wo(‘ ‘ to) + [mw sm wo(' ‘ to) + Van

where, :0 is the initial time and

w0 = Ä is the angular resonant frequency,
./LC

Z L . . . .,0 = —ö— is the characteristic impedance,

V . .
vm = is the normahzed capacitor voltage,

i . · . .
im = Ä is the normalized mductor current,E/Ä) 2

VCD . . . . . .

VCUN = —E— is the normalized initial capac1tor voltage,

ILD . . . . . .100,,, = is the normalized initial mductor current,

V2
VEN = T.

For recess mode M0,

L im = 0,
(2 4)

"c~ = V60/v·

The normalizing factors for the voltages and currents are E and E/Z0, 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

Mules State Tralectory Equatlons (Clgztelrö

hi«+ (wm · (1'Vo~))2 = him: ‘1'(1'Vo~'Vco~)2 (1 — Van- 9)

+ (Van · (1 + Vo~))2 = him + (1 + Vo~'Vco~)2 (1+ V«m• 9)

¤>
+ (V«m+ (1‘Vo~))2 = him + (·1 + Vo~'Vco~)2 (·1 + Vtm- 9)
+(vc~+(1+ Vo~))2 = him ‘1'('1'Vo~'Vco~)2 (·1 — Vim- 9)

(VGN + VON)2 = ILi)N + (-vON°VC0N)2 (°VON•

i,_„ = 0, vc„ = VC„„ None
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The trajectories for resonant modes M I,M2,M3,M4,M5, and M6, when plotted in the

state plane (vC„ versus im plane), are circular arcs with centers located at (vE„_0) and

radii R = . Table 2.l summarizes the trajectory equatiens. A family

of trajectories for each resonant topological mode is plotted in Figure 2.5, where the

centers of MI-M6 are indicated by mI·m6, respectively. These trajectories are hall?

circles since the polarity of ib 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 elapsed 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 MI in Figure 2.5 is Az = y/wo. As time advances,

the state trajectories travel clockwise as indicated by the arrows.

The trajectory for the recess mode M0 is a stationary point lying on the vC„-axis. The ·

coordinate ofthe stationary point is either ( VCM, 0) or (- Va,„_ 0). A linite amount of time

elapses at the stationary point since both i,lN and vC„ 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 either reverse-biased or not triggered.

2.3.4 Equilibrium Trajectory
l

A steady—state operation of a CM-SRC can be represcnted by an equilibrium trajec-

tory in the state plane [I8,l9,3I|. An equilibrium trajectory is a closed contour com-

posed of several trajectory segments. lt 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 dilTereut 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

i,_„-, vC„- axes, as shown in Figure 2.6. The rules For constructing an equilibrium tra-

jectory on the composite diagram are summarized in Appendix B.l. 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 Ql(Q3) is triggered at point a(d), Ml(M4)

is initiated when Q2(Q4) is triggered at point b(e), and M2(M5) is initiated when iL re-

verses polarity at point c(l).
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2.3.5 Circuit Operating Modes s

Many equilibrium trajectories, 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 c0nverter's operation.

Trajectory 0: This trajectory represents the case when the converter operates as a

conventional SRC. ln other words, no zero-voltage interval exists in voltage vs. As

shown in Figure 2.8(a), at t= a, transistors Ql and Q2 turn on commutating diodes D3

and D4. The inductor current, ILN , resonates through Ql and Q2(Ml). At t=b, iLN

reverses polarity duesto resonance. Transistors Ql and Q2 zum ojfnazurally and diodes

Dl and D2 conduct subsequently. The inductor current resonates through Dl and

D2(M2). At t=c, transistors Q3 and Q4 turn on commutating diodes Dl and D2 and

a similar process occurs with the roles ofQl,Q2,Dl,D2 and Q3,Q4,D3,D4 interchanged,

respectively. The topological mode sequence of this trajectory is Ml-M2-M4-M5.

Trajectory I: When a zero-voltage interval is introduced into vs, topological modes

M3 and M6 will be present in the trajectory. As shown in Figure 2.8(b), at t=a, tran-

sistor Ql tums on commutating diode D3. The inductor current, im, resonates through

Ql and D4(M6). At t= b, transistor Q2 tums on commutating diode D4. The inductor

current, im, resonates through Ql and Q2(Ml). At t=c, im reverses polarity. Tran-

sistors Ql and Q2 zum ojf naturalßr and diodes Dl and D2 conduct subsequently. The

inductor current resonates through l)l and l)2(M2). At t=d, transistor Q3 tums on

ANALYSIS OF CM-SRC 3 2



commutating diode DI and a similar process occurs with the roles of' Ql,Q2,Dl,D2 and

Q3,Q4,D3,D4 interchanged, respectively. The topological mode sequence of’ this trajec~

tory is M6-MI-M2·M3-M4-M5, which is defined as "mode-I operation" of CM-SRC.

Obviously, Trajectory 0 is a special case of Trajectory l.

Trajectory I': As the zero-voltage interval in Vs increases, natural commutation of" all

the transistors no longer can be achieved. In this trajectory, the natural-commutation

boundary for transistors Ql and Q3 is reached. As shown in Figure 2.8(c), transistors

Ql,Q3 are triggered at the instants iLN reverses polarity (t=a and c). As a result, no

Dl,D2 or D3,D4 conduction period exists. The topological mode sequence f“or this tra-

jectory is M6-MI-M3-M4, which is also a special case of' Trajectory I.

Trajectory 2: In Trajectory I, it is possible that the magnitude of' the capacitor volt-

age, IvONI, is less than the sum of the input voltage and the output voltage, l + VON,

when im reverses polarity at t= c (or I), as shown in Figure 2.8(d). As a result, diodes

Dl,D2 (or D3,D4) are reverse biased and none of the switching devices conducts. The

circuit stays in a recess mode(M0) until transistor Q3 (or QI) is triggered at t= d (or a)

to initiate another resonant mode. The topological mode sequence of" this trajectory is

M6-M1-MO-M3-M4—M0, which is defined as ”mode·lI operation".

Trajectory 3: When the zero-voltage interval in Vs is further increased, natural com-

mutation of Ql and Q3 is no longer possible. As illustrated in Figure 2.8(e), at t=a,

Q3 is forced ojf and Ql is triggered. Diode DI conducts since im is negative. The

inductor current resonates through I)l and Q4(M3). At t=b, im reverses polarity.

Diode DI, transistor Q4 zum off nazuralbw and transistor Ql, diode D4 conduct subse-

quently. The inductor current resonates through Ql and D4(M6). At t=c, transistor

Q2 turns on commutating diode I)4. The inductor current resonates through Ql and

Q2(M I). At t= d, Ql is forced ojfand Q3 is triggered. A similar process occurs with the

roles of Ql,Q2,Dl,D2 and Q3,Q4,D3,l)4 interchanged, respectively. The topological

ANALYSIS OF CM-SRC 33



ILN M1

_

"cII

M2

M4

_ VCN

LL

a • L •L'
' "| n Y Ä
I I I

‘
I

I I I I
I III I M2 I M4 M5 I
IqII0IIqs|¤2I

»|02I¤2|¤4|¤4I

(a) Trajcctory 0 and its corresponding circuit waveforms (SRC operation)

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

34



‘ *1.111

M6
b M1

a

·

”
f "cM

_ M2
d

M4
e

Ma

_ 'cu 1

a A 6 fb I 1I 1 sa
| I

1 I 1 1 'IM6|M'|IM2IM3IM4IM5|
I I I I I¤101I¤1I¤3I03 D3
|D4|Q2|D2ID2I04ID4I

(b) Trajectory I and its corresponding circuit waveforms (Mode-I operation)
A

Figure 2.8 Continued

ss



ILM

M6

b
M1 ,

3 c
"cM

M

d

M3

‘I~ “· 6.
d

b <> I
I I

II I I I I
I I I I
I M6 I MI I M3 I M4 I
I Q1 I Q1 I Q3 I Q3 I
I D4 I Q2 I D2 I Q4 I

(c) Trajectory I' and its corresponding circuit waveforms (Mode-I operation)

Figure 2.8 Continued

36



6 ILNM

b M1
Mo 0

mg I
m2 vc"

M4 e

Ma

im Vsu vm

a 8 f
_ b c t '

I I I
1 ' I I I •
I M6 I M'I M3 IM4I

Q1 | Q1 |><| aa I Q3 1><1
I D4 I Q2 IxI D2 I Q4 IXI

(d) Trajectory 2 and its corresponding circuit waveforms (Mode-II operation)

Figure 2.8 Continued

37



im

· M6

IA.
N4 N6 N2 VCN

ms

_ Vsu
‘t.~ Vcu

a f¢ d t
I II

III. I H •
·M3 M6IM'|M6 M3|M4I

In I I II'1'Q4 O] I Q] ‘lQ2 O3 I O3 IDI D4 I Q2 IIQ3 oz I Q4 Iul

(e) Trajectorjy 3 and its corrasponding circuit waveforms (Mode-III operation)

Figure 2.8 Continued

ss



mode sequence for this trajectory is M3-M6-MI-M6-M3-M4, which is defined as

"mode·III operation".

Trajectory 4: In Trajectory 3, if iLN reverses polarity for the second time before Q2 (or

Q4) is triggered at t= c (or f) and the magnitude of vON is greater than VON at both in-

stants iLN reverses polarity, transistors Ql,Q2,Q3,Q4 will conduct twice during an oper-

ating cycle. As illustrated in Figure 2.8(f), at t= a, Q3 is forced ojfand Ql is triggered.

Diode DI conducts since iLN is negative. The inductor current resonates through DI and

Q4(M3). At t= b, im reverses polarity. Diode Dl, transistor Q4 turn o_/fnaturaILv and

transistor Ql, diode D4 conduct subsequently. The inductor current resonates through

Ql and D4(M6). At t= c, im reverses polarity again. Transistor Ql, diode D4 tum ojf
I

namrallv and diode D1, transistor Q4 conduct for the second time. The inductor current

resonates through DI and Q4(M3). At t= d, Q4 is forced oß"and Q2 is triggered. Diode

D2 conducts since im is negative. The inductor current resonates through DI and .

D2(M2). At t= e, im reverses polarity. Diodes Dl,D2 zum ojffnaturalbw and transistors

_ Ql,Q2 conduct subsequently. The inductor current resonates through Ql and Q2(Ml).

At t= f] QI isforced ojfand Q3 is triggered. Diode D3 conducts since im is positive and

a similar process occurs with the roles of Ql,Q2,Dl,D2 and Q3,Q4,D3,D4 interchanged,

respectively. The topological mode sequence for this trajectory is

M3-M6-M3·M2-Ml-M6-M3-M6-M5-M4, which is defined as "mode-IV operation".

Trajcctory 5: This trajectory evolves either from Trajectory 3 or from Trajectory 4 as

the zero—voltage interval in vs is increascd. Considcr Trajectory 4. At t= c (or h), if the

magnitude of VCN is less than VON, diode DI and transistor Q4 (or D3 and Q2) will be

reverse-biased. As a result, the circuit will stay in a recess mode(M0) 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-MI-M6·M3- MO-M4, which is defined as "mode-V operation".
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Trajectory 6: Further increasing the zero-voltage interval in vs, Trajectory 3, 4 or 5

may degenerate into this trajectory. Consider Trajectory 5. If the magnitude of VCN is
A

less than VON when im 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(M0) 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-M1-M6-M0-M4,

which is defined as "mode·VI 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, Ql~Q4, are na-

turally commutated. When the CM-SRC operates in mode III or mode VI, transistors

Ql and Q3 are force-commutated while transistors Q2 and Q4 are naturally commu-

tated. When the CM-SRC opcrates in mode IV, transistors QI-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 Ql,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 cornmutation

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 trajcctories 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

ozeäirg Topologlcal Mode Sequences

_

M6-M1-M2-M3-M4-M5 _

M6-M1-M6-M3-M4-M3
_

M3-M6-MO-M1-M6-M3—M0-M4
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Table 2.3 Commutation Features for Translstors
in Various Circuit Operating Modes
Below Resonant Frequency

EI ¤
z.v.z.v.

z.v. z.c. z.c. Q1-Q4
_______ turn on

Z.V. Z.V. l1.Z.C. |’l.Z.C. ÜWÜCB ·

z.v. z.v. z.c.z.c.___
____ l____ turn on

z.v. '***' n.z.c. ""' twlce ·

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

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 As: 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
o_ß‘°

and Ql,Q2 are triggered. Transistors Ql,Q2 cannot conduct since im is negative. In-
l

u
stead, diodes Dl,D2 conduct. The inductor current resonates through Dl and D2(M2).

At t=b, im reverses polarity due to resonance. Diodes Dl,D2 zum ojf naturalfy and

transistors Ql,Q2 conduct subsequently. The inductor current resonates through Ql

and Q2(Ml). At t=c, transistors Ql,Q2 are forced ojf and Q3,Q4 are triggered. A

similar process occurs with the roles of' Ql,Q2,Dl,D2 and Q3,Q4,D3,D4 interchanged,

respectively. The topological mode sequence of this trajectory is M2-MI-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 forccd oß" and Ql is triggered. Diode Dl conducts instead of' Ql since iLN

is negative. The inductor current resonates through Q4 and Dl(M3). At t= b, transistor

Q4 is forced ojf and Q2 is triggered. Diode D2 conducts instead of' Q2 since im is still

negative. The inductor current resonates through Dl and D2(Ml). At t= c, im reverses

polarity due to resonance. Diodes Dl,D2 zum oß" narurally and transistors Ql,Q2 con-

duct subsequently. The inductor current resonates through Ql and Q2(Ml). At t=d,

transistor Ql is forced oß" and Q3 is triggered. A similar process occurs with the roles

of Ql,Q2,Dl,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 vs increases, the force cornmutation

boundary of' Q2 and Q4 is reached. As shown in Figure 2.9(c), Q2 and Q4 are commu-

tated at the instants when im reverses polarity (t= b and d). ln other words, Q2 and

Q4 no longer tum off with current. The topological mode sequence for this trajectory

is M3-Ml-M6-M4, also a special case of' Trajectory A.
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Trajectory B: When the zero-voltage interval in vs 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-MI-M6-M3·M4 and is de-

fined as "mode-B operation".

Trajcctory C: Further increasing the zero-voltage interval in Vs, Trajectory B will de-

generate into this trajectory if the magnitude of VCN is less than VON when im 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-MO-MI-M6-MO-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- O

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 Clrcult
Operating Modes Above Resonant Frequency

ozeäirg Topologlcal Mode Sequences
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Table 2.5 Commutation Features for Transistors
in Various Circuit Operating Modes

Above Resonant Frequency

Turn-On Turn-OffM
EEEE

dlscont. z.v. z.v. n.z.c. z.c.

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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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 III or Mode V1 below resonant frequency, a simple lossless capacitor

snubber, CS, as shown in Figure 2.10, can be used across transistor Ql and Q3 to reduce

their turn-off losses. This is feasible since Q1 and Q3 always turn on at zero voltage.

Slower diodes can be used for D1 and D3 since Dl and D3 always tum 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 Q1 and Q3 no

longer tum on at zero voltage. Faster diodes are required for D1 and D3 since these

diodes are no longer commutated at zero current. g

U

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

must be defined.

2.3.6.1 Operating regions below resonant frequency

Operating regions: Figure 2.11 shows the operating regions for a CM-SRC at frequencies

below the resonant frequency. ln the figure, the mode of operation is represented as a

function of the pulse width, [fs, of the quasi-square-wave voltage vs and the ratio of

output to input voltage, VON. The frequencics arc normalized to the resonant frequency,

u>SN, (USN = ws / mo. Given a range of VON , ßs, and a specific operating frequency, the

converter’s modes of operation can be easily dctcrmined using these figures. For exam-

ple, if (DSN is equal to 0.7, VON is from 0.4 to 0.6, and ßs is from 25° to 75°, the converter

will operate in either mode lll or mode Vl, as indicated by the shaded area in Figure

2.ll(d).
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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 wsN and VON. The corresponding ßs
“

ranges to different operating modes can then be determined by solving the mode

boundaries.

For a given VON and wsN possible operating modes can be found from the mode

transition sequence when [ls angle is reduced from l80° to 0°. For example, as indicated

by S0 in Figure 2.ll(b), the mode transition sequence for VON= 0.4 and ws"-'=0•6 is

Mode I - Mode I1 - Mode III - Mode V - Mode VI. This implies that all the operating

modes except Mode IV exist for VON = 0.4 and CÜSN = 0.6. The boundaries for the difl

ferent operating modes are found to be /lSO_m = I00°, ßs(„_N,) = 87°, ßs(m_v) = 52°, and

ßs(v_vD = 28°. The ßs ranges for the operating modes are thus l80° ~ l00° for Mode

I, l00° ~ 87° for Mode II, 87° ~ 52° for Mode III, 52° ~ 28° for Mode V, and 28° ~
0° for Mode VI. The transition in the circuit behavior as ßs 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 exist below resonant frequency, as il-

Iustrate in Figure 2.12. The transition of the waveforms in Figure 2.8 corresponds to the

case when VON = 0.2 and m„N = 0.6, which sweeps through all the six operating modes

und is indicated by S0' in Figure 2.1 I(b).

In the following, an algorithm is developed which predicts the mode transition se-

quence (as ßs decreases) and determines the mode boundaries for any arbitrary VON and

wsN•

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

change to Mode II or Mode III when ßs is reduced. Consider the boundary trajectory,
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Tw between Mode I and Mode Il, as shown in Figure 2.13. The frequency of 7]) is

calculated as

w„7%-. (2.5)

where C = 1II — cos"(1 — ZVOZN), ö = 7T — cos"( VON), and 0 2 0 is the corresponding phase

angle at stationary points a and b.

To construct this boundary trajectory, the maximum possible frequency is

www = 1:/(C + ö). Thus, when the converter operates at a frequency wSN > www, tra-

jectory T,) can not exist. This implies that mode-Il operation does not exist and the

converter's” operation transits from Mode I to Mode III, as indicated by S1 in Figure

2.11(d).

The boundary [Is angle, ß,) , scparating Mode 1 and Mode III can be calculated from

trajectory Tw as shown in Figure 2.14, by solving equations

cos(1: —

C)c0S(u_ö)=
1+R;-(1;{R—2Vo~)2 , (2.6)

Angle /1,) is equal to (USN x 6.

When (DSN 5 w,)„„„,, trajectory T,) exists. This implies that mode-II operation exists

and the circuit’s operation transits from Mode I to Mode 11 to Mode III, as indicated

by S2 in Figure 2.1l(d).

The boundary ßs angle, ß,), scparating Mode I and Mode 11 is calculated from tra-

jcctory T,) ,
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The boundary ßs angle, ,623, separating Mode ll and Mode lll can be calculated from

trajectory T23, as shown in Figure 2.15, by solving the same equations as in (2.2). Angle

ßzs is equal to (DSN x ö. ·

From mode-lll operation, as ßs is reduced, the mode transitions and mode bounda-

ries are discussed in Appendix 8.2.

Using the algorithm described above, the mode transition sequence and the mode

boundaries at various VON and (DSN can be easily determined. The operating regions

shown in Figure 2.11 were results obtained using the algorithm.

lt can be seen from Figure 2.11 that the undesirable Mode lV and Mode V operations

tend to occur at low VON and low w3N .

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 from 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 8.3.

2.3.7 DC Characteristics _

Once the mode of operation is detcrmincd for a given VON, wsN , and ßs, 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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current, peak capacitor voltage, rms switch currents, average diode currents, switch

tum-on currents, and switch tum-oII' currcnts. 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, RI, R3, R3, and angles, rp, C, 6, 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-1 trajectory in Figure 2.18

can be obtained by solving equations

2 2
¢¤S(¤ — v)=¢¤S(¤

— #1) = .3

1 1 + R2 — R2
cosC'

cos 6 =
(2.8)

_

R3 = R1 — 2VON»

= 71 + v.

;%=#1+v+¤—(c+ö).

where VON, 2111SN, and ßs 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 satisfy
u
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Osn, C, 6, vs rr, Os R3, R3, 2VONs R,.

The equations and constraints for calculating trajectory parameters for other operat-

ing modes are summarized in Appendix B.4.

Circuit salieut features: Alter the trajectory parameters are detemiined, 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 calculatedz

• peak capacizor voltage VC,1K= (1 — VON) + R,;

_ (DA + DB + DC)• average mductor currem IA ,, = ,
wo Ts

where,
DA R3 sin ld/l = R3 x (1 — cos rp),

DB = I;" R, sin Adi = R2 x ( cos C + cos6),DC

= lit-, R, sin ldl = R, x (I - cos v);
T T

·

1• rms inductor current ILRMS_ wo Ts

where,
R ° 2RA - fg (R, X (11 -Eil),

R .° 2
‘

(11-;-6R2
' 2RC- [L, (R, Sil] ,1)=11,1 -E X (,1 -¥);

. RB + RC J._• rms switch (Q1,Q3) current IO,RM_1;—( (UOTS
)2,

• rms switch (Q2,Q4) current IOQRMS
=woTs
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• average diode (D1,D3) current [D,AV=—%;wo Ts

• average diode (D2,D4) current [O2/,V=;CU0 TS

• switch (Ql,Q3) turn~0_/f current IQIÜ-„‘·=0;
‘

• switch (Q2,Q4) turn-oß current [QMf= 0;

• switch (Ql,Q3) turn-on current [QM, = R2 sin C;

• switch (Q2,Q4) turn-on current [QM, = R2 sin Ö.

The expressions for calculating salient features under other operating modes are tabu-

lated in Appendix

B.5.Outputcharacteristics: 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. ln the ligure, the average inductor current (output current) is

plotted as a function of the pulse-width, ßs, of vs, and the output-to-input voltage ratio,

VON. A ßs angle of l80° corresponds to a full pulse width of Vs (duty ratio = l). 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 least two of the transistors, Ql 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 achieve natural commutation of all the transis- ,

tors. The converter usually operates in the mixed-cormnutation region under light load

where Q2,Q4 are naturally commutated and Ql,Q3 are force-commutated.
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Figure 2.21 shows other important dc characteristics for the CM-SRC at frequency

ws„= 0.8. Notice that the currents of Q1,Q3 and the currents of Q2,Q4 arc not bal-

anced, as can be seen from Figures 2.2l(c) and 2.2l(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 8.6.
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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 salicrtt jéatures: The expressions for calculating various circuit salient features

under different operating modes above resonant frequency are tabulated in Appendix7
B.8.

_ Output characteristics: Figure 2.22 shows the dc control-to-output characteristics at fre-

quencies com = 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-
i

tained to achieve zero-voltage tum-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 wm = 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 (wSN< I) such that all

the transistors' turn-off losses are eliminated. The second example designs the converter

to operate in a mixed-commutation region (wSN< l) such that the turn-on losses of

Ql,Q3 and the turn-off losses of Q2,Q4 are eliminated. Lossless capacitor snubbers can

be used across Ql and Q3 to reduce their turn-off losses. The third example designs the

converter to operate in a force·commutation region (wSN> l) such that all the transis-

tors turn-on losses are eliminated. Lossless capacitor snubbers can be used across all the

transistors to reduce their turn-off losses.

The converter is designed to satisfy the following requirements.

Input voltage = 40V ~ 60V. .

Output voltage = 5V.

Output power = 40W ~ 50W.

Assume an output transformer with tum ratio rn : I is used between the resonant tank

and the load circuit. Then,

5 5n
V0Nmax = • V0NmIn =ä v

^"·”“ „ X 40/2,,
‘

«“’”··*·
„ X 6012,,

‘

(The load current range is from 8/\ to l0A)
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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 wSN = 0.8. From Figure 2.24(a), to ensure

output regulation, choose

10
I =

;"‘*‘"
= 1.7.AVmax n X 40/Z0

The minimum 1,,,, is then

-A.-IAVMIII —
nXln

order to maintain natural commutation-of transistors at l_„,„,,„, Vo„,„,„ should be

chosen less than or equal to 0.28. Choose Vo„,„,„ = 0.25. This leads to _

n : V0Nmin X gg': 3v

and
·

5V,,„,„„,„ =ä= 0.375.

The characteristic impedance, 2,,, is calculatcd as

Z,,= IA,,„,ax><n >< 40x%-= 189.

This value together with the resonant frequency, 01,, = I/,/LC , can be used to determine

the values of resonant capacitancc C and rcsonant inductancc L.
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The normalized load range, as can be seen from Figure 2.24(a), is from

8/(rr x 40/Z0) = 1.36 to IA„,„„= 1.7 at V0„,,,„=0.375 and from I,„,,„,„ =0.9 to

X = at VONMM = 0-25.

The normalization factor for current, I,-_U_, is equal to 40/ZU == 2.22A at

VONMX = 0.375, and equal to 60/Z0 = 3.33A at V0N,„,„ = 0.25.

The ranges of ßs in this design are

ßs = ll3° ~ l52° at VONMX,

The converter operates in Mode l, as can be seen from Figure 2.l0(1).

Using the above ßs ranges, various important circuit features can be derived from

Figure 2.24. In Figure 2.24, the ranges of various circuit features at Vo„„,„ and

V0„„,,„ 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,

IQ,RMs,„„, is 1.27, as can be seen from Figure 2.24(d). This value should be multiplied

by the current normalization factor I,._U_ = 3.33A at V0N= 0.25. Thus, the real maxi-

mum rms switch currents of Q1 and Q3 are

IQ,RMS,„„ = 1.27 x 3.33 = 4.23/1.

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

VCPKmax = 132Vv ILRMSmax = 4•3A•
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]QlRMSmax = 4•23A• IQ2RMSmax = 3•3A•

IDlAVmax = 0*83Av* IDZA Vmax = 2*75Av

IQlo_[fmax = 0*A IQ2oj)‘max = 0·A~

IQI0,„„„ = 4.l6A, IQ2,„„„„ = 5.39A .

2.4.2 Example 2 - Design in Mixed-Commutation Region

To achieve zero-voltage tum-on (force commutation) of Ql,Q3 and zero—current

tum-off (natural commutation) of Q2,Q4, the operating frequency can be chosen either

below or above resonant frequency. Choose ww = 0.8. From Figure 2.25(a), to ensure

force-commutation ofQl and Q3, choose IA Vmax = l0/(n >< 40/Z0) = 0.75. This leads to

-n

>< 60/Z0

Although VO„,„„ can be chosen anywhere between 0.l5 and 0.85, as shown in Figure

2.25(a), choose Vo„,„„ = 0.65 to avoid possible Mode-IV operation (refer to Figure

2.ll(l)). This leads to

"
= VONmax X ä= 5‘2v

and

5
0.43.

The characteristic impedance, Zo, is calculated as
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Zo=IA,,„,„xnx40x%= l5.6Q.

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

8/(n x 40/Zo) = 0.6 to IA Vmax = 0.75 at Volvmax = 0.65 and from IA ymb, = 0.4 to

X 0-5 at VONMM = 0-43, ·

The current normalization factor, Ip_U_, is equal to 40/Z0 = 2.56A at VON„,„= 0.65,

and equal to 60/Z0 = 3.85A at V0„,„„, = 0.43.

The ranges ofßs in this design are

ßs = 77° ~ 87° at V0N„,„,

ßs = 47°‘~ 52° at VO„„,,„. —

The converter operates in Mode lll, as can be seen from Figure 2.l l(i).

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

design,

VCPKmax = 57*2Vv ILRMSmax = 2•l4^v

IQlRMSmax = 2·0Av IQ2RMSmax = l•76A•

IDlAVmax = 0·3^• ID2AVmax = 0*8Av

IQloß'max = 3*3A [Q2ojfmax = 0•A•

„ IQlonmax = 0•^v IQ2onmax = l'95A •
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Tha rangcs of various salicnt features at VON,„„ and VON,„,„ arc highlightcd with dottcd

linc scgmcnts in Figurc 2.25.
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2.4.3 Example 3 - Design in Force·Commutation Region

To achieve zero-voltage tum-on (force commutation) of all the transistors, the oper-

ating frequency must be chosen above resonant frequency. Choose ws„= 1.2. From

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

_
"X 40/Z0 -1.8.

The minimum IAV can then be determined as

1 = ——L—— = 0.96.AVMIII
"

X Zu

In order to maintain force commutation of transistors at IA „,„,„, V0„„„„ should be cho-
W

sen less than . or equal to 0.28, as can be seen from Figure 2.26(a). Choose

VONMM = 0•25• leads to

60
"

= VONmIn X 3•

and

5
V0Nmax =

ä

=Thecharacteristic impedance, Z0, is calculated as
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z„=1A,,„„„,>< „>«40>«%=21.6s2.

The normalized load range, as can be seen from Figure 2.26(a), is from

8/(n x 40/Z0) = 1.44 to IA „,„„= 1.8. at V0N,„„ = 0.375 and from [AVM, =0.96 to

X = l•2 at VONMÜI = O•25•

The normalization factor for current, Ip_„_, is equal to 40/Zo = 1.85A at

V0N„,„ = 0.375, and equal to 60/ZU = 2.78A at Vo„,„,„ = 0.25.

The ranges ofßs in this design are

ßs = l0l° ~ l39° at VONMX,

ßs = 59° ~ 72° at VONMM.

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

Using the above ßs ranges, the following salient features are obtained, .

VCPKmax = 96V» ILRMSmax = 3*74Av

IQ1RMSmax = 2*7Av IQ2RMSmax = 3'64A•

ID1AVmax = 2•45A• [D2AVmax = 0*52Av

IQIO/fmax = 5.46A Imoßmax = 4.lA,

IQlonmax = 0^• [Q2onmax = 0A•

The ranges of various salient features at V„„,„„ and V„„,„,„ are highlighted with dotted

line scgmcnts in Figure 2.26.
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From the above examples, it can be seen that wider ßs range and higher component

ratings are 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 24k11z with a resonant frequency of 42kl·lz (

wsN = 0.57:0.6) to verify the operating modes below resonant frequency. The second

circuit is designed at l00kllz with a resonant frequency of83.3kHz (wsN = 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. These waveforms are obtained by fixing VON at 0.2 while reducing

angle [fs from l80° to l0°. 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 ßs is decreased. Circulating current in the resonanttank is small

under light load since the pu1se—width of the exciting voltage vs 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-IV operation. The waveforms are obtained at the same ßs as in Figure 2.29(e) .

hut with a VON = 0.1.

Another series of waveforms obtained analytically at the same operating points indi-

cated in Figure 2.30 is shown in Figure 2.3l. A close resemblance can be observed be-

tween the wavefonns in Figure 2.29 and Figure 2.31. '1'he 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 effects on the waveforms at the chosen

switching frequency.
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2.5.2 Circuit Operation Above Resonant Frequency

Figure 2.32 shows a series of experimental waveforms obtained from the circuit in

Figure 2.28. The waveforms are obtained by lixing VON at 0.2 while reducing angle ßs

from l80° to 29°. The operating points are indicated by asterisks in Figure 2.33. lt 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 Figure 2.34. The waveforms resemble those shown in Figure

2.32 and little difference can be observed. Again, the tank energy decreases as ßs 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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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 operatingmodes of the converter for a specific design.

There are mainly three different commutation regions for the converter. Each region

has its advantages. In the natural commutation region, the tum-off losses of all the

transistors are eliminated. In the mixed-commutation region, the tum-on losses of
l

transistors Ql,Q3 and the turn-off losses of transistors Q2,Q4 are eliminated. Lossless

capacitor snubbers can be used across Ql and Q3. In the force-commutation region, the

turn-on losses ofall 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 trajectories 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 derivcd from these parameters.

Various dc characteristics have been derivcd. 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 modes, both below and above the resonant fre-
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quency, are verificd. The experimental results are in good agreement with the analytical _

predictions. A

ANALYSIS OF CM-SRC 13 1



CHAPTER 3.

ANALYSIS OF CLAMPED-MODE PARALLEL

r RESONANT CONVERTER

3.l INTRODUCTION

As discussed in Chapter 2, a clamped-mode series-resonant converter (CM-SRC) can

be designed in three different 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 the power switches are naturally commutated while

the other two are force·c0mmutate¢l.

Similar to a CM-SRC, Z1 clamped-mode parallel-resonant converter (CM-PRC) can

also be designed in three different regions to obtain either natural commutation or mixed

commutation or force commutation of its power switches. llowever, unlike the

CM·SRC, it is possible to design a (IM-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.
T

I
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.I(a) shows a clamped·mode, parallel-resonant converter with the controlled

switches Sl,S2,S3,S4 in Figure A.I(d) implemented by transistors QI,Q2,Q3,Q4 and

their antiparallel diodes Dl,D2,D3,D4, respectively. The transistors are triggered in a

timing sequence as illustrated in Figure 3.I(b). All the transistors are driven with 50%

duty-cycle gating signals. Transistors QI,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, gg-, with respect to the triggering

of Ql,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, ßs, of the

quasi-square-wave voltage, Vs, is controlled and the converter's output voltage, Vo, is

regulated. _

Depending upon the operating conditions, a CM-PRC may result in different modes

of operation. Each mode of operation represents a unique conduction sequence of the

switching devices.

A typical circuit operation of a (IM—PR(I operating below resonant frequency is il-

Iustrated in Figure 3.2. At t=0, transistor QI turns on while diodes D3,D4 are con-

ducting. Diode D3 is commutated due to thc conduction of‘QI 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 Ql and Q2. At t=t2, inductor

current i,} decreases to zero due to resonance. Transistors QI.Q2 are naturally commu-

tated and diodes I)I,D2 conduct, subsequently. The inductor current resonates through

l)I and D2. At the end of the first half switching cycle, t=—%-, transistor Q3 turns on,

commutating diode DI. A similar process takes place in the second half switching cycle

with the roles of Ql,Q2,l)l,|)2 and Q3,Q4,l)3,D4 interchanged, respectively. The re-

flected load current, iR , changes polarity whenever capacitor voltage vc crosses the
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zero-axis. ln other words, the output bridge diodes switch from DA,DB to DC,DD or

vice versa.

A typical circuit operation nf a CM-PRC operating above resonant frequency is il-

lustrated in Figure 3.3. At t= 0, transistor Q3 is forced off and Ql is triggered with a gate l
voltage. Since the inductor current ik is negative, QI can not conduct. Instead, diode

Dl conducts. The inductor current resonates through Q4 and Dl. At t= tl, transistor

· Q4 is forced off. and Q2 is triggered. Transistor Q2 can not conduct since ik is still neg-

ative. Instead, diode D2 conducts. The inductor current resonates through Dl and D2.

At t=t2, inductor current ill increases to zero. |)iodes Dl,D2 turn off naturally and

transistors QI,Q2 conduct, subsequently. The inductor current resonates through Ql

and Q2. At the end of the first half switching cycle, t=%, transistor Ql is forced off

and Q3 is triggered. A similar process occurs with the roles of Ql,Q2,Dl,D2 and

Q3,Q4,D3,D4 interchanged, respectively. The reilected load current, ik, changes polarity

whenever capacitor voltage v,— crosses the zero·axis.

In the examples discussed above, the commutation features of the transistors,

Ql,Q2,Q3,Q4, and the diodes, Dl,D2,D3,l)4, 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 frequency, load current, or pulse width of vs)

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

In this section, graphical state-plane 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 Assumptlons

The following assumptions are made during the analysis:

l. 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, Io , 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, each corrcsponding to a particular switching in-
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terval. There are eight linear circuit topologies for a C M—PRC, as shown in Figure 3.4.

These circuit topologies are referred to as circuit topological modes of a CM-PRC.

Modes Ml,M2,M3,M4,M5, 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

M0 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 Ml,M2,M3,M4,M5, and M6,

di
{ L VC = VE,

d
(3.1)

CÄ- i = i '
dt L E•

where,

E- V0 for Ml, IO for M1,
E+ V0 for M2, —I0 for M2,

_ V0 for M3, _ _ —]O for M3,
VE “ —E+ V0 for M4,

‘E “ —I0 for M4,
—E— VO for M5, Io for M5,
—V0 for M6, /0 for M6.

For linear-charging mode ML, ‘

I. ·—L = i Edr (3.2)
vc = 0,

For free-wheeling mode M0,
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L ——-· = 0,dr (3.3)
VC = 0•

By solving these equations, the expressions for the inductor current, iL , and the

capacitor voltage, vc , in each topological mode can be derived. These expressions are

normalized and shown in the following.

For resonant modes Ml,M2,M3,M4,M5, and M6,
U

isn = '( Vcon - Vsn) sin wo(' ‘ to) + (ILON + isn) °°$ wol! ‘ 'o) ' isn (3 4)
Vcn = (Vcon" Vsn)

°°$
wo(‘ ‘ to) + (ILON +1sn) $111 wo(1 " lo) + Vsn

where, 1O is the initial time and

- 1 -wO —— ——- is the angular resonant frequency,
,/LC

_ L . . . .
1

ZO — is the characterrstic impedance,

V . . .
vON = is the normalized capacitor voltage,

il, . . . ·
i = -——- rs the normalized mductor current,L" E/Za

VOON = -F- is the normalized initial capacitor voltage,

[LON = —— IS the normahzcd mrtial mductor current,E/Zo

-
VE

. _ is
Isn
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For linear-charging mode M L,

iLN = [uwi wo(! — Fo).
(3.5) °

VCN = 0.

For free-wheeling mode M0,

(uv = [wm
(3.6)

VCN = 0.

The normalizing factors for the voltages and currents are E and E/Zo, respectively.
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3.3.3 State Trajectories for Circuit Topological Modes

From the expressions for i,_,,, and vC,,, (eq. 3.4), state representation for the resonant

modes M l,M2,M3,M4,M5, 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

(-v,,,,,_ i,,,,,) and radii R = . A family ofthe trajectories for each

resonant mode is plotted in Figure 3.5, where the centers of Ml-M6 are indicated by

ml-m6, respectively. The trajectories only exist in either the right-half or the left—half „

plane depending on the polarity of vc . 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-

tcrval. 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 Ar = y/wo. As time advances, the trajectories travel ciockwise as indi-
l

cated by thearrows.The

state trajectory for the linear-charging mode ML is a line segment along the

1,,,,-axis, as illustrated in Figure 3.5(g). The amount of time elapsed in this mode is

proportional to the link, J', of the line segment, Az = This mode occurs when volt-

age vs is equal to E or -E and the magnitude current of i,_,,, is less than 1,,,,, when voltage

vc-,,, crosses the zero-axis. In this mode, the resonant capacitor C is shorted through the

output bridge diodcs. _

The state trajectory for the free-wheeling mode M0 is a stationary point on the

i,_,,,-axis with coordinate (0, 1,,,,,,) or (0, -1,,,,,,), as indicated by a circle in Figure 3.5(h).
A

A finite amount of time elapses at such a stationary point since both i,_,,, and vC,,, are in-

dependent of time. This mode occurs at a similar condition as ML except that when

vs-,,, 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 [3l]. 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 deterrnined 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 im-,

vm - 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.l. Figure 3.7 shows an example illustrating the construction of

an equilibrium trajectory on the composite diagram. The constructed trajectory corre-

sponds to the circuit operation described in Figure 3.2. In the trajectory, M6(M3) is

initiated when Ql(Q3) is triggered at point a(e), Ml(M4) is initiated when Q2(Q4) is

triggered at point b(f), and M2(M5) is initiated when vc reverses polarity at point c(g).
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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 below resonant frequency V

Figure 3.8 shows a series of equilibrium state trajectories together with their corre-

sponding circuit waveforms which iliustrate all the possible operating modes of a

CM-PRC operating below resonant frequency.

(a) Natural-commutation modes

Trajectory IN: As shown in Figure 3.8(a), at t= a, transistor Ql tums on cornmutat· ‘ .

ing diode D3. The inductor current, i,_N, resonates through Q1 and D4 (M6). At t=b,

transistor Q2 tums on commutating diode D4. The inductor current resonates through

QI and Q2 (MI). At t= c, capacitor voltage VCN rcverses polarity. The inductor current

continues to resonate through QI and Q2 (M2). At t= d, inductor current i,_N decreases

to zero. Transistors Ql,Q2 zum off nazuralbz and diodes Dl,D2 conducts subsequently.

The inductor current resonant through DI and D2 (M2). At t= e, transistor Q3 tums

on commutating diode DI and a similar process occurs with the roles of QI,Q2,DI,D2 l

and Q3,Q4,D3,D4 interchanged, rcspcctivcly. The topological mode sequence of this

trajectory is M6-MI-M2-M3-M4—M5, which is defined as ”mode-I operation" of

CM-PRC. Since the transistors are all naturally commutated, the circuit operation for

this trajectory is referred to as "mode-IN operation".

Trajectory 2N: As shown in Figure 3.8(b), the circuit operation for this trajectory is

similar to that for Trajectory IN except that vCN changes polarity before Q2(Q4) is trig-

gered at t= c(g). The topological mode sequence of this trajectory is
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M6-M3-M2-M3-M6-M5, which is defined as "mode-Il operation" ofCM-PRC. The cir-

cuit operation for this trajectory is referred to as "mode·IIN operation".

Trajccrory 3N: As shown in Figure 3.8(c), the circuit operation for this trajectory is

similar to that for Trajectory IN except that when vON crosses the zero-axis, the magni-

tude of iLN is less than ION. As a result, an inductor linear-charging interval (ML) exists.

The linear-charging interval ends when the magnitude of im increases beyond ION. The

topological mode sequence of this trajectory is M6—MI-ML-M2·M3-M4-ML-M5, which

is defined as "mode-III operation" of CM-PRC. The circuit operation for this trajectory

is referred to as "mode-IIIN operation".

Trajectary 4N: As shown in Figure 3.8(d), the circuit operation for this trajectory is

similar to that for Trajectory 3N except that VCN 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-MO-ML-M5, which is defined

gs ^'mode-IV operation" ofCM-PRC. The circuit operation for this trajectory is referred

to as "mode-IVN operation".

(b) Mixed-commutation modes

Trajectory IM: As shown in Figure 3.8(e), at t= a, transistor Q3 is farced aßand Ql

is triggered. Transistor Ql cannot conduct since iLN is negative. lnstead, diode DI

conducts. The inductor current resonates through Q4 and DI (M6). At t= b, inductor

current im increases to zero. Transistor Q4 and diodc I)I tum aßnamrally and transis-

tor Ql and diode D4 conduct subsequcntly. Thc inductor current resonates through

QI and D4 (M6). At t= c, transistor Q2 turns on commutating diode D4. The inductor

current resonates through Ql and Q2 (M I). At t=d, capacitor voltage VCN changes

polarity. The inductor current continues to resonate through Ql and Q2 (M2). At t= e,

transistor Ql is farced aß and Q3 is triggered. A similar process occurs with the roles
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of QI,Q2,DI,Q2 and Q3,Q4,D3,D4 interchanged, respectively. The topological mode

sequence of this trajectory is the same as that of Trajectory IN. However, since transis-

tors QI,Q3 are force—commutated while transistors Q2,Q4 are naturally commutated, the

circuit operation for this trajectory is referred to as "mode·IM operation".

Trajccrory 2M: As shown in Figure 3.8(I), the circuit operation for this trajectory is
h

similar to that for Trajectory IM except that vON 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 2N. The circuit operation for this trajectory is referred to as "mode-IIM

operation".

Trajcctory 3M: As shown in Figure 3.8(g), the circuit operation for this trajectory is

similar to that for Trajectory IM except that when vON crosses the zero-axis, the magni-

tude of im is less than ION• As a result, an inductor Iinear—charging interval (ML) exists.

The linear-charging interval ends when the magnitude of ILN increases beyond [ON . The ,

topological mode sequence of this trajectory is the same as that of Trajectory 3N. The

circuit operation for this trajectory is referred to as ”mode-IIIM operation".

Trajectory 4M: As shown in Figure 3.8(h), the circuit operation for this trajectory is

similar to that for Trajectory 3M except that vON 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 the same as that of Trajectory 4N. The

circuit operation for this trajectory is rcferrcd to as "mode—IVM operation".,

(c) Force-commutatiou modes

Trajcctory I F: As shown in Figure 3.8(i), at t= a, transistor Q3 is forced oßf and Ql

is triggered. Transistor Ql cannot conduct since ILN is negative. instead, diode DI

conducts. The inductor current resonatcs through Q4 and Dl (M6). At t= b, transistor

Q4 is forced ojf and Q2 is triggered. Transistor Q2 cannot conduct since i,_N is still neg-
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ative. lnstead, diode D2 conducts. The inductor current resonates through DI and D2

(MI). At t=c, im increases to zero. Diodes Dl,D2 tum 0lT naturally and transistors

Ql,Q2 conduct subsequently. The inductor current resonates through Ql and Q2 (MI).

At t= d, capacitor Voltage VCN changes polarity. The inductor current continues to res·

onates through Ql and Q2 (M2). At t= e, transistor Ql isforced aßand Q3 is triggered.

A similar process occurs with the roles ol“Ql,Q2,DI,Q2 and Q3,Q4,D3,D4 interchanged,

respectively. The topological mode sequence of this trajectory is the same as that of

Trajectory IN. However, since all the transistors are force-commutated, the circuit op-

eration for this trajectory is referred to as ”mode-IF operation".

Trajectory ZML: This trajectory is a special case of
^’

mode-II operation'. The tran-

sistors conduct twice during a switching period. As shown in Figure 3.8(j), at t=a,

transistor Q3 is forccd aß and QI is triggered. Transistor Ql cannot conduct since im

is negative. lnstead, diode Dl conducts. The inductor current resonates through Q4

and Dl (M6). At t= b, inductor current ILN increases to zero. Transistor Q4, diode DI

zum aßmztural(y and transistor QI, diode D4 conduct subsequently. The inductor cur-

rent resonates through QI and D4 (M6). At t= b', capacitor Voltage VCN changes po-

larity. The inductor current continues to resonates through Ql and D4 (M3). At t=c,

iLN changes polarity for the second time. Transistor Ql, diode D4 rum oßnaturaI(y and

transistor Q4, diode DI conduct again. The inductor current resonates through Q4 and _

I)l (M3). At t= d, transistor is is farced aßand Q2 is triggered. Transistor Q2 can-

not conduct since im is negative. lnstead, diode l)2 conducts. The inductor current

resonates through DI and D2 (M2). At t=e, im changes polarity for the third time.

Diodes Dl,D2 turn o[T naturally and transistors Ql,Q2 conduct subsequently. The

inductor current resonates through Ql and Q2 (M2). At t= I] transistor Ql is is farced

aß and Q3 is triggered. A similar process occurs with the roles of Ql,Q2,DI,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 2N. However, due to the multiple·conducti0n

feature, the circuit operation for this trajectory is referred to as "mode-Ilm, operation".

Trajectory 3;: As shown in Figure 3.8(k), the circuit operation for this trajectory is

similar to that for Trajectory I; except that when VCN crosses the zero—axis, the magni-

tude of iLN is less than ION. As a result, an inductor linear-charging interval (ML) exists.

The linear-charging intcrval ends when the magnitude of im increases beyond ION . The

topological mode sequence of this trajectory is the same as that of Trajectory 3N. The

circuit operation for this trajectory is referred to as ”mode-III; operation".

Trajccrory 4;: As shown in Figure 3.8(l), the circuit operation for this trajectory is

similar to that for Trajectory 3; except that vON 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 freeéwheeling intcrval ends when Q2(Q4) is triggered. The topological

mode sequence of this trajectory is the same as that of Trajectory 4N. The circuit oper-

ation for this trajectory is referred to as "mode-IV; operation".
‘ ‘

Y

Trajecrory 5;: As shown in Figure 3.8(m), this trajectory is degenerated either from

Trajectory 3; or from Trajectory 4;. The capacitor voltage, vON, is always 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-MI, , which is defined as "mode-V operation" ofCM-PRC. Since E

all the transistors arc force-commutated, the circuit operation for this trajectory is re-

ferred to as "mode- V; operation". This operating mode can only existmomentarily

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.l 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, "M L" 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(l) are discussed in the following.

(a) Force-commutation modes '

Trajectovy 2A,: As shown in Figure 3.9(b), at t=a, transistor Q3 is forccd oj)" and

· QI is triggered. Transistor Ql cannot conduct since im is negative. Instead, diode DI

conducts. The inductor current resonates through Q4 and DI (M3). At t= a', capacitor

voltage vm changes polarity. The inductor current continues to resonate through Q4

and DI (M6). At t=b, transistor Q4 is forced o_ß'° and Q2 is triggered. Transistor Q2
·

cannot conduct since im is still negative. Instead, diode D2 conducts. The inductor.
{

current resonates through DI and D2 (MI). At t=c, inductor current im increases to

zero. Diodes DI,D2 turn olf naturally and transistors Ql,Q2 conduct subsequently. °

The inductor current resonates through QI and Q2 (MI). At t=d, transistor Ql is

forced ojfand Q3 is triggered. A similar process occurs with the roles of QI,Q2,Dl,Q2

and Q3,Q4,D3,D4 interchanged, respectively. The topological mode sequence of this

trajectory is M3-M6-MI-M6-M3-M4, which is defined as "mode—lIA operation" of

CM-PRC. Since all the transistors are force-commutated, the circuit operation for this

trajectory is referred to as "mode-[IAF operation".
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Table 3.1 Topological Mode Sequences for Circuit
Operating Modes Below Resonant Frequency

ozexätg Topological Mode Sequences

M6-M3-M2-M3-M6-M5

M6-M0—ML-M2—M3·M0-ML—M5

170



‘¤.u

2

'cu

* n
M2 M5

: M6 :M1: 5, M3 5M4:E
5 Vc~5 5 5

f.
·¤ . 5 —

I G4 D1‘II G1
I

G2 D3-I-I G3 '
D1 D2 G2 D3 D4

G4(a)Trajectory lp and its corresponding circuit waveforms(Mode·IF operation)

171



‘u«

M6

O
c

O
• • "<=~

M3

M3 M6 M1 M6 M3 _ M4
1 1 I I I I |

:: ' °$N
" 'tu : ,,cN I

I

I I I I 1 I 1 1
1 Q4 {D1: Q1 1 Q2 1D3| Q3 1
1 D1 ¤D21 Q2 1 D3 ID4! Q4 1

(b) Trajectory 2A1- and its corrcsponding circuit wavcforms(Mode-IIAF operation) ·

Figure 3.9 Continued172



. ILN

1 M3
x

M

M
"cu

M5
2x
M6

I M1 MLM2 M4MLM5
{ M6 § § § 1 M3 H { I

2 ¤ 'uy. ,2: { 2 ~
. VCNEE { E {

' '

• nt‘ >d4 52 E faI °111
°‘ L

°= ¤¤··Q3=M °2 921 D3 ¤411¤a1

(c) Trajectory 3, and its corresponding circuit wavcforms(Mode·III, operation) {

Figure 3.9 Continued

173



O _
O

· up
“

ua
. VCN

•
O

§ Mo gun.; Mo{VS":
1,;,,

I I
: 1_ 1 g t

' Q4 o1·H'1¤2¤"‘s ‘I D1 D2 -I-32 D3 I
_Ig4

_

(d) Trajectory 5, and its corresponding circuit waveforms(Mode- V, operation)

Figure 3.9 Continued

174



(b) Mixed-commutation modes

Trajecrory ZAM: As shown in Figure 3.9(f), at t= a, transistor Q3 is forced ojf and

Ql is triggered. Transistor Ql cannot conduct since iLN is negative. lnstead, diode Dl

conducts. The inductor current resonates through Q4 and Dl (M3). At t= a', capacitor

voltage VCN changes polarity. The inductor current continues to resonate through Q4

and Dl (M6). At t= b, inductor current iLN increases to zero. Transistor Q4, diode Dl

zum off na1uraI(y and transistors Ql, diode D4 conduct subsequently. The inductor

current resonates through Ql and D4 (M6). At t=c, transistor Q2 is triggered com-

mutating diode D4. The inductor current resonates through Ql and Q2 (MI). At t= d,

transistor Ql is forced off and Q3 is triggered. A similar process occurs with the roles

of Ql,Q2,Dl,Q2 and Q3,Q4,D3,D4 interchanged, respectively. The topological mode

sequence of this trajectory is the same as that of Trajectory 2AF. However, since tran-

sistors Ql,Q3 are force-commutated while Q2,Q4 are naturally commutated, the circuit

operation for this trajectory is referred to as "mode-IIAM 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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Table 3.2 Topological Mode Sequences for Circuit
Operating Modes Above Resonant Frequency

Operating
Modes Topologlcal Mode Sequences

M6~M1—M2—M3-M4-M5
M3-M6—M1-M6-M3-M4

. M6-M1-ML-M2-M3·M4-ML·M5

178



3.3.6 Regions of Operation

As mentioned in Chapter 2, it is important to know the converter's mode ofoperation

for a specific design such that circuit devices such as diodes and snubbers can be opti-

mally selected for the converter. ln this section, regions of operation for a CM-PRC are

defined to determine the converter's mode of operation for given normalized switching

frequency, wsN , pulse width, [is , of the quasi—square-wave voltage Vs, and the

norrnalized load current, ION =
gi?.

3.3.6.l Operating regions below resonant frequency

Figure 3.l0 shows the operating regions of a CM-PRC operating below resonant

frequency. ln the figure, the mode of operation is represented as a function of the pulse

width, ßs, of the quasi—square-wave voltage, vs, and the load current, ION , at several

frequencies wsN=0.6, 0.7, 0.8, and 0.9. A ßs angle of l80° is equivalent to a full

pulse-width of vs (duty ratio = I). Three dotted lines are shown in each figure to indi-
”

cate boundaries for different device commutation conditions. Above the dotted line "N"
n

is the natural—commutation region in which all the transistors are naturally commutated.

Between the dotted lines "N€' and is the mixed-commutation region in which tran-

sistors Q|,Q3 are force-commutated and Q2,Q4 are naturally cormnutated. Below the

dotted line "F" is the force—commutation region in which all the transistors are force- O
commutated. The dotted line

”Ml.“
defines a region corresponding to mode-IIML oper-

A

ation, where the transistors conduct twice during a switching period. This

multiple-conduction region is undcsirablc and should he avoided. Given the range of

[ON , ßs, and a specific operating frequency, the converter's modes of operation can be

easily determined. For example, if msN equals 0.8, ION ranges from 0.25 to 0.5, and ßs

ranges from l44° to l08°, the converter will operates either in mode IN or in mode IIN ,

as indicatcd by the shaded area in Figure 3.l0(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 frequency. These regions

. are derived from the algorithm developed in Appendix C.3. A dotted line is used in the

figures for wS„ = 1.1 and 1.2 to define the mixed-commutation region. Inside the dotted
”

line, transistors Q|,Q3 are forcc~commutated and Q2,Q4 are naturally commutated.

()utside 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 surnmarized in Appendix (L4. 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 DG characteristics below resonant frequency

Figure 3.12 shows the de control-to-output characteristics for several frequencies be-

low the resonant frequency. In these ligures, the output voltage (average capacitor
F

voltage), VON, is plotted as a function of the pulse-width, ßs, of vs , and the output cur-

rent, ION• Two dotted lines are used in each graph to indicate the boundaries ofnatural

commutation and force commutation.’ Above the dotted line "N", all the transistors are

naturally commutated. Between the dotted lines "N" and "F", transistors Ql,Q3 are

force—eommutated and Q2,Q4 are naturally commutated. Below the dotted line
”F",

all

the transistors are force-commutated. lt 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 switcliing frequency is below 80% of the

resonant frequency. lt is thus diflicult to design a (‘M-PRC in the natural-commutation
l

region when the output-to-input voltage ratio, VON, varies over a wide range. For ex-

ample, if wON = 0.8 and VON ranges from 1.2 to I.8, ION has to be limited less than 0.15,

as can be seen from Figure 3.I2(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 components are subjected to

excessive stresses.

ANALYSIS OF CM-PRC 183



6”·¤~·:·2;<*·~6
S22"'

0.85 4/
1.00 (Bottom)

/

• A. ßlI
O

6 Ä .
i IAIII
°

‘I

...!l!|lIIIIQLW
JI) 72.03 1.tD 144.00 1.M

PLLSE HIDTH

CÜSN = 0.6

6
0.4·.

‘°
·85

_."1.00 (Bottom
gg 4 Ä
i /

> IÄHII
°

I

.AIIl|III144.w IJ!)

CÜSN 0.7 ‘

Figure 3.12 DC Control-to·Output Characteristics Below Resonant Frequency

184



2
1.00(d)

CÜSN = 0.9

Figure 3.l2 Continued

l



8 8log-0:0* (TW)'o«·0·0*(T¤ß)6 Ä,
IAJII I/MII"' II V6 Ä 6 Ä•® •®

a) RMS inductor current (b) Pédk cdpdvitvr Voltage

6 .6Illgez II I?6 6 .. ,4A
IIWII II /'?'g / A
ggMWIHIül|'!'*“

I IIIII8 4 '
°-*5 °°5 8A4°b,m

,m IMJII -00 1,m

(c) RMS switch current (Ql,Q3) fd) RMS switch current (Q2,Q4)

Figure 3.I3 Characteristics for Various Circuit Salient Features at w_,„ = 0.8

186



g
Il V"!22II,A AQIE*2 Aß *2Iülgg

äséäéé Mßßgg
cum _m

„®(e}Average diode current (D/173} w Average diode current (02,04)

2 IIIII··~ IIIINI IIIIIE inn} “
1Milbdhl IIMII2 . L 2 Aciä ¤MEINE V III-®,®(g)

Switch tum-oß"current (QLQ3) Ut) Switeh türn—0_ß°current (Q1Q4)

Figure 3.l3 Continued

187



8 8 -N
10,,

-
0.01 (Top) HÜ.Il; lllys
1Äo¤ aamml‘
lf §II74n

E ,.. 1IIMWA . 4A;;
Ilßlß WE6 Ä 6 J1 Al•®_®(

i) Switch tum-on current (QI.Q3) U) Swiwh
'“""°" ¢“""¢'" (QÄQU

Figure 3.13 Continued

188



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. llowever, 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. lt allows only a small variation in the output-to-input ‘

voltage ratio. lt requires a minimum load current. Most of all, since the slopes of the

characteristics in this region are very steep, the converter is very diflicult to control.

Figure 3.13 shows other important dc characteristics at frequency CÜSN = 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.l3(c) and (d). Same phenomenon exits between the currents of D1,D3

and D2,1)4. This is due to the phase displacemcnt in the triggering of the transistors.

In general, transistors Ql,Q3 and diodes l)2,D4 carry higher currents when CM-PRC

operates below the resonant frequency;

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

3.3.7.2 DC characteristics above resonant frequency

Figure 3.l4(a)~(d) shows thc dc control-to-output characteristics for

w$„= 1.1, 1.2, I.3, and 1.4, respectively. A dotted line is used in the figures for com

= l.l and 1.2 to indicatc the mixed-commutation boundary. lnside the dotted line,

transistors Ql,Q3 are forcc-commutatctl and Q2,Q4 arc naturally commutated. Outside

the dotted line, all the transistors are f0rce—commutatcd. lt 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 wm = 1.2. Again,

the currents in the transistors and the currents in thc diodes are unbalanced, as shown
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in Figures 3.l5(c) and (d) and Figures 3.l5(c) and (F), rcspcctively. However, in this

frequency range, transistors Q2,Q4 and diodcs l)l,D3 carry higher currents.

Similar dc characteristics for other Frequcncies 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 (wSN< I) such that all

the transistors’ turn-off losses are eliminated. The second example designs the converter

to operate in a mixed—commutation region (wg-„< I) such that the tum-on losses of

QI,Q3 and the tum—ofl“ losses of Q2,Q4 are eliminated. Lossless snubbers can be used

across QI and Q3 to reduce their tum-off losses. The third example designs the con-
I

verter to operate in a force-commutation region (ws„> I) such that all the transistors'

tum-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 following requirements.

Input voltage = 40V ~ 60V.

Output voltage = 5V.

Output power = 40W ~ 50W.

Assume an output transformer with turn ratio ml is used between the resonant tank and

the load circuit. Then,

5n 5n
V0Nmax = • V0Nmln = v

I = .;2_ I =_;
ONMGX n X ONmin H

X(Theload current range is from 8A to l0/\.)
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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 w_;N= 0.8.

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

choose

VONmin = = l•7•
·

The transformer tum ratio n can then be calculatcd as g

60 1.7 .
rr = = 21,

and the maximum VON is

VO„„,„,„ = = 2.62.
1

From Figure 3.16, this voltage levcl can not be achievcd. Thus, the design is impossible.

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

range, choose

V0Nmax = = _

The transformer tum ratio n is calculatcd as

„ = = U,
5
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and the minimum VON is

5 17
VONMM = = l•42«

From Figure 3.16, it can be seen that the load current at VON,„,,, can not exceed 0.26 if

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

10I0Nmax = = 0.25.

The characteristic impedance is calculated as

2,,: 1,,„„,„„>«„>«4o>«-ä-: im.

The normalized load range at VON„,„ is from 8/(n x 40/Z0) = 0.2 to ION„,„ = 0.25, which

· are indicated by points B and A in Figure 3.16, respectively. The normalized load range

at VON„,„, is from 8/(rr x 60/ZO) = 0.l3 to I0/(n x 60/Z0)=0.17, which are indicated by
1

points C and D in Figure 3.16, respectively.

The normalization factor for the current, I,,_U_, is equal to 40/Z0 = 2.35A at VONMX

(ponits A,B) and equal to_ 60/Z0 = 3.53A at VON„,,„ (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 ßs angles corre-

sponding to these points are A: l53.6°, B: l5l.2°, C: 77.5°, D: 79.2°. By mapping these

boundary points (using their corrcsponding [ION and ION) 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 obtaincd for this design,
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VCPKmax = I38*V¤ ILRMSmax = 4•7A~

IQIRMSmax = 4*4Av IQ2RMSmax = 3*45Av

IDlAVmax = l•l3A• ID2AVmax = 3·l8A•
V

[Q10/fmax = 0*Av IQ2oj)"max = 0·A•

IOIMMH = 5.23A, Imonmax = 6.39A .

3.4.2 Example 2 - Design in Mixed-Commutation Region

To achieve zero-voltage turn-on (force commutation) of Ql,Q3 and zero-current

tum-off (natural commutation) of Q2,Q4, the operating frequency should be chosen

below the resonant frequency. Choose (USN = 0.8. From Figure 3.l8, to ensure Ql and

Q3 are force-commutated, choose

F 5
V0Nmax = -71% = l'5'

The Ftransformer tum ratio n is calculated as
F

N l2_5

The minimum VON is ‘

= = I•0•

To obtain a high characteristic impedancc, ION should be chosen as high as possible.

Choose

IO F
I0Nmax_ n X 40/Z0 " l'0•
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The characteristic impedance is calculated as

z„=Thenormalized load range at VON,„„ is from 8/(n x 40/Z0) = 0.8 to ION,„„ = 1.0, which

are indicated by points B and A in Figure 3.18, respectively. The normalized load range

at VON,„,„ is from 8/(rz x 60/Z0) = 0.53 to 10/(,1 x 60/ZO) = 0.67, which are indicated by

points C and D in Figure 3.18, respectively.

The normalization factor for current, I,„_O_, is equal to 40/ZO=0.833A at VON„,„

(ponits A,B) and equal to 60/Zo = 1.25/1 at VON,„,,, (points C,D).

The four boundary points, A,B,C,D, deline the operating region for the converter in

this design, which is indicated by the shaded area in Figure 3.18. The ßs angles corre-

sponding to these points are A: 147°, B: 119°, C: 69°, D: 78°. By mapping these

boundary points (using their corresponding ßON amd ION) into other characteristics as
i

_

illustrated in Figure 3.19, various important circuit features are obtained and shown in

the following:

VCPKmax = l07·V• ILRMSmax = LSA,

,Q1RMSmax = [*44/\, IQ2RMSmax = l•43^,

ImAV,„,„ = 0.25/\, I,,M,,,,,„ = 0.5A,

1.92A 0.A,

IQ1onmax = 0•^, IQ2onmax = l•4A'

3.4.3 Example 3 - Design in Force-Commutation Region
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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 wsN = 1.2. From

Figure 3.20, to ensure force commutation of all the transistors (avoiding the mixed-

commutation region), choose

VONMM = = 0•4•

The transformer tum ratio n is calculated as

„ = = 4_8_
5

The maximum VON is

5 4.8 ·
V0Nmax = = 0•6·

From Figure 3.20, ION,,,„,, must not exceed 0.72. Choose ' ·

-.i.-lONmax
_

n X"The

characteristic impedance is calculated as h

2,, = ION„,„ x n x 40 x 7% = 13.449.

The normalized load range at VON„,„ is from 8/(n x 40/2,,) = 0.56 to ION„,„ = 0.7, which

are indicated by points B and A in Figure 3.20, respectively. The normalized load range

at VON,„,„ is from 8/(rz x 60/2,,) = 0.37 to 10/(n x 60/2,,) = 0.47, which are indicated by

points C and D in Figure 3.20, respectivcly.

The normalization factor for current, I,._O_, is equal to 40/2,, = 2.98A at VON,,,„

(ponits A,B) and equal to 60/2,, = 4.46,4 at VON,,,,,, (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 ßs angles corre-

sponding to these points are A: l49°, B: l03°, C: 62°, D: 8l°. By mapping these

boundary points (using their corresponding ßON and ION) into other characteristics as

illustrated in Figure 3.2l, various important circuit features are obtained and shown in

the following:

Ignmsmax = 2·35^• Igzmwsmax = 3·2^•

lmavmax = 2-4/\» Iouvmax = 0·5lA»

IO,„!f„,„ = 5.6lA [OM]-,„„x = 3.94A,

IO,o„,„„ = 0.A, IO2„,„„„ = 0.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.
I
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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 l05.4kllz with a resonant frequency of

l45kHz (wm = 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 iLN to wm.

Figure 3.23(g) shows a trajectory close to Mode V operation. Thistrajectory is ob-

tained by shorting the output resistor (R = 0. Q). Slight asymrnetry in the trajectories

exists due to the imbalance in the gating signals.
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3.6 CONCLUSIONS

A complete analysis of the constant-frequency, clamped-mode, parallel-resonant

converter has been 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

topologicalmode 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-
l

low 80% of the resonant frequency. fligh 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-cormnutation region for a wide

range of input voltage and output current since a very large force commutation region

exists for the converter when the operating frequency 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.
’I’he

examples illustrate how to employ the de

characteristics to design a (IM-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 l05kHz prototype circuit is brcadboarded to verify the operation of a

CM-ÜRC. All the predictcd operating modes below-resonant frequency are exper-
W

imentally substantiated.
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CHAPTER 4.

CONCLUSIONS

The distinct advantages of resonant converters, such as zero-current tum—of'f] zero-

voltage turn-on, low EMI, and fast responses, have attracted much attention in power

electronics industry. Numerous clforts have been made to extend the soft switching ‘

resonant techniques into other types of converters such that the performances of these
u

converters can be improved. For example, recently a new family 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 results in poor utilization of magnetic compo-

nents and capacitor filters since these components has to be designed according to the

lowest operating frequency. The bandwitlth of the control loop is also limited by the

lowest operating frequency. Variable-frequency operation can also results in undesirable

low beat frcquencies which are difficult to filter.
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ln view of this, efforts have been made to search for 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.

ln the dissertation, the behaviors of both the clamped-mode series-resonant converter

and the clamped-mode parallel-resonant converter were completely characterized to

provide insights to the complex circuit operations 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 houndaries and operating regions. Based on

the state plane analysis, important de characteristics, such as control-to-output transfer

ratio, inductor rms current, peak eapacitor voltage, switch rms currents, average diode
V

currents, tum-on current and turn-off current of the switches were derived to facilitate

design of the converters.

Three different regions, natural commutation region, forced commutation region, and .

mixed mode of natural and forced commutation region, exist for both the CM-SRC and

the CM~PRC. ln the natural commutation region, all the controlled switches tum off
i

at zero current. Fast antiparallel diodes are required for all the switches. In the mixed

commutation region, two of the switches tum off at zero current while the other two

turn on at zero voltage. Fast antiparallcl diodes are required for the two switches which

are naturally commutated, while slow antiparallel diodes and simple lossless eapacitor

snubbers can he used for the other two switches which are turned on at zero voltage.

ln the force commutation region, all the switches turn on at zero voltage. ln this case,

slow antiparallel diodes and simple lossless eapacitor snuhbers can be used for all the

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

ln applications where MOSFETS are used as switching devices, it is most desirable

to design the converters in the force commutation regions where all the switches are

tumed 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
V

tum-on can be implemented for all 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 invcrsions, where a high frequency ac output ,

or an ac distributed bus is required.
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APPENDIX A.!

DERIVATION OF CLAMPED-MODE, PARALLEL-

RESONANT CONVERTER

Figure A.! illustrates the combination of the two resonant inverters in a phase-

controlled, parallel-resonant <·onvcrter( PC—PRC). 'The outputs of the inverters are con-

nected in series. Viewing tank voltagcs v, and vz as ncw voltage sources, a simplified

circuit For the PC-PRC is shown in Figure A. l(b). The circuit equations for the PC·PRC

are

diz.:
VIdv

im = 67%- +1,,,V2

= VC2[•

.
°·=

+and

**0 (*4-5)

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

APPENDIX ,\.I 225



di di(vz + vz) = (vz, + Vcz) + L<ä+ß). (4.6)

d d({1.1 + vzz) = C<

2v„-RewritingEqs. (A.6) and (A.7),

l
d i _ + i(vz + vz) = v„ +01) ;,; < #7%). (4.8)

U. + i . ) . c 4

From Eqs. (A.8) and (A.9), viewing vo and (im + iLz)/2 as new state variables, an equiv-

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

vc = vo, (A.l0)

[L = , (AJ l)

and

vs = v, + vz. (/l.l2)

'The quasi—squarc-wave voltage vs, as shown in Figure A.l(e), can be realized using the

l"ull·bridge circuit shown in Figure A.l(d), which is a clampcd-mode, parallel-resonant

converter( PC-PRC).

zu-:-¤·:~mx zu 226



EL : IL1 VCI- *0Y' <—· • + -> L Io __. L c 6 + s' II. "c
s‘ ‘*

I.E vo O + —•~ + - O t* _ A ZE. _ + 21, C! — 'C\\ 2,/ A
0

V .

- ggg _
**2 .L C
'I · Id) A cM-Pac

6- 2

<a>~·¤··*·=¤ Iii?II I I „ I 'EI
I- I I I I II I'

V2 I EV •
.

L Q I I I IILZ
A I I I 2E' I I'°' v I - I Is6 °'"2-I I I_ I I -2EII I I I _ I

tb) Simptmca citcuit (e) Equivalent source voltage
I

I
_ I I Is„ ' I I :IL. *0 I I I'° L $2 I I _°

I O I I I 'vs
é A S

I I I I I
0 E

I I I I
(c) Equivalent circuit

(I) Switch conduction sequence
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r APPENDIX B.]

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,_„ > 0)

~ Triggcring Ql or forcing Ql olTinitiatcs M6.

• Triggcring Q2 initiates M l.

• Forcing Q2 off initiates M5. _

• On the lower half plane (im < 0)
”

¤ Triggcring Q3 or forcing Q3 olTinitiatcs M3.

·
Triggcring Q4 initiatcs M4. ~

~ Forcing Q4 olf initiatcs M2.

•
On the VCN-axis (i,_„ = 0)

• lf the previous topological mode is M2,
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p A MI is initiated if vON < l VON (trajectory crosses vON -axis on the left—hand

i side of' ml);

A M6 is initiated if" vON < —VON (trajectory crosses VCN -axis on the left-hand

side of' m6) and QI is fbrced ofl' the instant
of”

crossing.

ui
• lf the previous topological mode is M3,

A M6 is initiated if" vON < —VON (trajectory crosses VCN -axis on the left-hand
’

side of' m6);

A MI is initiated if vON < l — VON (trajectory crosses VCN -axis on the left-hand
i

side of" ml) and Q2 is triggered at the instant of crossing;

A M5 is initiated if vON < —l — VON (trajectory crosses VCN -axis on the left-

hand sidc of m5) and Q2 is forced oIT at the instant
of’

crossing;
I

A MO is initiated if vON > —VON (trajectory crosses VCN -axis on the right-hand

side
of‘

m6). lf the crossing point of the trajectory is to the left of" ml (

vON < I — VON), MO will he terminated when Q2 is triggered which initiates
i

M I.
u

i
• lf’ the previous topological mode is M4,

A M5 is initiated if vON < —I — VON (trajectory crosses vON -axis on the left-

hand side of m5);

A M6 is initiated if v,;N < —VON (trajectory crosses VCN -axis on the left—hand

p side of m6) and Ql is triggcrcd at the instant of crossing;

A M0 is initiated iI‘ vON > —| — VON (trajectory crosses VCN -axis on the right-

hand side of m5). lf the crossing point of the trajectory is to the left of' m6

(vON < —V})N), MO will he terminated when QI is triggered which initiates

M6.
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‘

¤ lfthe previous topological mode is M5,

I
A MI is initiated if vON > —I + VON (trajectory crosses vON —axis on the right-

hand side of m4);
I

I
A M3 is initiated if VCN > VON (trajectory crosses vON —axis on the right-hand

I
side of m3) and Q3 is forced ofT the instant of crossing.

I
,

I
¤ lf the previous topological mode is M6,

I A M3 is initiated if VCN > VON (trajectory crosses vON —axis on the right-hand

side of m3);

A M4 is initiated il“ vON > —l + VON (trajectory crosses vON —axis on the right-
I

hand side of m4) and Q4 is triggercd at the instant of crossing;

I
A M2 is initiated if vONtI + VON (trajectory crosses VCN —axis on the right—hand

side of m2) and Q4 is.l'orced oII‘ at the instant ol" crossing;
I

I A M0 is initiated il' vc-N < VON (trajectory crosses vON —axis on the left-hand side

of m3). lf the crossing point ol' the trajectory is to the right of m4 (

VCN > —l + VON), M0 will be tcrminated when Q4 is triggered which initiates

M4.

I ·
ll”the previous topological mode is M I,

A M2 is initiated if vON > I + VON (trajcctory crosses vON —axis on the right-

hand side of' m2);
I

I
A M3 is initiated if vON > VON (trajcctory crosses vON —axis on the right—hand

side of m3) and Q4 is triggercd at the instant of crossing;

I
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1 .

A M0 is initiated if vON < l + VON (trajectory crosses VCN -axis on the left-hand

Ä side of m2). If the crossing point of the trajectory is to the right of m3 (

Ä vCN > VON), M0 will be terminated when Q4 is triggercd which initiates M3.

1

1

Armawnux is.: zsu



I

I
I
I

A1313END1x 6.2
PREDICTION OF MODE TRANSITIONS OF A CM-SRC

OPERATING BELOW RESONANT FREQUENCY

Consider the boundary trajectories, T34, between Mode III and Mode IV, and T3, ,

between Mode III and Mode V, as shown in Figure 8.2.I and Figure 8.2.2, respectively.

These two trajectories are constructcd via same topological mode sequence and can be

represented by the same equations,

1+(1 -1z+2VO„)*-6*
2(1 — 11+21/,,,,) ‘

2 2
costs: l+R (6.2.1)

2R

wSN —
7I + Ö + C °

l

The parameter R can be used to determine whether a trajectory delinedby equations

(8.2.l) is a T34, or T4,. When R 5 I — ZVON, equations (8.2.I) represent a T34 . When

R > I —-
ZVON, equations (8.2.I) represent a 73,.

Such a boundary trajectory can only bc constructcd with R in between VON and I,

as illustrated in Figure 8.2.3. The frequency, (UTN, of the trajectory is related to R in a _

way as shown in Figure 8.2.4, where .
I

7I
***3 ~

= ·7I + cos ————-
I + ZVON (6.2.2)

ww =+——L¢*‘T‘ ·1: + cos' VON + cos' (I — 2VON)

This relationship can be used to determine the transitions of operating modes as Follows.
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(a). VON 5 0.5

(a.l) If wSN > w,N, such a boundary trajectory does not exist, implying both mode-IV

and mode-V operations do not exist. The converter's operation transits from Mode III

directly to Mode VI, as indicated by S3 in Figure 2.l0(c).
’

The boundary ßs angle, ß„, separating mode III and Mode Vl, can be calculated

from trajectory T36, as shown in Figure B.2.5, .

,636 = wsN x 6, 6 = cos"(l — 2VäN).

(a.2) If wSNiw3N’ one such boundary trajectory exists. The converter’s operation

transits from mode lll to the boundary trajectory back to Mode III then to Mode VI,

as indicated by S4 in Figure 2.l0(c). IF the boundary trajectory is viewed as a special

case of Mode-III operation, the convertcr's mode transition sequence is the same as
’

(a.l). ,

(:1.3) If ru,N 5 CÜSN < w2N, two such boundary trajectories exist. Equations (B.2.l) have ·

two sets of solutions, (R,, §,, 6,) and (R2, (2, 62) .
U

•
(a.3.I) If R, 5 l — ZVON and R2 > l — 2VON, a boundary trajectory, T„, between

Mode III and Mode IV and another boundary trajectory, T„, between Mode III

and Mode V exist, implying both Mode-IV and Mode-V operations exist. The

convertcr's operation transits from Mode lll to Mode IV to Mode V back to Mode

III to Mode VI, as indicated by S5 in Figure 2.l0(d).

The boundary ßs angle, ß„, between Mode III and Mode IV is equal to

wsN x 6,.

The boundary ßs angle, ß„, between Mode IV and Mode V can be calculated

From trajectory T„, as shown in Figure B.2.6,
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' .„ 6Vä„
ß45=CUSNXö,6=c0sThe

boundary ßs angle, ß„, between Mode V and Mode III is equal to

IDSN X ö2•

The boundary ßs angle, ßß, between Mode III and Mode VI is calculated as in
l

(a.I).
i

• (a.3.2) If R, s I- 2VO„ and Rzs I — 2VO„, two boundary trajectories exist be-

tween Mode III and Mode IV, implying Mode·V operation does not exist. The

converter's operation transits from Mode III to Mode IV back to Mode III to

. Mode VI, as indicated by S6 in Figure 2.l0(e).

The boundary ßs angle, ß„, between Mode III and Mode IV is equal to

(ÜSN x 6,.

The boundary ßs angle, ß„, between Mode IV and Mode III is equal to

wSN X ö2•

The boundary ßs angle, ß„, between Mode III and Mode VI is calculated as in

. (a.I).

• (a.3.3) If R, > I — 2VON and R2> I — ZVON, two boundary trajectories exist be-

tween Mode III and Mode V, implying Mode-IV operation does not exist. The

converter's operation transits from Mode III to Mode V back to Mode III to Mode

VI, as indicated by S7 in Figure 2.l0(e).

The boundary ßs angle, ß„, between Mode III and Mode V is equal to

ww x 6,. l

The boundary ßs angle, [iss, between Mode V and Mode III is equal to

wS„ x 62. ·
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The boundary ßs angle, /33,, between Mode III and Mode VI is calculated as in

(a.l).

(:1.4) If 0.5 s msn, < CÜ4N, one such boundary trajectory exists. Equations (8.2.1) have

one solution, (RI, {I, öI).

•
(a.4.I) If RI $ l - 2VOn,, a boundary trajectory exists between Mode III and Mode

l
_

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

III to Mode IV to Mode V to Mode VI, as indicated by S8 in Figure 2.l0(b).

The boundary ßs angle, /I„, between Mode III and Mode IV is equal to

CUSN X öl-

The boundary ßs angle, [1*,,, between Mode IV and Mode V is calculated as in

(a.3.I). I
I

The boundary ßs angle, ß,,, between Mode V and Mode VI can be calculated ·

from trajectory T,,, as shown in Figure 8.2.7,

11,, = (6,,,, X 6, 6 = cos"(l - 21/},,,,).

•
(a.4.2_) If RI > I — 2Von,, a boundary trajectory exists between Mode III and Mode

V, implying Mode-IV operation does not exist. The converter's operation transits

from Mode III to Mode V to Mode VI, as indicated by S9 in Figure 2.l0(d).

The boundary ßs angle, ß,,, between Mode lll and Mode V is equal to

msn, >< öI.

The boundary ßs angle, ß,,, between Mode V and Mode VI is calculated as in(a.4.I). I _

APPENDIX 8.2 235



(b). VON> 0.5

(b. I) If wsN > w,N, such a boundary trajectory does not exist, implying both Mode-IV

and Mode·V operations do not exist. The converter's operation transits from Mode III

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

(b.2) If wSN 5 m,N, one such boundary trajectory exists. Since R > VON > I —
2VON, the

trajectory is between Mode III and Mode V, implying Mode-IV operation does not ex-

ist. The converter's operation transits from Mode III to Mode V to Mode VI, as in

(a.4.2).
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FORTRAN Program for Determining Mode Transitions and Mode Bound-
aries Below Resonant Frequency

C
••••••»••••·•·•+•·••••••·••·+n•••--•--•-n•++••·•··•·-•··••-«•·•·n·«··•••-•-·•--•-·•·•·•«·-•··•·•¤·•«•

C
•·•··•••·

C ***** PROGRAM NAME : SCBD.FOR
C *"'*** FUNCTION : CALCULATE BOUNDARY B ANGLES AND PREDICT
C ***** MODE TRANSITIONS OF A CM·SRC OPERATING
C ***** BELOW RESONANT FREQUENCY.
C

•••·•·•

C
·•·•••·•-•••••-••••·•·•··•-·•·••·-•·-•••«•··••·«••en-•··•·•·•-•·•-•u··•··•-·•-·•·•·-••·•·•·•·•4··•·••••--•·+•·•

·n•n .
C **"'** FOR B > BET/\(l) ---> MODE I OPERATION
C ***‘** FOR BETA(1) > B > BETA(2) ---> MODE II OPERATION
C ***** FOR BETA(2) > B > BETA(3) -~-> MODE III OPERATION
C ***** F()R BETA(3) > B > BE'1'A(4)---> MODE IV OPERATION
C ***** FOR BEII”A(4) > B > BE'IIA(5) ···> MODEV OPERATION
C ***** FOR BETA(5) > B > BETA(6) ---> MODE III OPERATION
C ***** FOR BE°I'A(6) > B ·-- >· MODE VI OPERATION
C

••»•-·•--•

IMPLICIT REAL*4 (A-II,O·Z)
DIMENSl()N PAR(3), BET/\(6), (]UESS(3)
PI = 4.*/\TAN( I .)

‘

IO READ(5,l0O0) WN, VON, INDEX
RE/\D(5,3000) ERREL, (GUESS(K), K= I,3) .

C
••• ~

C *** A GOOD GUESS F()R GUESS(K), K= I,3 ARE 1.1,3.14, I.S7. .

CIF(INDEX.NE.I) STOP _ .
lNTL=0
WTS = Pl/WN · °

C ERREL = 0.000I
ITMAX = 200

20 IF(VON.LT.O) GO TO IO
IF(VON.EQ.O) V()N= 0.000I
INTL= INTL+ I I
PAR(I)=W'I°S
PAR(2)=VON .
PAR(3) = Pl
WI N = PI/(PI + ACOS(VON)) „ .
IF(WN.LE.W I N) TIIEN

BI = WTS·Pl + /\COS(1-2*VON**2)
IBI = IELSE '
IBI = O

ENDIF ,
CALL SB2(PAR,ERREI „,I'I“MAX,B2,IN'I'I.,FN()RM,(ll IESS)
BETA(2) = B2
IF(IB1.EQ.I) TIIEN

BETA(I) = BI
ELSE
BE'I”A( I) = B2

ENDIF
B6 = ACOS( l·2*VON**2)
BE'I'A(6) = B6
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W3Nl = PI/(PI + 2*ACOS((l + 2*VON)**- I))
W3N2= PI/(PI + ACOS(VON) + ACOS(I-2*VON**2))
IF(VON.LE.0.5) TIIEN

IF(WN.GE.W3Nl) TIIEN
IF(IBl.EQ.l) TIIEN

ID= 6
ELSE
ID= I2

ENDIF
BETA(3) = B6
BETA(4) = B6
BETA(5) = B6
GO TO 99 »

ENDIF
IF(WN.LT.W3NI.AND.WN.GE.W3N2) TIIEN

RMAX= (I + 2*VON)/2
RMIN = VON »
SIGN = I
CALL B34(RMAX,RMIN,RB3,V()N,B3,WN,PI,SIGN)
RMAX = I. P
RMIN = (1 + 2*VON)/2
SIGN= -l
CALL B34(RMAX,RMIN,RB4,VON,B4,WN,I’l,SIGN)
IF(RB3.I„E.(I-2*VON).ANI).RB4.I,E.( I-2"'VON)) TIIEN

IF(IBI.EQ.I) TIIEN
ID= 3

ELSE
ID= 9

ENDIF
BETA(3) = B3
BETA(4) = B4 „
BETA(5) = B4
GO TO 99

ENDIF
IF(RB3.G'I‘.(I-2*VON).AND.RB4.G'I'.(I-2*V()N)) TIIEN

IF(IBl.EQ.l) THEN ·
II)= 4

ELSE
ID= 10

ENDIF
BETA(3) = B3
BETA(4) = B3
BE'I‘A(5) = B4
GO TO 99

ENDIF ·
II‘(RB3.I.I€.(I·2*V()N).1\Nl).RB4.G'I'.(I-2*VON)) 'I'IIEN

II‘(IBI.E().I) TIIIEN
ID = I

ELSE
ID= 7

ENDIF
B5= ACOS(l-6*VON**2/( I-2*VON))
BETA(3) =
B3BETA(4)= B5
BE'I‘A(5) = B4
GO. T() 99 ·

ENDIF
ENDIF

APPENDIX B.2 245



IF(WN.LT.W3N2) TI IEN
RMAX=(1+ 2*VON)/2
RMIN= VON
SIGN = l
CALL B34(RMAX,RMIN,RB3,VON,B3,WN,PI,SIGN)
IF(RB3.LE.(l-2*VON)) TIIEN

IF(IB1.EQ.1) TIIEN
ID= 2

ELSE
ID= 8

ENDIF
B5= ACOS(1-6*VON**2/(1-2*V()N))
BETA(3) = B3
BETA(4) = B5
BETA(5) = B6

ELSE
IF(lBl.EQ.I) TIIEN A ·

ID= 5 q
ELSE
ID= 11

ENDIF
BETA(3)= B3
BETA(4) = B3
BE'I‘A(5) = B6

ENDIF _
GO TO 99

ENDIF
ELSE
IF(WN.GT.W3N2) TIIEN

IF(IBI.EQ.1) THEN .
ID= 6

ELSE E
E ID= I2

ENDIF
BETA(3) = B6
BETA(4) = B6
BETA(5)= B6

ELSE
RMAX = l
RMIN= VON _
SIGN = I ·
CALL B34(RMAX,RMIN,RB3,VON,B3,WN,I’I,SIGN)
IF(IBI.EQ.I) TIIEN

ID= 5
ELSE
II)= I I

ENDIF
BETA(3) = B3
BETA(4) = B3
BETA(5) = B6

ENDIF
ENDIF

99 DO 35 I= 1,6
BETA(I) = BE'I‘A(l)*180/WTS

35 CONTINUE
WRITE(6,2000) ID, VON, (BE'I'A(I), I= I,6), FNORM
VON = VON-0.02
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GO TO 20
1000 FORMAT(2F10.5,1l)
2000 FORMAT(1X,I2,3X,8F|0.5)
3000 FORMAT(5F10.5)

END
C
C

¢•·•-n

C
••-•¢·•-

C
•·••·••

C
SUBROUTINE SB2(PAR,ERRELJTMAX,B2,INTL,FNORM,GUESS)
EXTERNAL FCN2
DIMENSION XGUESS(3),X(3),PAR(3),GUESS(3)
COMMON WTS,VON,Pl
N = 3
J = 0 C
WTS = PAR(1) _
VON = PAR(2)
PI = PAR(3)
IF(lNTL.EQ.1) THEN

X(1) = GUESS( 1)
X(2) = GUESS(2)
X(3)= GUESS(3)

ENDIF
121 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,1'I'MAX,XGUESS,X,FNORM)
1F(X(1).GE.0.AND.X(2).GE.0.AND.X(3).GE.0.AND.X(3).LE.PAR(3)
l .AND.X(2).LE.3.1416) TI·1EN

B2= X(2)
RETURN

ELSE
1F(J.EQ.l0) THEN

WRITE(6,1200)
STOP „

ELSE
J=J+1
GO TO 121

ENDIF
ENDIF

1200 FORMAT(/,5X,'ERROR : CAN"T FIND B2
’,/)

END
C
C num
C

«•·•··•·•·•·

C
•••·•+

C
SUBROUTINE B34(RMAX,RMIN,R,V()N,B'I‘,WN,Pl,SlGN)

221 R = (RMAX + RMIN)/2.
BT= ACOS((1+ R**2-( l-R + 2*VON)**2)*0.5/R)
AL= ACOS((1+(1-R + 2*VON)**2-R**2)*.5/(1-R + 2*VON))
WCAL= P1/(AL+ BT+ PI)
1F(ABS(WN·WCAL).LT.0.0001) RETURN
1F(S1GN*WCAL.GT.SIGN*WN) TIIEN

RMAX = R
ELSE
RMIN = R
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ENDIF
GO TO 221
END

C
C

•••••·

C
·••·••·•

C
•·•••·•

C
SUBROUTINE FCN2(X,F,N)
DIMENSION X(N), F(N)
COMMON WTS, VON, P1
F( I) = -2*X( l)*COS(X(2))-(1 + X(1)**2-( 1-2*VON + X(1))**2)
F(2) = —2*(l-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, TM, between Mode A and Mode B, and TAC ,

between Mode A and Mode C, as shown in Figure B.3.l and Figure B.3.2, respectively.

These two trajectories are constructed via same topological mode sequence and can be

represented by the same equations,

wö = 1+(12, -1 + 21/„„)2 - 122
·

‘
2(R, —I

+ 2VC„)
’

· 1 122 - 12 -1 21/ 2
co, ß = (6.2.1)

2R,

. · C, = ..L_ _SN 6 + ß ·

The para1neter R, can be used to distinguish between trajectories TM and TAC . When

R, > I, equations (B.3.l) represent a 7;,,, . When R, < I, equations (B.2.I) represent a

•

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

(B.3.I) increases as R, decrcascs. Thus, t|1e frequency, 11:,,,,, separating trajectory TM

from trajectory 7AC occurs nt R, = I und is calculated as

1.,, „--Säf (6.2.2)

where, 6 = cos"(V„„) and /1* = cos·'(I -— 2V,},,,).
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If the converter's operating frequency, wC„, is greater than wm, boundary trajectory

TAC exists. This implies that Mode B operation does not exist. As ßs decreases, the

converter's operation transits from Mode A to Mode C, as indicated by SA in Figure

2.l3(a). The boundary ßs angle, ßdc , can be calculated by solving equation (B.3.l).

Angle ßAC is equal to ß x ww.

If wm < wm, boundary trajectory TAB exists. Thus, as ßs decreases, the converter's

operation transits from Mode A to Mode B to Mode C, as indicated by SB in Figure

2.l3(a). The boundary ßs angle, ßA„ , is caleulated by solving equation (B.3.l). Angle

ßAB is equal to ß x mw.

The boundary ßs angle, ßßc, between Mode B and Mode C can be calculated from

_ trajectory TAC, as shown in Figure B.3.4. Angle ßgc is equal to ß x wm, where

ß = cos"(l — ZVCZN). C
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FORTRAN Program for Determining Mode Transitions and Mode Bound-
aries Above Resonant Frequency

C
•·•·+•·•··•·•-•••••«••·••·•·••·•·•·•·»••-•••••·n·•·«·-•·-•·•-«n-•·-•·•1-•·•·•··•··•·•«•·•·•--•·•••••·•••••

C
•••••·

C ***** PROGRAM NAME : SC10BD.FOR
C ***** FUNCTION : CALCULATE BOUNDARY B ANGLES AND PREDICT
C ***** MODE TRANSITIONS ()F A CM-SRC OPERATING
C ***** ABOVE RESONANT FREQUENCY.
C

••·•··•·•

C
•••··•··•«·•··•··•··•••··•·••·••·•¢·••·•··••·•·•••••1-••-·•-•·++·•·••-••••+-•-·•·•—•··•·•·-•·•··•·••·•¢•·••·-•··•

·••·•·••

C ***** FOR B > BETA! -··> MODE A OPERATION
C ***** FOR BETA! > B > BETA2 ---> MODE B OPERATION
C ***** FOR BETA2 > B ---> MOCE C OPERATION
C

•·••••
IMPLICIT REAL*4 (A·II,O·Z)
DIMENSION I’AR(3)
COMMON WTS, VON, PI
P1= 4.*ATAN(1.)

10 READ(5,l000) WN, VON, INDEX
IF(INDEX.NE.1) STOP
WTS = P!/WN
ERREL= 0.000l
J = 0
ITMAX = 200

. 20 IF(VON.LT.0) GO T() 10
A3 =ACOS(VON) A .
B3 = ACOS(1·2*VON**2) , E

B3S = B3*!80/WTS
WIN = PI/(A3 + B3) '
CA! „L BETA |2(ERREL,I'1'MAX,B|2„1)
J=J+1
IF(WN.LT.W1N) TIIEN

BETA] = B 12"'I80/WTS
BETA2= ß3S

ELSE
BETA! = B 12* 180/WTS

· BETA2=BliTA!
ENDIF
WRITE(6,2000) VON,BE'1‘Al,B|E'I'A2
WRI'I'E(7,2000) V()N,BFTA2 T
V()N = V()N·0.0!
G() T() 20

1000 !‘()RMA'1'(2I‘10.5,Il)
2000 FORMAT( 1 X ,3F 14.5)

EN!)
C
C

•-•-nn

C
•-•-••·+

C *0****

C
SUBROUTINE BETA12(ERRE!,,!TMAX,B12,.ID)
EXTERNAL F12
DIMENSION X(2), X(}UESS(2)
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COMMON W'1“S,VON,P1
N = 2
J = 0
IF(JD.EQ.0) T1·1EN

X(1) = 10.
X(2) = P1

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

XGUESS(2) = X(2)·J*W’1"S/20.
CALL NEQNF(F12,ERREL,N,1TMAX,XGUESS,X,FNORM)
1F(X(1).GE.(1-VON).AND.X(2).GE.0.AND.

1 X(2).LE.WTS) THEN
Bl2= X(2)
RETURN

ELSE
1F(J.EQ.20) THEN

WRITE(6,l200)STOP ‘
ELSE
J=J+1
GO TO 121

ENDIF
ENDIF

1200 FORM/\T(/,5X,'ERROR : CAN"1‘ FIND B12
’,/)

END
C
C I¤¤t¢*¤|·

C
«•--••••

C
•-•·•·•• _ _

C .
SUBROUTINE Fl2(X,F,N) W
DIMENSION X(N), F(N)
COMMON W'1“S,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-I Trajectory have already be

shown in Section 2.3.7.1.

The equations for solving the parameters of Mode-ll Trajectory are shown in Figure

8.4.1.

. The equations for solving the parameters of Mode-lll Trajectory are shown in Figure _ ‘

The equations for solving the pafamctcfs of Mode-IV Trajectory are shown in Figure

B.4.3.

The equations For solving the parameters of Mode-V Trajectory are shown in Figure _

B.4.4.

The equations for solving the parameters of Mode·Vl Trajectory are shown in Figure

B.4.5. A
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[FORTRAN Program for Calculating Trajectory Parameters Below Resonaut
[Frequency

[C ne••-•«••·•·••«••-••••-•••••·•«•·•··•·•••·••-•-•-•••n-•·-n+n••nn+•·•·•·•·••••••••••
[C ·••·•·••

C ***** PROGRAM NAME : SCPAR.FOR
C ***** FUNCTION : CALCULATE PARAMETERS FOR TI·IE EQUILIBRIUM STATE

[C ***** TRAJECTORIES OF A CM·SRC OPERATING BELOW RESONANT
* C ***** FREQUENCY. Y
[ C

•-••••

[C
·•-••·n•«••••••••••-•¢••Y•••••·•·»•·••·•n-•·•·••••«•+•••-•••·•·•·••••«•••••-•—•·••••••

[ C
[ C

•••·•n-
[ C ***** REFER TO THE FIGURES IN APPENDIX B.4 FOR TI·IE MEANINGS OF X(I)’SC ••·•··•--• _

Q C
5 IMPLICIT REAL*4 (A-Il,O-Z)
‘ DIMENSION BETA(6),X(6),XGUESS(6)

COMMON WTS,VON,PI,B'l‘

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

Q C
PI = 4.*ATAN( l .)

[ 10 READ(5,l000) WN, VON, BS, INDEX
, IF(INDEX.NE.1) STOP
E READ(5,3000) (XGUESS(l(), K= 1,6)
Y WTS = PI/WN
j BT= BS*WTS/ 180
· ERREL= 0.0001

JOLD= 0
; ITMAX= 200
Q CALL SCABD(WN,ERREL,I'I‘MAX,BETA)‘

11 IF(BT.GE.BE'l'A(l)) TIIEN
Q J = I
Y ELSE‘

IF(B'l'.GE.BETA(2)) TIIEN
J = 2
ELSE
1F(BT.GE.BETA(3)) TIIEN

, J = 3
‘

· ELSE
= lF(B'I“.GE.BETA(4)) TIIEN

Y

= J =4 . ~ ‘

ELSE
IF(B'l‘.GE.BETA(5)) 'l'llEN

· J = 5
ELSE
IF(BT.GE.BETA(6)) TIIEN

J = 3
ELSE -
J = 6

Y ENDIF
ENDIF

ENDIF
ENDIF

„ ENDIF
; ENDIF
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1 1= 0
GO TO (100,200,300,400,500,600), .1

100 N = 6
101 1F(J.NEJOLD) T1·1EN

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) + 1*0.1
XGUESS(6) = X(6)-1*0.1
CALL NEQNF(FCNA,l5RREL,N,ITMAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).GT.0.AN1).X(3).G1E.0.AND.X(4).GE.0

1 .AND.X(5).GE.0.AND.X(6).GE.0.AND.X(3).LE.P1.AND.X(4)
1 .LE.P1.AND.X(5).LE.P1.AND.X(6).1,13.P1) GO TO 999
IF(I.GE.20) STOP _ '
1=1+1
GO TO 101

200 N = 4
201 1F(J.NE.JOLD) THEN .

X(1)= 2.
X(2) = P1’
X(3) = 0. ‘

X(4) = P1
ENDIF
XGUESS( 1) = X(1)-1*0.2 .
XGUESS(2) = X(2)·1*0.2
XGUESS(3) = X(3) + 1*0.1
XGUESS(4) = X(4)-1*0.2
CALL NEQNF(FCNB,ERREL,N,I'1’MAX,XGUESS,X,FNORM)
IF(X(1).GT.0.AND.X(2).G'1‘.0.AND.X(3).GE.0.AND.X(4).GE.0

1 .AND.X(2).1..E.P1.AND.X(3).LE.1’1./\ND.X(4).LE.P1) GO TO 999
IF(I.GE.20) STOP
1=I+|
GO TO 201

300 N = 5
301 1F(J.NE.JO1.1))'1‘11EN

X( 1) = 1.5 ·
X(2) = 2.
X(3) =PI/2X(4)

= Pl
X(5) = P1/2.

END1F
XGUESS(1)= X( 1)-1*0.15 ' .
XGUESS(2) = X(2)-1*0.2
XGUBSS(3) = X(3)
XGUESS(4) = X(4)-1*0.2
XGUESS(5) = X(5)-1*0.2‘
CALL NEQNF(FCNC,13RREL,N,1'1'MAX,XGU1ESS,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.AN1).X(3).I.E.1’I.AN1).X(4)
1 .LE.1"1.AND.X(5).LE.P1) GO TO 999
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1F(1.GE.20) STOP
I=I+1
GO TO 301

400 N= 6
401 1F(J.NE.JOLD) THEN

X(1) = l.-2*VON
1 X(2) = 2*VON

F X(3) = P1/4
F X(4) = 3*Pl/4F x(s) =1>114,
1

X(6) = P1/4
ENDIF
XGUESS( 1) = X( 1)-1*0.1
XGUESS(2)= X(2) + 1*0.15
XGUESS(3) = X(3)-1*0.1

” ‘

F XGUESS(4)= X(4)-1*0.15 ·
F XGUESS(5) = X(5)-1*0.1

F XGUESS(6) = X(6)-1*0.1F CALL NEQNF(FCND,ERREL,N,ITMAX,XGUESS,X,FNORM)
F IF(X(1).G'1“.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.PI.AND.X(4)
1 .LE.P[.AND.X(5).LE.P1.AND.X(6).LE..P1) GO TO 999
IF(1.GE.20) STOP
1=1+1
GO TO 401 ·

500 N = 3 ·
501 1F(J.NE.JOL1))'l“1IEN

X(1)= 1-2*VON

1
X(3) =P1/2-

ENDIF 'F XGUESS(1)=X(1)+I*0.1 ‘ 1
1 XGUESS(3) = X(3)-1*0.1

XGUESS(2) = WTS-BT·XGUESS(3)
CALL NEQNF(FCNE,ERREL,N,1TMAX,XGUIESS,X,FNORM)

F

1F(X(1).GT.0.AND.X(1).LE.1.AND.X(2).GE.0.AND.X(3).GE.0
1 1 .AND.X(2).LE.P1.AND.X(3).LE.P1) GO

'I‘0
999

F 1F(I.GE.20) STOP
F 1= 1+ 1

GO TO 501

F 600 N = 3
1 601 1F(J.NE.JOL1)) THEN

F
X( l) =
1.‘

X(3) =P1/2.1F ENDIF
F XGUESS(1)=X(1)—1*0.l

XGUESS(3) = X(3)-1*0.1

F
XGUESS(2) = WTS-B°1"—XGUESS(3)
CALL NEQNF(1*CNF,ERREL,N,1'1“MAX,XGUESS,X,FN()RM)

F IF(X(1).GT.0.AND.X(2).G13.0.AND.X(3).GE.0.AN1).X(1).LE.1
1 1 .AND.X(2).LE.(2*P1).AND.X(3).l„E.1’1) GO TO 999
F 1F(1.GE.20) STOP
1 1=1+1
F GO TO 601

999 WRITE(6,2000) J, BT, VON, (X(K), K = 1,N)
JOLD=J
IF(BT.EQ.0.001) GO TO 10
BT = BT-WTS/ 100
1F(BT.LE.0) BT= 0.001

APPENDIX B.4 265



1

GO TO II
3000 FORMAT(6F8.4)
2000 FORMAT(lX,ll,2X,8F8.4)
I000 FORMAT(3F I0.5,II)

END
C
C

•••••
C

·•·••••

C *¢¢¢¢

C
SUBROUTINE SCABD(WN,ERREL,ITMAX,BETA)
DIMENSION X(3),BETA(6),XGUESS(3)
COMMON WTS,VON,PI,BT”

C
INTL= I
WIN= PI/(PI + ACOS(VON))
CALL SB2(ERREL,ITMAX,B2,INTL)
IF(WN.LE.WI N) THEN

B I = WTS·PI + ACOS( I-2*VON**2)
ELSE
BI = B2
ENDIF·
B6= ACOS(I·2*VON**2)
BETA( I) = B1

”

BETA(2) = B2 ·
BETA(6) = B6
IF(VON.LE.0.5) THEN

1 VONR = ((COS(PI*( l-WN)*.5/WN))**-I -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)**-l))
WZN= PI/(PI + ACOS(VON) + ACOS( I-2*V()N**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) TIIIEN

RMAX = (I + 2*VON)/2
RMIN = V()N —
SIGN =I·
CALL B34(RMAX,RMIN,RUI’,VON,BUI’,WN,PI,S1GN)1 RMAX = I.
RMIN = (I + 2*VON)/2
SIGN = -1
CALL B34(RMAX,RMIN,RDN,VON,BDN,WN,PI,SIGN)
IF(RUP.LE.(I-2*VON).AND.RDN.I,E.(1·2*VON)) THEN

ID= 3
BETA(3) = BUP
BETA(4) = BDN
BE'I’A(5) = BDN
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GO TO 99
ENDIF
IF§äUP.GT.(l-2*VON).AND.RDN.GT.(l-2*VON)) TIIEN

= 5
BETA(3) = BUP
BETA(4) = BUP
BETA(5) = BDN
GO TO 99

ENDIF .
IF(RUP.LE.(I-2*VON).AND.RDN.GT.(I·2*VON)) TIIEN

ID= l '
B5= ACOS(I-6*VON**2/( l~2*VON))
BETA(3) = BUP
BETA(4) = B5
BETA(5) = BDN
GO TO 99

ENDIF
ENDIF
IF(WN.LT.W lN.AND.WN.LT.W2N) TIIEN

RMAX = (I + 2*VON)/2
RMIN= VON
SIGN = I
CALL B34(RMAX,RMIN,RUP,VON,BUP,WN,PI,SIGN)

‘

IF(RUP.LE.( I·2*VON)) TIIEN
ID=2·

· B5= ACOS( l·6*VON**2/( l—2*VON)) _
BETA(3) = BUP
BETA(4)= B5
BETA(5) = B6

ELSE
ID= 4
BETA(3) = BUP
BETA(4) = BUP
BETA(5) = B6

ENDIF
GO TO 99

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

= 6
BETA(3) = B6
BETA(4) = B6
BETA(5) = B6

ELSE '
ID= 4
RMAX = I
RMIN = VON
SIGN = I
CALL B34(RMAX,RMIN,RUP,VON,BUP,WN,PI,SIGN)
BETA(3) = BU
P”

BETA(4) = BUP
BETA(5) = B6

ENDIF
ENDIF

99 RETURN
END

C
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‘
C

•••••

C
•••·•··•CC
SUBROUTINE SB2(ERREL,ITMAX,B2,INTL)
EXTERNAL FCN2
DIMENSION X(3),XGUESS(3)
COMMON WTS,VON,P1,BT
N = 3
J = 0
1F(1NTL.EQ.1) THEN

X(1) = 1.1
X(2) = 3.14
X(3) = 1.57

ENDIF ‘
121 XGUESS(1)= X(1)-.1*0.1

XGUESS(2) = X(2)-J*0.15
XGUESS(3) = X(3)
CALL NEONF(FCN2,ERREL,N,1TMAX,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
1F(.1.EQ.10) THEN

WRlTE(6, 1200)
STOP

ELSE
J =J + 1 ‘ _
GO TO 121

ENDIF ·
ENDIF

1200 FORMAT(/,5X,'ERROR : CAN"T FIND B2
’,/)

END
C
C

•••••

C
•·••·••

4 C
•••••

C
SUBROUTINE B34(RMAX,RMlN,R,V()N,BT,WN,P1,S1GN)

221 R = (RMAX + RMIN)/2.
BT= ACOS((1+ R**2-(1-R + 2*VON)**2)*0.5/R)
AL= ACOS((1+(1-R + 2*V()N)**2-R**2)*.5/(1—R + 2*VON))
WCAL= P1/(AL+ BT+ P1)

E

1F(ABS(WN·WCAL).LT.0.0001) RETURN
IF(SIGN*WCAL.GT.S1GN*WN) TIIEN

RMAX =R’
ELSE
RMIN = R

ENDIF
GO TO 221
END

C .
C

n••·•

C
•·•·•·•·•

C ·•··•··•··•-·•·C
SUBROUTINE FCN2(X,F,N)
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DIMENSION X(N), F(N)
COMMON WTS,VON,P1,BT
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 A

C
C

•••·•-•
C

C
••·•·••

C
·•··•··•••

C
SUBROUTINE FCNA(X,F,N)
DIMENSION X(N),F(N)E
COMMON WTS,VON,PI,BT

E

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

F(2) = -2*(X(I)—2*VON)*COS(X(S))-(I + (X(1)-2*VON)**2-X(2)**2)
F(3) = 2*X(2)*COS(X(3))-(1 + X(2)**2-(X( I )-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) = P1—X(3)-X(4) + X(5) + X(6)·WTS
RETURNI
END

C
C

·•-•·•·-•·• ’

C
·•·¢·•-·•-•

C
••·•·•-•

C
SUBROUTINE FCNB(X,F,N)
DIMENSION X(N), F(N)
COMMON WTS,VON,1’1,BT’
F(I) = -2*X(1)*COS(X(2))-(-1+ X(1)**2-( 1-2*VON + X(1))**2)
F(2) = -2*(l + X(1)-2*VON)*COS(X(4))-(I + (I + X( l)·2*VON)**2

1 -X(I)**2)
F(3) = X(4) + X(2) + X(3)·WTS
F(4) = X(2) +X(3)-BT
RETURN
END

C
C

•••••

C
•·•·•••

C
•·•-•·•·•

SUBROUTINE FCNC(X,F,N)
DIMENSION X(N), F(N)
COMMON WTS,V()N,PI,BT
F( I) = -2*X(2)*COS(X(4))~(1+ X(2)**2-X(I)**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)—(I + X( 1)**2-(X(2) + 2*VON)**2)
F(4) = 2*X( l)*COS(X(3))-(I + X(1)**2-X(2)**2)
F(S) = X(4) + X(5) + BT-WTS
RETURN
END‘
C_ A
C

·•·••·•·•

C
••-••• _
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C
•-•-•··•·«•·

C
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) = 2*(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 + P1—WTS '
RETURNC
END

C
C

•••••

C
•·••••

C
•••-••

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

. 1 ·X( 1)**2)
F(3) = X(3) + BT + X(2) + P1-WTS
RETURN · _ ~
END T’ C

C
••·•-••

C
CC •••»•·•

C
SUBROUTINE FCNF(X,F,N)
DIMENSION X(N), F(N)

_ COMMON WTS,VON,PI,BT
F(1) = 2*X(1)*COS(BT)-(1+ X( l)**2~(X( 1)-1 + 2*V()N)**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)-WTSE
RETURN
END
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FORTRAN Programs for Calculating Circuit Salient Features of a
CM-SRC Operating Below Resonant Frequency

C
·•nn•••nn·•-•··•·•»·•-•n•·••·•·•«•-•-·•-·•-•··•··•·••nn•··•+++·•-•··u-+••••••+••••••••·•••••+•

C
•••••

C ***** PROGRAM NAME : SCOUTLFOR
C ***** FUNCTION : CALCULATE AVERAGE INDUCTOR CURRENT (LOAD
C ***** CURRENT), RMS INDUCT()R CURRENT AND PEAK CAP-
C ***** ACITOR VOLTAGE. _
C

••·•••

CC

REAL IAV, ILRMS, VPK
DIMENSION X(6)
PI = 4.*ATAN(l.) C

l0 READ(5,I050) WN
WTS = PI/WN .

E

II READ(5,l000) .I,BT,VON,(X(K), K= I,6) .
“

C
C ***** TIIE INPUTS ARE OBTAINED FROM PROGRAM SCPAR.FOR
C

IF(J.EQ.0) STOP
GO TO (I00,200,300,400,500,600), J

l00 R=X(l)
RI = X(2)
Bl = X(3)
B2= X(4)
AL= X(5)
GA= X(6)
IAV= ((R-2*VON)*( I-COS(AL)) + R I *(COS(B I) + COS(B2)) + R*(I-COS(GA)))
I /WTS
ILRMS = ((0.5*(R-2*VON)**2*(AL-0.5*SlN(2*AL))+ 0.5*R I **2*(PI·

E
I B I-B2+ 0.5*SlN(2*B I) + 0.5*SlN(2*B2)) + 0.5°R**2*(GA-
I 0.5*SIN(2*GA)))/WTS)**0.5 ·
VPK = I + R·VON
GO TO 999 ‘

200 R = X(I)
Bl = X(2) ·
Fl = X(3)
AL= X(4)
lAV= ((1-2*VON+ R)*(l-COS(AL)) + R*(I-COS(B l)))/WTS
ILRMS = ((0.5*( I-2*VON + R)**2*(AL-.5*SIN(2*AI„))
I + .5*R**2*(BI—.5*SlN(2*BI)))/W'I'S)**0.5
VPK= I + R-VON
GO TO 999

300 R = X( I)
RI = X(2)
BI =X(3),
AL= X(4)
GA= X(5)
IAV= (RI *( I·COS(AL)) + R *(COS(B I)-C()S( ISI + B'I')) + (RI + 2*V()N)*
I (I·COS(GA)))/WTS
ILRMS= ((0.5*Rl**2*(AL-.5*SlN(2*AL)) + .5*R**2*(B'l' + .5*SlN(2*Bl)
I —.5*SIN(2*(BI + B'l’)))+ .5*(RI + 2*VON)**2*(G/\-.5*SIN(2*GA)))
I /WTS)**0.5 ,VPK‘= RI + VON ·
GO TO 999

400 R = X( I)
RI = X(2) ·
Bl = X(3)
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B2= X(4)
AL= X(5)
GA= X(6) '
IAV= (2*(R1-2*VON) + (R1-4*VON)*(I~COS(AL)) + (R + 2*VON)*( 1-COS(B 1))
I + R*( l-COS(B2)) + Rl"'(1-COS(GA)))/WTS
ILRMS = ((.5*(R 1·2*VON)**2*PI + .5*(R1-4*VON)**2*(AL-.5*SIN(2*AL))

1 + .5*(R + 2*VON)**2*(B1-.5*S1N(2*B1)) + .5*R**2*(B2-.5*SlN(2*B2))
I + .5*Rl **2*(GA-.5*SIN(2*GA)))/WTS)**0.5
VPK = RI-VON
GO TO 999

500 R = X(1)
- FI = X(2)

AL= X(3)
IAV= (2*( I-R) + R*( I-COS(BT)) + (I·R + 2*VON)*(l-COS(AL)))/WTS
ILRMS = ((.5*P1*(1·R)**2+ .5*R**2*(BT-.5*SIN(2*B'I'))
I + .5*( 1--R + 2*VON)**2*(AI.,-.5*SIN(2*AL)))/WTS)**0.5
VPK = 1-R + VON
GO TO 999

600 R = X(1)
FI= X(2)
AL= X(3)
IAV= (R*(1-COS(BT)) + (R-1 + 2*VON)*( I-COS(AL)))/WTS
ILRMS = ((.5*R**2"‘(BT-.5*S1N(2*B'1")) + .5*(R·l + 2*VON)**2*
I (AL-.5*S1N(2*AL)))/WTS)**0.5
VPK= R-1 + VON

999 BS = BT*l80/WTS
WRITE(6,2000) BS, IAV, [LR MS, VPK

. GO TO II
l050FORMAT(Fl0.5)1000

FORMAT(lX,II,2X,8F8.4)
2000 FORMAT(4F I4.5)

END
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C
••·•••·•·•·•-••«-e-·•--•·•«·-••••••«•••+n+n+••-•-•n·•nn·•••••«•·•••»·-•-••«•·«•-•-•••••••·«•·•·-•·

C
••-••·•

C ***** PROGRAM NAME : SCOUT2.FOR
C ***** FUNCTION : CALCULATE AVERAGE CURRENTS FOR Dl,D2, RMS
C ***** CURRENTS, TURN-ON CURRENTS AND TURN-OFF CUR-
C ***** RENTS FOR Ql,Q2.
C

•••••

C
·•••••«•·•·•·•••·•·•·••-•·••••en·•·-•-n·•n•••••·•-•·•·••·•·••••·••••••••·•••·•·•·•••·••·•••••·••

C
REAL IQA, IDA, IAOFF, IAON
DIMENSION X(6)
PI = 4.*ATAN(l.)

I0 READ(5,l050) WN
WTS= Pl/WN

II READ(5,I000) 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 (I00,200,300,400,500,600), J

I00 R = X( I)
RI = X(2)
Bl = X(3)
B2= X(4)
AL= X(5)E
GA= X(6)
IDA = (R-2"‘VON)*( I-COS(AL))/WTS
IQA= ((0.5*R I **2*(I’l-B 1-132 + 0.5*SlN(2*B I) + 0.5*SIN(2*B2))
I + 0.5*R**2*(GA-0.5*SIN(2*GA)))/WTS)**0.5
IAOFF=0..
IAON = RI*SIN(BI)
GO TO 999

200 R= X(l)
Bl = X(2)
FI = X(3)
AL=X(4)IDA=0. _
IQA= ((0.5*(I-2*VON + R)**2*(AI.,-.5*SIN(2*AL))
I + .5*R**2*(BI-.5*SIN(2*B1)))/W'I'S)**0.5
IAOFF = 0.
IAON = 0.
GO TO 999

300 R = X(1)
RI = X(2)
BI = X(3)
AL= X(4)
GA= X(5)
IDA = (RI + 2*V()N)*( I ·COS(GA))/WTS
IQA = ((0.5*R I **2"'(Al,-.5*SIN(2*AL)) + .5*R **2*(B'I‘ + .5*SIN(2*B I)
I -.5*SIN(2*(BI + BT))))/W°I‘S)**0.5
IAOFF = (RI + 2*VON)*SIN(GA)
IAON = 0.
GO TO 999

. 400 R= X( I)
RI = X(2)
BI_= X(3)
B2= X(4)
AL= X(5)
GA=X(6)IDA=

((R I-4*VON)*( I-COS(AL)) + (R + 2*VON) *( I·COS(B I)) + R I *( I·COS(GA)))
I /WTS
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IQA= ((.5*(R1·2*VON)**2*l"'l + .5*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)*( l·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(l)
FI= X(2)
AL= X(3)
IDA= (R-1 + 2*VON)"'(1-COS(AL))/WTS
IQA= (.5*R**2*(BT-.5*SIN(2*BT))/WTS)**0.5
IAOFF = R*SIN(BT)
IAON = 0.

999 BS = BT*l80/WTS
WRITE(6,2000) BS, IDA, IQA, IAOFF, IAON
GO TO ll

1050 FORMAT(Fl0.5)
1000 FORMAT(lX,I1,2X,8F8.4)
2000 FORMAT(5F 14.5)

END
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CC +1-•·•·• .
C ***** PROGRAM NAME : SCOUT3.FOR
C ***** FUNCTION : CALCULATE AVERAGE CURRENTS FOR D3,D4, RMS
C ***** CURRENTS, TURN·ON CURRENTS AND TURN-OFF CUR-
C ***** RENTS FOR Q3,Q4.
C

••••·•

C
•·•·•·•·•·•-•·-•·•·•••-••-•••·•·•·•·•·•··•··••·•·+•·•··•··•·•·•·•·n·•·-••·••••••·••·•·•·•·•••—•·••·•·•·•••·•·•·¢¢•••••

·

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

10 READ(5,l050) WN .
WTS = PI/WN

1l READ(5,l000) J,BT,VON,(X(K), K= 1,6)
C
C ***** THE INPUTS ARE OBTAINED FROM PROGRAM SCPAR.FOR _
C.

IF(J.EQ.0) STOP 1 _
GO TO (l00,200,300,400,500,600), J

100 R = X(1)
R1= X(2)
B1= X(3)
B2= X(4)
AL= X(5)
GA= X(6)
IDB = ((R·2"'VON)*( l·COS(AL)) + R 1 *(COS(B 1) + COS(B2)))/WTS _
[QB = (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= X(4)
IDB = (1-2*VON + R)*(1·COS(AL))/WTS
[OB = (.5*R*"'2*(B l-.5*SIN(2*B1))/WTS)"0.5 ‘
IBOFF =0. -
IBON = R*SIN(B1)
GO TO 999

300 R = X( 1)
R1 = X(2)
B1 = X(3)
AL= X(4)
GA = X(5) .
IDB = R 1*(1-COS(AL))/WTS
IQB = ((.5*R**2*(BT + .S*SIN(2*B1)-.5*SIN(2*(B1 + 1)T)))

1 + .5*(R1+ 2*VON)**2*(GA·.5"'SlN(2"'G/\)))/WTS)**0.5
IBOFF = 0.
lBON= R*SlN(Bl)
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)*( l-COS(B 1)))/WTS
IQB = ((.5*(R1-4*VON)**2*(AL·.5*SIN(2*Al.,)) + .5*R**2*(I32-.5*SIN(2*B2)) _

1 + .5*Rl**2*(GA-.5*SlN(2*GA)))/VVFS)**0.5
IBOFF = (R + 2*VON)*SIN(B1)
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1BON = 0.
GO TO 999

500 R =X(1).
F1 = 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*S1N(2*AL)))/WTS)**0.5
IBOFF = 0.
IBON= 0.
GO TO 999

600 R = X(1)
FI= X(2)
AL= X(3)
IDB = 0. .
[QB = ((.5*R**2*(BT-.5*S1N(2"'BT)) + .5*(R-1+ 2*VON)**2*

1 (AL-.5"SIN(2*AL)))/WTS)**0.5
IBOFF = 0.[BON = 0. ·

999 BS = BT*180/WTS
WRITE(6,2000) BS, 1DB, 1QB, IBOFF, IBON
GO TO 11

1050 FORMAT(F10.5)
1000 FORMAT(1X,11,2X,8F8.4)
2000 FORMAT(5F 14.5)

END
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· APPENDIX B.6

DC CHARACTERISTICS BELOW

RESONANT FREQUENCY

Ü

_

2 ·
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APPENDIX

B.7CALCULATIONOF TRAJECTORY PARAMETERS

ABOVE RESONANT FREQUENCY

The equations for solving the parameters of the equilibrium trajectories ofa 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.l.
O

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

B.7.2.

The equations for solving the paramctcrs of Mode-C Trajcctory are shown in Figure

B.7.3.

A1>1>1·:N1;1x 1;.7 zss
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FORTRAN Program for Calculating Trajectory Parameters Above Reso-
nant Frequency

C
••-•··•·•••••••••••¢«•»•·•·•·•••••nn••—•·-•··•·•·¢•••••••••••-•·•••••••••••·•«•·•-•·••••

C
•••••

C ***7* PROGRAM NAME : SC10PAR.FOR
C

•••••

C ***7* FUNCTION : CALCULATE EQUILIBRIUM STATE TRAJECTORY PARAMETERS
C **7** FOR A GIVEN OUTPUT VOLTAGE, VON, AND OPERATING
C **7** FREQUENCY, WN. B ANGLE : VARYING.
C

••·•·•··•·

C
••·•·«r·•-•·•-•·•··••·••·•··•-•·•·•··•--•-•-•·¢·•·•·•·••«•·•·•+••··r•-·••••••n·•-•-•-•··•·-•·•·•-•·••·•··•«•·•··•·«•··•··•·•·•·•• _

C
C

••••·•·

C *7*** REFER TO THE FIGURES IN APPENDIX B.7 FOR THE MEANINGS OF X(1)’S ·
C

••••·•·

IMPLICIT REAL*4 (A·1·I,O-Z)
EXTERNAL FCNA, FCNB, FCNC
COMMON WTS, VON, PI, BT
DIMENSION X(5)„ XGUESS(5)„ Y(5)„ YY(5)
P1= 4.*ATAN( 1 .)
J = 0

10 READ(5,1000) WN, VON, 1NI)EX
_ 1F(1NDEX.NE. 1) STOP

READ(5,2100) (XGUESS(K), K = 1,5)
C

_ C *7* A GOOD GUESS FOR X(K), K= 1,5 IS ‘

C *7* 6.6, 6.8, 1.9, 1.4, 1.7 FOR WN= 1.1, 1.2,
C _*** 4., 4., 2., 2., 1.5 FOR WN= 1.3,
C 7** 2.8, 2.8, 1.7, 1.7, 1.3 FOR WN= 1.4.
C

JA= 0
JB = 0 ·
JC = 0
WTS = P1/WN
ERREL= .0001
ITMAX = 200
A3= ACOS(VON)
B3 =ACOS(1-2*VON**2)
WIN = PI/(A3+ B3)
CALL BETA 12(ERREI „,I'I‘MAX,B 12,J)
J=J+1
IF(WN.LT.W1N) TIIEN

BETA1= B I2
BETA2 = B3

ELSE
BETAI = B12
BETA2= B12

ENDIF 4
BT= WTS

99 IF(BT.GE.BETA1) THEN
· JJ = 1

ELSE
1F(BT.GE.BETA2) TIIEN

JJ = 2
ELSE
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JJ = 3
ENDIF

ENDIF
GO TO (100,200,300), JJ

100 N = 5
IC = 0
IF(JA.EQ.0) TIIEN

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*W'I'S/20
XGUESS(4) = Y(4)-1C*WTS/20
XGUESS(5) = Y(5)-IC*WTS/20 -

~ CALL NEONF(FCNA,ERREL,N,ITMAX,XGUESS,X,FNORM)
lF(X( l).GE.(1-VON).AND.X(2).GE.VON.AND.
l X(3).LE.PI.AND.X(3).GE.0.AND.X(4).GE.0
1 .AND.X(4).LE.PI.AND.X(5).GE.0.AND.
1 X(5).LE.I’1) THEN

ID = 1
_ JA= JA + 1
DO 115 K = 1,N

1 15 Y(K) =X(K)'
BS = B'I‘*180/WTS
WRITE(6,2000) ID,W'1"S,VON,BS,(X(1), 1= 1,N)
GO TO 999
ELSE—
IF(lC.GE.20) STOP ~
IC = IC+ 1
GO TO 1 10

ENDIF E
· 200 N= 5

IC = 0 _
1F(JB.EQ.0) TIIEN

YY(2) = Y( 1)
YY(l)= 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) + lC*0.l
XGUESS(5)= YY(5)
DO 236 JK = 1,N

236 IF(XGUESS(JK).LT.0) XGUESS(JK) = 0
CALL NEONF(FCNB,ERREL,N;ITMAX,XGUESS,X,FNORM)
1F(X( 1).GE.0.AND.X(2).GE.0.AND.X(3).GE.0.AN1).

1 X(3).LE.I’I.AND.X(4).LE.WTS.AN1).X(4).(iE.0.AND.
1 X(5).LE.WTS.AND.X(5).GE.0) T1 IEN ‘

ID = 2
JB = JB + 1
DO 250 K = 1,N
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250 YY(K)= X(K) ‘

BS = BT*l80/WTS
WR1TE(6,2000) 1D,WTS,VON,BS,(X(1), 1= 1,N)
IC= 0
GO TO 999

ELSE
IF(XGUESS(4).GE.WTS) TIIEN

BT= BT + 0.015
IC =0.·

GO TO 99
ELSE -

IC = IC + 1
GO TO 235

ENDIF
ENDIF

300 N = 3
IC = 0
IF(.IC.EQ.0) THEN

Y(1)= 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) + 1C*0.1
XGUESS(3) = Y(3)-1C*0.1
DO 361 .1K= 1,N

361 1F(XGUESS(.1K).LT.0) XGU1iSS(.1K) = 0 '
CALL NEONF(FCNC,ERREL,N,1'1"MAX,XGUESS,X,FNORM)
IF(X(1).LE.1.AND.X(2).LE.WTS.AND.X(2).GE.0.AN1).

1 l}g3);,T.WTS.AND.X(3).GE.0) TIIEN

.IC=.IC+ 1
DO 350 K= 1,N

350 Y(K) = X(K)
BS = BT*180/WTS
WR1'I’E(6,2000) 1D,WTS,VON,BS,(X(1), I= 1,N) ·
IC= 0
GO TO 999

ELSE
1F(1C.GE.20) STOP
IC = IC + 1 4
GO TO 360

ENDIF
999 1F(B'1‘.LE.0) GO TO 10

BT= B'I'-W'I'S/ 100 -
IF(B'1”.LT.0) BT=0 .
GO

'I‘O
99 ‘

1000 FORMA'1"(21‘10.5,11)
2000 FORMAT(1X,11,F8.5,F7.4,F11).5,51*9.5)
2100 FOR MA'1“(5F9.5)

END
C
C

••·•-••

C 4•**¢¢

C
•-•·••·•

C
SUBROUTINE FCNA(X,F,N)
DIMENSION X(N), F(N)
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COMMON WTS, VON, PI, BT
F(1) = 2*(X( 1) + 2*VON)*COS(BT·X(5))-( I + (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(l)*COS(X(5))·(1+ X(l)**2-X(2)**2)
F(5) = WTS-BT—X(3)·X(4) + PI
RETURN
END

C
C

•••·•·•

C
•·••-•·•C•·••••‘

C
SUBROUTINE FCNB(X,F,N)
DIMENSION X(N), F(N)
COMMON WTS, VON, P1, BT
F(l)= -2*X(l)*COS(X(5))-(1 + X(1)**2-X(2)**2)
F(2) = 2*(X( 1) + 2*VON)*COS(X(4))

1 ·(I + (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

C
C

·•·•=·•··••

C
•••••·

C ••¢·•··•· -

SUBROUTINE FCNC(X,F,N) ,
DIMENSION X(N), F(N)
COMMON WTS, VON, P1, BT 1
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)*C()S(X(2)) '

1 -(l+(X(l)-1+ 2*VON)**2-X(l)**2)F(3) = X(2) + X(3) + BT-WTS CRETURN
END

C
C ·•·•·•·•·-•·1
C

••»•••

C
••«•·•·-•-

C
SUBROUTINE BETA12(ERREI,,1TMAX,B 12,.11))
EXTERNAL F12
COMMON WTS, VON, Pl, BT
DIMENSION X(2), XGUESS(2)
N = 2
J = 0
1F(JD.EQ.0) TIIEN

1 _ X(1)= 10.
X(2) = WTS

ENDIF
121 XGUESS( 1) = X(l)-1*0.45

XGUESS(2) = X(2)~J*WTS/20.
CALL NEONF(F12,ERREL,N,1TMAX,XGUESS,X,FNORM)
IF(X(l).GE.(1-VON).AND.X(2).(}E.0./\NI).
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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 ·
J=J+1 ‘

GO TO 121
ENDIF

ENDIF
1200 °FORMAT(/,5X/ERROR : C/\N"T FIND B12 Ö/)

U

END
C
C

»•--•••• _
C

••••·•·

C
••••«•·

C
SUBROUTINE Fl2(X,F,N)
DIMENSION X(N), F(N)
COMMON WTS, VON, PI, BT
F(1) = 2*X(1)*COS(X(2))·(l + X(1)**2-(2*VON-1 + X(1))**2)
F(2) = 2*(2*VON—l + X( 1)) *COS(WTS-X(2))

1 -(l+(2*VON-1+X(1))‘**2-X(1)*"'2)
RETURN
EN1)
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APPENDIX B.8
EXPRESSIONS FOR CIRCUIT SALIENT FEATURES

1 ABOVE RESONANT FREQUENCY

Circuit ·Circuit Operating Modes
Salknt

Features Mode A Mode B Mode C

Vcrx R1 *1 + Vozv R2 +Vo1v R1 *1 + Von

I Da+Db+Dc Da+Db+Dc Da+DbAV woT.r a>0T.1· w0TsF
I Ra+Rb+Rc L Ra+1zb+1zc L Ra+Rb LRMS (DOTS (DUTI CDOTS

Ra L Ra + Rb L Ra 'FFI
Ra+Rb L 1zb+Rc L Ra+Rb LQZRMS w0TS (HOTS GYOTS

Db + Dc Dc Db'”‘^"
(0071Y won

wonwoT.1woTs

Da = L L
R,(l - cos ep) R,( l - cos ß)

Ü
_

I)b = —R,( cos rp + cos 6) ' ,( cos y — cos(y + ß)) R,(l - cos 6)

l)c = R,(l — cos 6) R,(l — cos 6)“F F

iéäR«=—”—i”Tk"- ”/¥?F”‘”§¥¤i$§'—
Rb—‘

+( $1:1226 + Smz
D

Sm 72 )
'_ R? $1112;

—- F
11} sin 26RC- 2 (6* 2 )
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FORTRAN Programs for Calculating Circuit Salient Features of a
CM-SRC Operating Above Resonant Frequency

C •••·•«•··•··•-•+¢•••••••••«•··••·••••••·••••u·•+•«•·•••·•·•-•·•¢•••·•·+•-•-•-••••••

C
••¢·••·

C ***** PROGRAM NAME : SC IOOUT.FOR
C

•·•·•-•¢

C ***** FUNCTION : CALCULATE [AV, [RMS, VPK, [QARMS, IQBRMS,
C ***** IDA, [DB, IAOFF, [BOFF, IAON, [BON. SRC,
C ***** ABOVE RESONANT FREOUENCY.
C

·•••••

CC

REAL [AV, [RMS, [QARMS, [QBRMS, IDA, [DB, [AOFF, IBOFF,
I IAON, [BON
DIMENSION X(5)
PI = 4. *A'[”AN( I .)

I0 READ(5,I000) ID,W'['S,VON,BS, (X(I),[= I,5)
GO 'l'O (I00,200,300), [D

I00 R = X(I) -
_ RI = X(2)

Bl = X(3)
B2= X(4)
AL= X(5)
B = WTS-X(3)-X(4) + PI ‘

GA = B-AL
[AV = (R*( I-COS(AL))-R I *(COS(B I) + C()S(B2)) -
I + (R + 2*VON)*( I-COS(GA)))/WTS
[RMS = ((R**2*.5*(AL-.5*S[N(2*AL)) + R I **2*.5*(B2 + B I-PI
I -.5*(S[N(2*B2) + S[N(2*B I))) + (R + 2*VON)**2*.5*
I (GA-.5*S[N(2*GA)))/WTS)".5
VPK = R-I + VON
[DA = (-R I *(COS(B I) + COS(B2)) + (R + 2*VON)*( I-COS(GA)))/WTS
IQARMS = (R**2*.5*(Al,—.5*S[N(2*AL))
I /WTS)**.5 ·
[AOFF = R I "'S[N(B2)
IAON = 0.
[DB = (R + 2*VON)*( I-COS(GA))/WTS
[QBRMS = ((R*"'2*.5*(AL-.5*S[N(2*AL)) + R I **2*.5*(B2 + B I-PI ‘
I ·.S*(SIN(2*BI) + S[N(2*B2))))/W'[‘S)*"'.5
CIBOFF = (R + 2*VON)*SIN(GA)
[BON = 0. _
G() '['O 20

200 R = X( I) _
RI = X(2)
BI = X(3)
G/\= X(4)
AL= X(5)
B = W'I‘S-GA-AL
[AV = (R*( I-COS(AL))+ R I *(COS(B I)-
I COS(BI + B)) + (R + 2*VON)*( I-C()S(GA)))/WTS
[RMS = ((R**2*.5*(AL-.5*SIN(2*AL)) + R I**2*
I .5*(B+ .5°SIN(2*BI)-.5*S[N(2*BI + 2*B))+
I (R + 2*VON)*"'2*.5*(GA-.5*SIN(2*GA)))
I /WTS)**.5
VPK = R + VON
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IDA= (R + 2*VON)*(l-COS(GA))/WTS
IQARMS = ((R**2*.5*(AL-.5*SlN(2*AL))·+ R1*"'2*

1 .5*(B + .5*S1N(2*B1)-.5*SIN(2*Bl + 2*B)))
1 /WTS)**.5
IAOFF = (R + 2*VON)*SIN(GA) ,
IAON= 0.
IDB = R*(1·COS(AL))/W'l'S_
IQBRMS = ((R1**2*

1 .5*(B + .5*SIN(2*Bl)-.S*SIN(2*B1+ 2*B)) +
1 (R + 2*VON)**2*.5*(GA·.5*SIN(2*GA)))
l /WTS)**.5.
IBOFF= 0.
IBON= Rl*SIN(B1)

· GO TO 20 ‘

300 R = X( 1)
GA= X(2)
FI = X(3)
B = WTS·GA-FI -
IAV= (R*(1-COS(B)) + (R-l + 2*VON)*(1-COS(GA)))
l /WTS
IRMS =((R**2*.5*(B-.5*S1N(2*B))+(R-1+ 2*VON)**2

1 *.5*(GA·.5°SIN(2*GA)))/WTS)**.5
VPK = R-1 + VON
IDA = (R—1 + 2*VON)*(1-COS(GA))/WTS
IQARMS = (R*°2°.5*(B-.5*SIN(2*B))/W'l‘S)**.5
IAOFF = (R~1+ 2*VON)*S1N(GA)
IAON= 0
IDB = 0.

„ ( IQBRMS = IRMS -
IBOFF = 0.
IBON= 0.

20 WRITE(6,2000) BS,1AV,IRMS,VPK
WRITE(7,2000) BS,IQARMS,IDA,IAOFF,IAON
WRITE(8,2000) BS,IQBRMS,IDB,1BOFF,IBON
GO TO 10

1000 FORMAT(1X,I1,F8.5,F7.4,F10.5,5F9.5)
2000 FORMA'l‘(5F 14.5)

END
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APPENDIX B.l0

GENERATION OF CIRCUIT WAVEFORMS OF A CM-SRC

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

C
·•··•·••·•·•·•·•·••••••«·•·•••·•¢-•••••••-•·n•••••·•·••••n•u•·••·••·•·¢••••·•-•·•·•-•-•••••••-•·

C
••--••·•·

C ***** PROGRAM NAME : SCWAVE.FOR
C ***"'* FUNCTION : GENERATE S'['EADY—STATE WAVEFORMS FOR THE INDUCTOR
C ***** CURRENT AND CAPACITOR VOLTAGE OF A CM-SRC
C ***** OPERATING ABOVE RESONANT FREQUENCY.•••••

C .
REAL [LN, VCN ‘
DIMENSION X(6)
Pl = 4.*ATAN(l.)

10 READ(5,l050) WN
11 READ(5,1000) J,BT,VON,(X(K), K= 1,6)

C .

C ***** THE [NPUTS ARE OBTAINED FROM PROGRAM SCPAR.FOR
C

IF(.[.EQ.0) STOP

YT= 0.
GO TO (l00,200,300,400,500,600), J

I00 R = X( 1)
RI = X(2)
BI = X(3)
B2= X(4)
AL= X(5)
GA = X(6)
T= Pl-B1

101 [F(T.LT.B2) GO TO 102
[LN = R1*S1N('l“)
VCN = Rl*COS('[')-VON
WR[TE(7,2000) WT, [LN A '
WR1'1‘E(6,2000) W'[°,V(IN,[LN
T='[”-(P1-B2-BI)/30.
W'l'= WT+ (PI-B2-I3l)*I80*WN/1*1/30.
GO TO IOI

102 '['=GA
YT= YT+ (PI-B2-B1)
WT= YT*180*WN/Pl

l03 [F(T.LT.0) GO TO 104 ·
lLN= R*S[N('I')
VCN = R*COS(T) + l-VON
WR[TE(7,2000) WT, [LN
WR1TE(6,2000) WT,VCN,[LN
T=T·GA/50.
W“I‘=WT+ GA*I80*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)*S1N('1")
VCN = (R·2*VON)*COS(T) + 1 + VON
WR1TE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN ·
T= T-AL/30.
WT= WT+ AL*180*WN/P1/30.
GO TO 105

106 T = ·B1
YT= YT + AL
WT= YT*180*WN/PI V

107 1F(T.LT.(-P1+ B2)) GO TO 108
ILN = R1*SIN(T)
VCN = R 1 *COS(T)+VON*
WR1TE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN

’

T= T-(P1-B2-B I)/30. ‘

WT=WT+(P1-B2-B1)*180*WN/P1/30. ‘

GO TO 107
108 T= -1"'1+ GA

YT= YT+(P1—B2-B1)
WT= YT*180*WN/P1

109 IF(T.LT.-P1) GO TO 110
ILN =R*S1N(T).

_ VCN = R*COS(T)—1 + VON
WR1TE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN
T= T-GA/50. ‘ 1
WT= WT+ GA* 180*WN/P1/50.
GO TO 109‘

1 10 T= P1
YT= YT+ GA
WT= YT*180*WN/PI

111 1F(T.LT.(P1-AL)) GO TO 1 12
ILN = (R-2*VON)*SIN(T)
VCN = (R-2‘VON)*COS(T)-1-VON
WR1TE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T= T—AL/30. ·
WT= WT+ AL*180°WN/P1/30.
GO TO 1 1 1

112 T=1’1-B1
Y'1’ = YT + AL
WT= Y°1‘*180*WN/1*1 .

113 1F(T.LT.B2) GO TO 10
[LN = R1*SIN(T)

‘

VCN = R 1 *COS(T)-VON
WR1TE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T= T-(P1·B1-B2)/30.
WT=WT+(P1-B1-I32)*180*WN/P1/30. '
GO TO 1 13

200 R = X(1)
B1 = X(2)
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FI = X(3)
AL= X(4)
T= PI

201 lF(T.LT.(P1-AL)) GO 'TO 202
ILN= (R + 1-2*VON)*SIN(T)
VCN = (R + l-2*VON)*COS(T)-VON
WRlTE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T= T-AL/50.
WT= WT+AL*l80*WN/PI/50. ‘
GO TO 201

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

203 IF(T.LT.0) GO TO 204
ILN = R*S1N(T)
VCN = R*COS(T) + 1-VON
WRITE(7,2000)

\VI‘,
ILN

WR1TE(6,2000) WT,VCN,1LNT= T-B 1/30. ,
WT= WT+ B 1*180*WN/Pl/30.
GO TO 203

204 T= FI
YT= YT+ Bl
WT= YT*l80*WN/PI

205 IF(T.LT.0) G() TO 206
ILN = 0.
VCN = R + 1-VON
WRITE(7,2000) WT,ILN
WRITE(6,2000) WT,VCN,1LN
T= T·F1/30.”
WT= WT+ FI*180*WN/PI/30.
GO TO 205 -

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

207 1F(T.LT.-AL) GO TO 208
lLN=(R +1-2*VON)*SIN('I‘) ‘
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 207

208 T= -P1+ B1
YT=

Y'1‘
+AL„

WT = YT*180*WN/P1
209 I1*('I'.LT.-P1) GO TO 210

ILN = R*S1N(T)
VCN= R*COS(T)-1 + VON
WR1TE(7,2000) WT, ILN
WR1'I'E(6,2000) WT,VCN,1LN
T = T-B 1/30.
WT= WT + B 1 * 180*WN/Pl/30.
GO TO 209

210 T= FI
YT= YT+ B1
WT= YT*l80*WN/PI
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211 1F('1'.LT.0.) GO TO 212
ILN = 0.
VCN = -R-1+ VON
WR1TE(7,2000) WT. ILN

_· .. WRITE(6,2000) WT,VCN,1LN
T= T-F1/30. ·
WT= WT+ F1*180*WN/P1/30.
GO TO 211

212 T =PI’

YT= YT+ F1
WT= YT*180*WN/PI

213 1F(T.LT.(P1—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/P1/50.
GO TO 213

300 R = X(1)
R1 = X(2)
B1 = X(3)
AL= X(4)
GA= X(5)
T= -P1 + GA

301 1F(T.LT.-1*1) GO TO 302
ILN = (R1 + 2*VON)*S1N(T)
VCN =(R1+ 2*VON)*COS(T)+ VON
WR1TE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T= T-GA/30. · V
WT= WT+ GA*180*WN/PI/30. _
GO TO 301

302 T= PI
YT = YT + GA
WT = YT*180*WN/P1

303 1F(T.LT.(PI·AL)) GO TO 304
ILN = Rl*S1N('I')
VCN = R1*COS(T)-VON
WR1TE(7,2000) WT,1LN ·
WRITE(6,2000) WT,VCN,1LN
T= T·AL/50.
WT= WT + AL"' 180*WN/P1/50.
GO TO 303

304 T = P1-B1
YF = YT+ ALW'1‘=

Y'I'*180*WN/P1
305 1F(T.LT.(P1-B 1-B'1‘)) G() '1'O 306

ILN = R*S1N('1')
VCN = R*COS(T) + 1-VON
WRlTE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T= T-BT/30.
WT= WT + B'1""180*WN/P1/30.
GO TO 305

306 T = GA
YT= YT+ BT
WT= YT*180*WN/PI
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307 1F(T.LT.0) GO TO 308
ILN = (R1 + 2*VON)*SIN(T)
VCN = (R1 + 2*VON)*COS(T)·VON
WRITE(7,2000) WT,1LN

1 WR1TE(6,2000)WT,VCN,1LN
T=T-GA/30.
WT= WT+ GA*180*WN/P1/30.
GO TO 307

308 T = 0.
‘

YT= YT+GA·
WT= YT*180*WN/PI

309 1F(T.LT.-AL) GO TO 310
ILN= Rl*SIN(T)
VCN = R 1 *COS('I') +VON‘
WRITE(7,2000) WT, ILN '
WRITE(6,2000) WT,VCN,1LN
T =T-AL/50.·
WT= WT+ AL*180*WN/P1/50.
GO TO 309

310 T= -131
YT= YT+ AL
WT= YT*180*WN/P1

311 1F(T.LT.(—Bl-BT)) GO TO 312
ILN = R*S1N(T)
VCN = R*COS(T)-1 + VON
WRITE(7,2000) WT, 1LN
WRITE(6,2000) WT,VCN,1LN
T= T-BT/30.
WT = WT + BT* I80*WN/P1/30.'
GO TO 311

312 T= -PI + GA
YT= YT + BT
WT = YT*180*WN/P1

313 1F(T.LT.-P1) GO TO 10
lLN=(R1+ 2*VON)*SIN(T)

’

VCN = (R1 + 2"'VON)*COS('I') + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T =T-GA/30.
WT= WT+ GA*l80*WN/P1/30.
GO TO 313

400 R = X(1)
R1 = X(2)
B1 = X(3)
B2 = X(4)
AL = X(5)
GA = X(6)
'I' = -P1 + GA

401 IF(T.LT.-P1) GO TO 402
1LN= Rl*S1N(T) -
VCN = R1*COS(T)+ VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T= T-GA/30.
WT = WT + GA*180*WN/P1/30.
GO TO 401

402 T= P1 .
YT= YT+ GA
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WT = YT*180*WN/PI
403 IF(T.LT.0) GO TO 404

' ILN = (R1-2*VON)"'S1N(T)
VCN = (R1-2*VON)*COS(T)-VON ·
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN
T= T-PI/60.
WT = WT+ P1*180*WN/PI/60.
GO TO 403

404 T= 0.
YT= YT + PI
WT= YT*180*WN/P1

405 IF(T.LT.~AL) GO TO 406
ILN = (R1-4*VON)*S1N(T)
VCN = (R 1-4*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN .
T= T-AL/20.
WT = WT+ AL"' 180*WN/P1/20.
GO TO 405

406 T= -1*1+ B1 ·
YT= YT+ AL
WT= YT*l80*WN/PI

407 IF(T.LT.-PI) GO TO 408
ILN = (R + 2*VON)*S1N(T)
VCN = (R + 2*VON)*COS('1) + 1 + VON
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN
T= T-B 1/20.
WT·= WT+ B1*180*WN/P1/20.
GO TO 407

”

408 T = P1
YT= YT+ B 1
WT=YT*180*WN/P1 ·

409 1F(T.LT.(P1-132)) GO TO 410
ILN = R*S1N('I')
VCN = R*COS('1') + 1-VON
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN
T = T-B2/40.
WT = WT+ B2*180*WN/P1/40.
GO TO 409

410 T = GA
YT= YT + B2W'1‘

= YT*180*WN/P1
411 lF('1'.LT.0.) GO TO 412

‘

1LN= R1*S1N('1') 4
VCN = R1*COS('1')-VON
WRITE(7,2000) WT, ILN
WR1TE(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/P1

413 1F(T.LT.·P1) GO TO 414
ILN = (R 1-2*VON)*S1N('I')
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VCN = (R1-2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T= T-P1/60.
WT= WT+ PI*180*WN/Pl/60.
GO TO 413

414 T= P1
YT= YT+ PI
WT= YT*180*WN/PI

415 1F(T.LT.(P1-AL)) GO TO 416
ILN = (Rl·4*VON)*SIN(T)
VCN = (R 1-4*VON)*COS(T)-VON
WR1TE(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= B1
YT= YT + AL
WT= YT*180*WN/P1

417 1F(T.LT.0.) GO TO 418
ILN = (R + 2*VON)*SIN(T) .
VCN= (R + 2*VON)*COS(T)-1-VON
WR1TE(7,2000) WT, ILN
WRl'I'E(6,2000) WT,VCN,1LN
T = T-B 1/20.
WT= WT + B1*180*WN/1’1/20.
GO TO 417

418 T = 0.
YT= YT + B1
WT= YT* 180*WN/P1

419 IF(T.LT.-B2) GO TO 420
ILN = R*S1N(T)
VCN = R*COS(T)·1+ VON
WR1TE(7,2000) WT, ILN
WRI'|‘E(6,2000) WT,VCN,1LN
T = T-B2/40.
WT= WT + B2*180*WN/P1/40.
GO TO 419

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

421 1F(T.LT.-PI) GO TO 10
ILN = R1 *SIN(T)
VCN = R1*COS(T)+ VON
WR1'1'E(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN
T = T-GA/30.
WT = WT + GA*180*WN/P1/30.
GO TO 421

500 R = X(1)
F1= X(2)
AL= X(3)
T= -P1+ AL

501 1F(T.LT.·PI) GO TO 502
ILN = (1-R + 2*VON)*SIN(T)
VCN = (1-R + 2*VON)*COS(T) + VON
WR1TE(7,2000) WT, [LN
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WRITE(6,2000) WT,VCN,ILN
T= T~AL/30. ‘

WT= WT+ AL* 180*WN/P1/30.
GO TO 501

502 T= PI
YT= YT + AL
WT= YT*I80*WN/P1

503 IF(T.LT.0) GO TO 504
ILN = (1-R)*SIN(T)
VCN = (1-R)*COS(T)-VON
WR1TE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,ILN
T= T-P1/50.
WT= WT + P1* 180*WN/P1/50.
GO TO 503

504 T= FI
_ YT= YT + PI

WT= YT*180*WN/P1
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/PI/30. ‘

GO TO 505
506

'1‘
= P1

YT= YT + FI ·
WT=YT*l80*WN/PI _

507 IF(T.LT.(PI-BT)) GO TO 508
A ° ILN = R*SIN(T) _ ‘ —

VCN = R*COS(T) + 1-VON
WR1TE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T = T·BT/30.
WT= WT + BT*180*WN/PI/30. 1
GO TO 507

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

509 IF('l‘.LT.0.) GO TO 510 °
ILN = ( I-R + 2*VON)*S1N(T)
VCN = (1-R + 2*VON)*COS('1‘)-VON
WR1TE(7,2000) WT, [LN
WRITE(6,2000) W'I',VCN,|LN
T = T-AL/30.
WT = WT + AL*180*WN/I’I/30.
GO TO 509

510 T = 0.
YT = YT+ AL
WT= YT* I 80*WN/PI

5lI 1F(T.LT.-P1) GO TO 512
ILN = (1-R)*S1N(’I")
VCN = (1-R)*COS(T) + VON
WR1TE(7,2000) WT, ILN
WRITE(6,2000) WT,VCN,1LN
T = T-PI/50.
WT= WT+ PI*180*WN/PI/50.
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GO TO 51 1
512 T= F1

YT= YT + P1
WT= YT*180*WN/PI

513 1F(T.LT.0.) GO TO 514
ILN = 0.
VCN=-1 +R+v0N
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN
T= T—FI/30.
WT = WT+ FI*l80*WN/PI/30.
GO TO 513

514 T= 0.
YT= YT+ F1
WT= YT*180"'WN/P1

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/PI/30.
GO TO 515

516 T= -PI+ AL
YT= YT+ BT
WT = YT* 180*WN/P1

517 1F(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
WR1TE(6,2000) WT,VCN,ILN
T= T-AL/30. ·
WT=WT+ AL*180*WN/PI/30. .
GO TO 517

600 R = X(1)
F1=X(2).
AL= X(3)
T = -1*1+ AL

601 IF(T.LT.-PI) GO TO 602
ILN = (R-1 + 2*VON)*S1N(T)
VCN =(R·1+ 2*VON)*COS(T) + VON
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN
T = T-AL/30.
WT= WT + AL* l80*WN/PI/30.
GO

'1‘O
601

602 T= FI
YT =

Y1‘
+ AL

WT= YT* I 80*WN/PI
603 IF(T.LT.0) GO TO 604

ILN = 0.
VCN = ·R+ 1-VON
WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,ILN -
T = T·F1/20.
WT = WT + F1*180*WN/P1/20.
GO TO 603

604 T = PI
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YT= YT + F1
WT = YT*180*WN/P1

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,1LN
T= T-BT/30.
WT= WT+ BT*180*WN/P1/30.
GO TO 605

1

606 T=AL
YT= YT+ BT
WI'= YT*180*WN/PI

607 1F(T.LT.0) GO TO 608
ILN =(R-1+ 2*VON)*SIN(T)
VCN = (R-1 + 2*VON)*COS(T)-VON
WR1TE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN
T= T-AL/30.
WT= WT+AL*l80*WN/P1/30. -
GO TO 607

608 T= F1
YT= YT+ AL
WT= YT*l80*WN/P1

609 1F(T.LT.0.) GO TO 610
ILN = 0.
VCN=R-1+V()N ‘

WRITE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN
T= T-F1/20.

_ WT=WT+ FI*180*WN/PI/20. .
GO TO 609

610 T= 0. .
YT = YT+ FI
WT= YT*180*WN/P1

611 IF(T.LT.-BT) GO TO 6I2_
ILN = R*S1N(T)
VCN = R*COS('1’)-1 + VON

— WR1TE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN
T= T-BT/30.
WT= WT+ BT*180*WN/P1/30.
GO TO 611 ·

. 6I2 T=-1’1+AL
‘

YT= YT + BT
WT = YT*180*WN/1*1

613 11‘('I'.LT.-P1) GO TO 10
ILN =(R-1+ 2*VON)*S1N('l")
VCN =(R-1+ 2*VON)*(ZOS(T) + VON
WR1TE(7,2000) WT, ILN
WR1TE(6,2000) WT,VCN,1LN
T = T-AL/30.
WT= WT+ AL*180*WN/P1/30.
GO TO 613

1050 FORMAT(F 10.5)
1000 FORMAT(1X,11,2X,8F8.4)
2000 FORMAT(3F14.5) ·

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

C
·•·»•••·•·•-••••••••·•·•·•--•·•·•·••••••·•-•··u--•••·•·•n•·•·¢-•·u-•-•·••-•·•••—•·••+¢•••••••••••••

C nen
C ***** PROGRAM : SC10WAVE.FOR
C

•••••

C ***** FUNCTION : GENERATE DATA FOR ILN AND VCN FOR A COMPLETE
C ***** SWITCHING CYCLE UNDER STEADY-STATE. SRC, ABOVE
C ***** RESONANT FREQUENCY.
C

••-•·••

C
•••-•·•-•-•·•-••¢•·•••••«•·•-•+·••+••-•••·•«•·•-•-·•·-••••••••••·•••+••-•--•••»••·•·•·••--•••••••••·•

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

10 READ(5,1000) ID,WTS,VON,BS,(X(K), K= 1,5)
C .
C ***** THE INPUTS ARE GENERATED BY Tl·lE FILE SCl0PAR.FOR
C

WN = PI/WTS
BT = BS/WN
IF(ID.EQ.0) STOP
WT= 0.
YT= 0.
GO TO (100,200,300), ID

100 R = X(l)
R1 = X(2)
B1= X(3)
B2= X(4)‘ AL=X(5)
GA= BT-AL —
T= -PI + B2 W ·

101 IF(T.LT.-B1) GO TO 102
ILN = R1*SIN(T)
VCN = R1*COS(T) + VON
WRITE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,ILN
T=T-(Bl + B2-P1)/30.
WT= WT+ (-PI + B2+ B1)"'l80*WN/PI/30.
GO TO 101

102 T= -PI + GA
YT= YT-(PI·B2-B1)
WT= YT* 180*WN/PI

103 IF(T.LT.~PI) GO TO 104
ILN = (R + 2*V()N)*SlN(T)
VCN = (R + 2*VON)*COS('1‘) + I + V()N
WRI'I'E(6,2000) \VI‘,VCN,lLN
WRI'l‘E(7,2000) WT,ILN
T= T·GA/30.
WT= WT + GA*180*WN/Pl/30.
GO TO 103

104 T= Pl
YT= YT+ GA
WT= YT*l80*WN/PI

105 IF(T.LT.(I’I-AL)) GO TO 106
ILN = R*SIN(T)
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VCN = R*COS(T) + 1-VON
WRITE(6,2000) WT,VCN,1LN
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/P1 _

107 1F(T.LT.(P1-B 1)) GO TO 108
ILN = R1*S1N(T)
VCN = R1*COS(T)-VON
WRITE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,1LNT= T-(-PI + B2 + B1)/30.W
WT= WT-(P1-B2-B1)*180*WN/P1/30.
GO TO 107

108 T= GA
YT= YT-(PI~B2·B1)
WT= YT*180*WN/P1

109 IF(T.LT.0) GO TO 110
ILN = (R + 2*VON)*S1N(T)
VCN = (R + 2*VON)*COS(T)- 1-VON
WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,ILN

. T= T-GA/30.
WT= WT+ GA*180*WN/P1/30.
GO TO 109

110 T=0
YT= YT+ GA
WT= YT*180*WN/P1

111 1F(T.LT.—AL) GO TO 112 .
A ILN= R*SIN(T)

VCN = R*COS(T)-1+ VON
WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,1LN
T= T-AL/30.
WT= WT+ AL*180*WN/P1/30.
GO TO 111

112 T= -P1+ B2
YT = YT + AL
WT= YT*180*WN/P1

113 1F(T.LT.—B 1) G() TO 10
ILN= R1 *S1N(T)
VCN = R 1 *COS(T) + VON

‘

WR1'['E(6,2000) W'1‘,VCN,I1,N
WRITE(7,2000) W'1",11,N
T = T + (P1-B1-B2)/30.W'1‘

= WT-(P1-B1-B2)* 180*WN/P1/30.
GO TO 113

200 R = X( 1)
R1 = X(2)
B1= X(3)
GA = X(4)
AL= X(5)
T= ·P1+ GA

201 lF(T.LT.-P1) GO TO 202
ILN= (R + 2*VON)"'S1N(T)
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VCN = (R+ 2"'VON)*COS(T) + VON
WRITE(6,2000) WT,VCN,1LN
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,1LN
WRITE(7,2000) WT,ILN
T= T·AL/30.
WT= WT+ AL*180*WN/P1/30.
GO TO 203 '

204 T= PI-B1
YT= YT +ALV '
W'I'= YT*180*WN/PI

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

206 T= GA »
YT= YT + BT
WT= YT*180*WN/P1

207 IF(T.LT.0) GO TO 208 .
ILN = (R +2*VON)*S1N(T)‘
VCN= (R + 2*VON)*COS('I')-VON
WR1TE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,ILN
T= T·GA/30.
WT = WT + GA* 180*WN/P1/30.
GO TO 207

208 '1‘
= 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
WR1'I“E(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,11.,N
T = '1'·AL/30.
W'I‘= WT + AL*180*WN/P1/30.
GO TO 209

210 T= -B1
YT = YT+AL'
WT= YT*180*WN/PI

211 IF(T.LT.(~B1-BT)) GO TO 212
ILN = R1*S1N(T)VCN = Rl*COS(T)-1+ VON ·
WR1TE(6,2000) WT,VCN,11,N A
WR1TE(7,2000) WT,ILN
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T= T-BT/30.
WT= WT+ BT*l80*WN/P1/30.
GO TO 211

212 T = -PI + GA
YT= YT+ BT
WT= YT*180*WN/P1

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,1LN
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)

F1= X(3)
T= -PI + GA

301 IF(T.LT.-PI) GO TO 302
ILN = (R-1 + 2*VON)*SIN(T)
VCN = (R-l + 2*VON)*COS('1') + VON
WR1'I'E(6,2000) WT,VCN,1LN
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*l80*WN/P1

303 IF(T.GT.FI) GO TO 304
ILN = 0.
VCN=-R+1—VON ‘

WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,ILN
T= T + F1/30.
WT= WT+ F1*180*WN/P1/30.
GO TO 303

304 T= PI _
YT = YT + FI
WT = YT*180*WN/P1

305 IF(T.LT.(P1·BT)) GO TO 306
ILN = R"S1N(T)
VCN = R*COS(T) + 1-VON -

”

WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,ILN
T=

'I‘·
BT/30.

WF = WT+ B'1'*I80*WN/P1/30.
G() TO 305

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

307 1F(T.LT.0) GO TO 308
ILN = (R- 1 + 2*VON)*S1N(T)
VCN = (R-1 + 2*VON)*COS(T)-VON
WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,ILN
T = T·GA/30
WT= WT + GA" 180*WN/P1/30.

APPENDIX B.l0 316



GO TO 307
308 T= 0 „

YT= YT + GA
WT = YT*180*WN/P1

309 IF(T.GT.FI) GO TO 310
ILN = 0.
VCN = R-1 + VON
WRlTE(6,2000) WT,VCN,ILN
WR1TE(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/P1

311 1F(T.LT.—BT) GO TO 312
ILN = R*S1N(T)
VCN= R°COS(T)-1 + VON
WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,ILN
T= T-BT/30. 1
WT= WT + B'l‘*180*WN/PI/30.
GO TO 311

312 T= ·PI + GA
YT= YT + BT
WT = YT*180*WN/P1

313 1F(T.LT.·P1) GO TO 10
ILN =(R-1+ 2*VON)*SIN(T)
VCN = (R-1 + 2*VON)*COS(T)+ VON
WRITE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,ILN
T= T·GA/30.
W'I‘= WT + GA*180*WN/PI/30.
GO TO 313

1000 FORMAT(1X,I1,2X,8F8.4)2000 FORMAT(3F 14.5) _
· END
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APPENDIX C.l

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 halfplane (vON < 0),

• triggering of Ql initiates M6; ·

• triggering of Q2 initiates Ml; A

• triggering ofQ4 initiates M5.

• On the right half plane (vON > 0),

• triggering of Q3 initiates M3;

• triggering of Q4 initiates M4;

• triggering of Q2 initiates M2.

•
On the i,_N-axis (VGN = 0),

~ if the magnitude of i,_N is greater than ION,
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A triggering of Q2 initiates M2;

A triggering of Q4 initiates M5;

• if the magnitude of [LN is greater than ION and no triggering event occurs,

A M2 is initiated if the previous topological mode is MI;

_ A M3 is initiated il' the previous topological mode is M6;

A M5 is initiated if the previous topological mode is M4;

A M6 is initiated if the previous topological mode is M3;

¤ if the magnitude of [LN is equal to ION,

A M0 is initiated if the previous topological mode is M3 or M6; M0 will be

terminated when Q2 or Q4 is triggered which initiates M2 or M5, respec-

tively;

A M2 is initiated if the previous topological mode is ML and im > 0;

A M5 is initiated if the previous topological mode is ML and im < 0;

• if the magnitude of iLN is less than Im,

A M0 is initiated if the previous topological mode is M3 or M6; M0 will be

terminated when Q2 or Q4 is triggered which initiates ML;

A ML is initiated if previous topological mode is Ml or M4.
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A systematic way to construct equilibrium trajectories ofa CM-PRC is illustrated

in Figure C.l.l. Starting with an equilibrium trajectory (acscotao in Figure C.l.l(a)

or a„ss’c„tt’a„ in Figure C. l.l(b)) corresponding to conventional PRC operation, the
l

triggering instant of Ql(Q3), ao, al, az, (6,,, cl, cz, ...), 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.l.l(a), trajectory a,b,sc,d,1a, corresponds to a mode-IN operation.

Trajectory azbzczdzaz corresponds to a mode-Il„ operation. Trajectory asbsqdsas

corresponds to a mode-lls operation. Trajectory asbsscsdstas corresponds to a mode-

Is operation. Trajectory a7b7sc7d7ta7 corresponds to a mode—IF operation.

ln Figure C.l.l(b), trajectory a,b,.s·s'c,d,r1'a, corresponds to a mode-IIIN opera-

tion. Trajectory a2b2s’c2d21’a2 corresponds to a mode-IVF, operation. Trajectory

asb6s’c6d61’a6 corresponds to a mode-IVs operation. Trajectory a7b7ss’c-,d-,tt'a7 corre-

sponds to a mode-llls operation. Trajectory a,b,ss'c,d,n?a, corresponds to a mode-

IIIF operation. Trajectory a„0b,„.v’c,„d,„1'a,„ corresponds to a mode-IVF operation.

Figure C.l.2 shows the construction of equilibrium trajectories above resonant

frequency. ln Figure C.l.2(a), trajectory alblscldlra, represents a mode·IF operation.

Trajectory a,b,.sc,d,.ta, represents a mode-Is operation. Trajectory azbzczdzaz repres·
l

ents a mode-IIAF operation. Trajectory azbyczdyaz represents a mode-IlAs opera-tion. l
ln Figure C.l.2(b), trajectory a,b,ss’c,a',11’a, represents a mode-IIIF operation.

Trajectory a2b2s’czdz1'a2 represents a mode-I VF operation. It can be shown, however, —

that mode-IV operation cannot exist at frequencies 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 ßs is equal to

I80°(PRC operation). This requires [...]

l+(I—2(cos(l)—I))
l

10,, S -0.6 X sin( 5%) X (6.2.1)

SmAsßs decreases, the first operating mode
I‘or

the converter is mode I.

Further decreasing ßs, the converter's operation may transit into mode ll or mode
I

Ill. Consider the boundary trajectories, TM, and T,,,,, between mode I and mode II, as

shown in Figure C.2. I. These trajectories can be represented by the equations _

COS p =_

1 + R2 - R2COS 0 —
T,

um Y = ¤ + R? — R? (6.2.2)‘ ’

= ” — R + *22 · >*·
RI °·=2,()·V+ yl * I ,

and can be constructed only when R + I 2 R, which Icads to

IHJINÜE when ION S 0.5,

2ION S RI S Rlmaxv RImax,= ZIÄN
when ION > 0.5-2],,,,, - I
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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

GG, = ii-, G = cos'l(I - 21;,,),

E 4 2
0=27!-COSwg

is the frequency occurs at R„,,„, = R,„,„ —l, and 60,, is the highest possible frequency

which can be numerically determined. Ifwe define

I for ION S 0.5,
(1)], {Or I0N>0•5,

from Figure C.2.2, the transition of the operating mode can be determined as follows.

(a). If w,2„„,,,< wsN, the converter's operation transits form mode I to mode III since

there is no boundary trajectory exists between mode I and mode II. The boundary ßs

angle, [In, between mode I and mode III can be calculated by solving equation C.2.7,

ßn=(°¢z"°¢1 +a)XwSN ·
(b). If w, SwSN<w,2„,„, 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

II exist. Two sets of solutions, (R, R,. 6. p, y) and (R', R,', 6',p', y'), can be obtained

when equation C.2.2 is solvcd. The boundary /IS anglcs between mode I and mode Il‘

are ßm = (6 — p) >< wSN and ß,„, = (6' — p') >< m$N . The boundary ßsN angle between

mode I and mode I Il is calculated as in (a).

(c). If w2SwSN< m,, the converter's operation transits from mode I to mode II to

mode IV, since there is one boundary trajectory between mode I and mode II exists.

The transition from mode Il to mode IV can be easily justilied since, besides mode I,

APPENDIX C.2 324



mode IV is the only possile operating mode for the converter to transit into from mode

II. One solution, (R, R', 6, p, v), for equation C.2.2 exists. The boundary ßs angle be-

tween mode I and mode II is ß'2 = (6 - p) x ws",. The boundary ßs angle between mode

II and mode IV is ß„ = 6 x ws„, 6 = cos"(l — 210*,,,), which is calculated from Figure

C.2.5(b).
I

_
(d). Ifms", < wz, the converter's operation transits form mode I to mode III, since there

is no boundary trajeetory exists between mode I and mode II. The boundary ßs angle,
l
ß',, between mode I and mode III is calculated as in (a).

I

Before proceeding to determine the mode transitions as ßs is further decreased, con-
I

sider the boundary trajectories, TQ", and 7},,,, between mode III and Mode IV, as shown

in Figure (12.3. These trajectories can be described by equations

2
cos 6
R,"

- .9.— 7l -l- 2 + {I. I

The corresponding frequency to these trajectories are shown in Figure C.2.4 as a func-

tion of radius R, where

1f
""·^

‘
21: + 21,,,,, *

""i” = '

3
(UI IQOY ]()NS'l;‘,

(UM =
I

21,,,,, + 2.4567 f°' I°^'> 2 *

and w', wz are the same as in equation ((12.3).
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Figure C.2.5 shows the boundary trajectories mode I and mode III, and mode I I and

mode IV. The boundary trajectory between mode I and mode III can be described by

equations

2 - Ri
COS 0 = ,

cm _ 1+ R3 — R}‘
" 2R, *

1 + R; — Ri
COS ul = ,

1
(C.2.7)

COS az = ,

_ 1: — 6T y i
2 Y

R; = 1 + 41;,,,,

The boundary trajectory between mode ll and mode IV can be described by equations

cos 6 = I — 2];,,,, _
1 (C.2.8)7Z

=
_g_

ww 7f + 2 + 0.

For ws,,,$ wz, two boundary trajectories between mode II and mode IV exist, and

one boundary trajectory between mode l and mode lll exists.

For mz < ws,,, s w,, one boundary trajectory between mode II and mode IV exists,

while no boundary trajectory exists between mode l and mode III.

For w, < wS,,,, no boundary trajectory exists between mode II and mode IV, while

one boundary trajectory between mode I and mode III exists.

From Figure C.2.4, as ßs is further decrcases, the transitions of the converter's oper-

ating mode can be determined as follows.
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For the sequence in (a),

(a).I if am S ws„, the converter's operation transits from mode III to mode V since no

boundary trajectory exists between mode III and mode IV; the boundary ßs angle be- „

tween mode II I and mode V is ß„ = 2Io„ x ws";

(a).2 if 60,,, > wm, the converter's operation transits from mode III to mode IV back to ,

mode III to mode V since two boundary trajectories between mode III and mode IV

exists; two sets of solutions, (R, 6, I) and (R', a', J"), can be obtained from equation

(C.2.4); the boundary ßs angles between mode III and mode IV are

ßm = (a + Z) x wS„ and ßw = (a' — J") x wS„; the boundary ßS„ angle between mode

III and mode V is calculated as in (a).I.

For the sequence in (b), °

(b).I ifw„ S ws„, the converter's operation transits from mode III to mode V since no I

boundary trajectory exists between mode III and mode IV; the boundary ßs angle be- ‘

tween mode III and mode V is calculated as in (a).I;

(b).2 if w„ > ww, the converter's operation transits from mode III to mode IV back to

mode III to mode V since two boundary trajectories between mode III and mode IV

exists; the boundary ßs angles between mode III and mode IV, and the boundary ßS„

angle between mode III and mode V, are calculated as in (a).2.

For the sequence in (6),

(6).1 if wwz mz and wL„S ww, 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 ßs angle between mode III and mode IV, and the boundary ßs„ angle

between mode III and mode V, are calculated as in (a).2;
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(6).2 if m,_„2 mz and mL„> mS„, the converter's operation transits from mode IV to

mode V since no boundary trajectory exists between mode III and mode IV; the

boundary ßs angle between mode IV and mode V is ,6,5 = 210,,, >< ms„;

(6).3 ifmu, < mz, the converter's operation transits from mode IV to mode III to mode

V since one boundary trajectory between mode III and mode IV exists; the boundary

ßs angles are calculated as in (a).2.

The case for the sequence in (d) is special since two boundary trajectories between mode

II and mode IV exist.

(d).I Ifmn 2 mz, the converter's operation transits from mode III to mode IV to mode

II back to mode IV to mode V since one boundary trajectory between mode III and

mode IV and two boundary trajectories between mode II and mode IV exist. The

boundary [fs angle between mode III and mode IV is calculated as in (a).2. The

boundary ßS„ angle between mode IV and mode V is calculated as in (6).2. The

boundary ßS„ angles between mode II and mode IV are ß24A = msn, x cos"(l — 21,},,,) and

ßuß = CÜSN X (ZE * cos·‘(l " •
A

(d).2 If mu, < mz and mw 5 mw, the converter's operation transits from mode III to

mode IV to mode Il 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

I I and mode IV exist. The boundary ßs angle between mode III and mode IV and the

boundary ßs„ angle between mode lll and mode V is calculated as in (a).2. The
I

boundary ßS„ angles between mode II and mode IV are calculated as in (d).I.

(d).3 If mu, < mz and mu, > ms„, the converter's operation transits from mode III to

mode IV to mode II back to mode IV to mode V since one boundary trajectory between

imode III and mode IV and two boundary trajectories between mode II and mode IV

exist. The boundary ßs angles are calculated as in (d)I
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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 ßs= l80° can be continuous or discontinuous. The boundary frequency

for continuous capacitor voltage waveform is

p+6+y

I I 2 (C.3.l)
wp = cos"(l — [JN), 6 = cos"( ——i—%- ), y = cos"( ———$T ).

If wSN 2 1:/2[UN, the converter operates only in mode V.

If" wb 5 wSN· < rz/ZION, the converter first operates in mode III then transits to mode

V. The boundary [ls angle between mode III and mode V is [Z3, = ZION ><· wSN•

If wSN < w,,, the converter operates in mode I when ßs is decreased from l80° As

ßs is further decreased, the convcrter's operation may transit into mode IIA or mode III.

Consider the boundary trajectories, and 'I}„M, between mode I and mode IIA,

as shown in Figure C.3.l. These trajcctorics can bc described by equations
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cos 1 + R; — R;
a =

——————·——— ,

' 2R3

COS a = —l· -.2 R3
’

1 + R; - R; (C-3-2)
COS =l-,

" 2R,
R; = (R, + 21O„)* +1,
ä7=o1,—o1, +7'!—f]+%",

ZIJN· and can be constructed only when ION g 0.5 and R, 2 RS, where RS=ÜT—. The— on
corresponding frequency for these trajectories are shown as a function of radius R, in

Figure C.3.2, where ws is the frequency occurs at R, = R3 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.

Ia). If coSN 2 wM, the converter’s operation transits from mode I’to mode III to mode

V since no boundary trajectory exists between mode I and mode IIA. The boundary

ßs angle between mode I and mode Ill and the boundary [IS angle between mode III and

mode V are calculated as in Appendix C.2.

(b). If COSN < w„, the converter's operation transits from mode I to mode I IA back to

mode I to mode V since two boundary trajectories between mode I and mode IIA exist.

Two sets of solutions, (R,, R3, 1;, 61,, 61,) and (R,', R3', ry', 61,', 61,'), can be obtained from

equation C.3.l. The boundary [I3 angles between mode I and mode IIA are

ß,,M = (61, ·— 61,) x mSN and /1*,,,,,, = (61,’ — 61,’) x m3N. 'I'he boundary ßs angle between

mode I and mode III and the boundary [I3 between mode III 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 wSN and

A|·|·E1~1mx c.s ass



[ON and generates outputs for four boundary angles, BAI, BA2, BCI, and BC2. When

ßs 2 BA I, the converter operates in mode I. When BAI > ßs 2 BA2, the converter op-

erates in mode IIA. When BA2 > ßs 2 BCI, the converter operates in mode I. When

BCI > ßS2 BC2, the converter operates in mode III. When BC2 > ßs, the converter

operates in mode V.
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Fortran Program for Determining Mode Transitions and Mode Boundaries
Above Resonant Frequency

C
·•·••·••-•••·•••-•··•·•+1-••-•·••••·•••-•·•·-••-•·•·•••·•••ne-•·•-•·••·•••••••••-••--•·•«·•·••-••••--•·•

C
•·•-·•·••

C ***** PROGRAM NAME : PCIOBD.FOR
C

•·•·•·••

C ***** FUNCTION : CALCULATE THE MODE BOUNDARIES OF A CLAMPED-MODE
C ***** PRC OPERATING ABOVE THE RESONANT FREOUENCY.•••¢• ·••••·•-•··•·-•··•••··•••·•·••••••·•·•··•·«·•··••·•••••·•-·•-»•·••-••••••-••·•··•·+·••·•••••¢•••••••••••••

C
•••••

C ***** FOR BS > BAI --~ > MODE I OPERATION
C ***** FOR BAI > BS > BA2 —-· > MODE IIA OPERATION
C ***** FOR BA2 > BS > BCI ·—· > MODE IOPERATIONC

***** FOR BCI > BS > BC2 -·- > MODE III OPERATION
C ***"'* FOR BC2 > BS ---> MODE V OPERATION
C

·•-•·•••

IMPLICIT REAL*8 (A-II,O·Z)
COMMON WN, OI, PI
PI = 4.*DATAN( I .D0)

II READ(5,*) WN, OI
IF(WN.LT.0) STOP
WTS = PI/WN

I0 A= DACOS(I-OI**2)
B = DACOS((I + OI**2)/(I + 4*0]**2)**0.5)
C = DACOS(I/(1+ 4*OI**2)**0.5)
WNI=PI/(A+B+C) ’
WN2= PI/(2*OI)
IF(WN.GE.WN2) THEN

BCI = WTS
BC2= WTS

‘

ELSE A
IF(WN.GE.WNI) THEN

BCI = WTS
BC2= 2*OI

ELSE
BC2= 2*OI
A= DACOS(·2*OI**2+ (I + 4*()I*"'2)**0.5)
B = DACOS( I/(I + 4*OI**2)*"'0.5)
WN3 = PI/(0.5*(PI + A) + B)
IF(WN.GE.WN3) TIIEN

RII= (2**0.5)*OI
RL= (I +4*OI**2)**0.5-I

I5 R=(RII+RL)/2.
CALL FQBDIII(R,AL,BEI,BE2,GAI,GA2)
WNC = PI/(AL+ BEI-BE2+ GA2+ GA I)
IF(DABS(WNC-WN).LE. I.D-4) TI IEN

BCI = (GA2+ GAI + AL)
ELSE
IF(WNC.GT.WN) TIIEN

RH = R
ELSE
RL= R

ENDIF
GO TO I5
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ENDIF
ELSE
RH = 2*Ol
RL=(I +4*OI**2)**0.5-I _25 R=(RIl+RL)/2. V
CALL FQBDIII(R,AL,BEI,BE2,GAl,GA2)
WNC = PI/(AL+ BEI + BE2 + GA2-GAI)
lF(DABS(WNC-WN).LE. I.D-4) THEN

BCI = (GA2·GAl + AL)
ELSE
lF(WNC.GT.WN) THEN

RL= R
ELSE
RH=R

' ENDIF
GO TO 25

E

ENDIF
E

ENDIF
ENDIF

ENDIF
CALL BDIIA(BAl,BA2)
WRITE(6,2000) WN, Ol, BA I, BA2, BCI, BC2

2000 FORMAT(6F l2.5)
GO TO ll
END

C
I C
+••-••.

C
••·•··•·•

C
••-•-•·•
C.

SUBROUTINE FQBDlII(RI,AL,BEl,BE2,GAI,GA2)
IMPLICIT REAL*8 (A·II,O-Z)
COMMON WN, Ol, Pl
R2= (I + 4*Ol**2)**0.5
AL= DACOS( I-0.5*R I **2)
BEI = (Pl-AL)*0.5
BE2= Pl-DACOS((I + RI **2-R2**2)/(2*R I))
GAI = DACOS((I + R2**2-R I **2)/(2*R2))

‘

GA2= DACOS( I/R2)
RETURN
END

C
C

•••+•

C
•••-•+

C +·•··•-n
C

SUBROUTINE BDllA(BAI,BA2)
IMPLICIT REAI)8 (A-lI,O-Z)
COMMON WN, Ol, PI
WTS = PI/WN

I l lF(OI.GE.0.5) THEN
BAI = WTS
BA2= WTS
RETURN

ENDIF
R2Al = 2*OI**2/( I·2*OI)
CALL FQIlA(R2Al,Al.,I,AL2,l€T2,WA l,WAl I)
R2= R2Al + 25.
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I2 CALL FQIIA(R2,ALl,AL2,E'I“2,WNCI,WNC2)
· IF(WNCI.GE.WAI) THEN —

R2 = R2*2.
GO TO I2

ENDIF
R2A2= R2· WA2= WNCI ‘ ·
RH = R2A2
RL= RZAI

I4 R2= (RH + RL)/2.
R2P= R2+ l.D—4
CALL FQIIA(R2,ALI ,AL2,ET2,WNCl ,WNC2)
CALL FQIIA(R2P,ALI,AL2,ET2,WNCPl ,WNCP2)
IF(DABS(RH-RL).LE.I.D—4) THEN

RZAMAX = R2
WAMAX =WNCI‘
ELSE‘
IF(WNCI.LE.WNCPI) THEN

RL= R2
ELSE
RH= R2

ENDIF
GO TO I4

ENDIF
IF(WN.GE.WAMAX) THEN

BAI = WTS
BA2= WTS
RETURN‘

ENDIF
IF(WN.GE.WAI) THEN

RH= R2A2
RL= RZAMAX

22 R2= (RH + RL)/2.
CALL FQIIA(R2,ALl ,AL2,ET2,WNCI ,WNC2)
IF(DABS(RII-RL).LE. I .D-4) TI·IEN ·

BAl=(AL2+ALI) ~
ELSE
IF(WNCI.GT.WN) THEN

RL= R2
ELSE
RH = R2

ENDIF
GO TO 22

ENDIF
RH = RZAMAX
RL= R2Al

24 R2= (RII + RL)/2.
CALL FQIIA(R2,Al, l ,AL2,E'I'2,WNC I ,WNC2)
IF(DABS(RII-RL).LE.I.!)-4) TIIEN

BA2= (AI.,2 + ALI)
ELSE
IF(WNCI.GT.WN) TIIEN

RH = 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,ALI,AL2,ET2,WNC[,WNC2)
IF(WN.GT.WNCl) THEN

R2A3= R2
ELSE
R2= R2*2
GO TO 26

ENDIF
ENDIF
RH = RZA3
RL =RZAMAX°

28 R2= (RH + RL)/2.
CALL FQIIA(R2,ALI,AL2,ET2,WNCI,WNC2) „
IF(DABS(RII-RL).LE.I.D-4) THEN

BAI = (AL2+ ALI)
ELSE

° IF(WNCI.GT.WN) THEN
RL= R2

ELSE
RH = R2

_ ENDIF
GO TO 28

ENDIF ·
R2= R2AI + 5. I .

32 CALL FQHA(R2,AL I ,AL2,ET2,WNCI,WNC2)
IF(WNC2.LE.WN) THEN

R2A4= R2
ELSER2=R2*2.”
GO TO 32

ENDIF
RH = R2A4
RL= RZAI

34 R2= (RI-I + RL)/2.
CALL FQIIA(R2,ALl,AL2,ET2,WNCl,WNC2)
IF(DABS(R[I·RL).LE. l.D—4) TIIEN

BA2= (AL2-ALI)
ELSE
IF(WNC2.GT.WN) THEN „

RL= R2
ELSE
RII = R2

ENDIF
”

GO TO 34
EN DIF

ENDIF
RETURN ·
END

C
C ON 0+*
C

n·•-•·•

C
•·••+·•·

C
SUBROUTINE FQ[IA(R2,ALl,/\I,2,E'I’2,WNCl,WNC2)
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IMPLICITREAL"'8COMMON
WN, 01, P1

R3= ((R2+ 2*01)**2+ 1.)**0.5
AL2= DACOS( 1/R3)
AL1= DACOS((1+ R3**2-R2**2)/(2*R3))
ETI = 2*PI-DACOS((1 + R2**2—R3**2)/(2*R2))
ET2= 2*1*1-ETI
WNC1= PI/(A1.2+ ALI + l.5*P1·ETl)
WNC2= P1/(AL2·ALl + I.5*P1-ET2)
RETURN
END
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APPENDIX C.4

CALCULATION OF TRAJECTORY PARAMETERS

OF A CM-PRC

The parameters for the equilibrium trajectories of a CM-PRC can be obtained by
F

solving sets of nonlinear cquations. The equations are shown in Figures C.4.I ~ C.4.6.

· There are different equilibrium trajectories shown for each operating mode. All the

equilibrium trajectories can be described by the same sets ofequations shown. However,

all the trajectories must he 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-
V l

ent. As shown in Figure C.4.l(b) and Figure C.4. l(c), the peak capacitor voltage for the

trajectories are R, + I and R2, respectively.

The FORTRAN programs for calculating trajectory parameters at frequencies below

and above resonant frequency are included at the end of this section. The outputs gen-

erated hy the programs are defined in the following:
A

•
For mode-I trajectory in Figure (I.4.I, ll)= I, X(I)= R,, X(2)= R2, X(3)= R3,

X(4)=p, X(5)=H, X(6)=ry, X(7)=a,, X(8)=a2; Il)l)= Il for Trajectory C.4.l(a),

IDD= I2 for Trajectory C.4.I(b), ll)l)= I3 for Trajectory C.4.l(c), IDD= I4 for

Trajectory C.4.I(d), IDD= I5 for Trajectory (I.4.I(e).
• For mode·Il trajectory in Figure (I.4.2, ll)= 2, X(l)= R,, X(2)= R2, X(3)= p, X(4)=

6, X(5)=a, X(6)~X(8)=dummy; ll)l)=2l for Trajectory C.4.2(a), lDD=22 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-III trajectory in Figure C.4.3, lD=3, X(l)=R,„ßX(2)= ;/IRZ, X(3)=a,

X(4)= 11, X(5)= 6:,, X(6)= 6:2, X(7)~X(8)= dummy ; IDD= 3l for Trajectory
A

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= 37 for Trajectory C.4.3(g).
• For mode-IV trajectory in Figure C.4.4, lD= 4, X(l)= R,, X(2)=a, X(3)=0, ‘

_ X(4)~X(8)= dummy ; IDD=4l for Trajectory C.4.4(a), IDD=42 for Trajectory
F

C.4.4(b), IDD=43 for Trajectory C.4.4(c), ID|)= 44 for Trajectory C.4.4(d).
• For mode-V trajectory in Figure C.4.5, lD=5, X(l)~X(8)= dummy ; IDD=55.
•

For mode-IIA trajectory in Figure C.4.6, lD=2I, X(l)= R,, X(2)=R2, X(3)=R,,

X(4)= p, X(5)= 1;, X(6)= 6:,, X(7)=_6:2, X(8)= dummy; IDD= 23 for Trajectory

C.4.6(a), IDD= 24 for Trajectory C.4.6(b), IDD= 25 for Trajectory C.4.6(c).
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FORTRAN Program for Calculating Trajectory Parameters Below Resonant
Frequency

C
••••-••·«•·-•-•·-•·••-•·•·•••••—•--•-·••-•·•-••·•-•••+•+++4-+4••·••·n••·-n+-•«•·«•·•••••••••••+••••

C
•••••

V
C ***** PROGRAM NAME : PCI’AR.FOR
C ***** FUNCTION : CALCULATE PARAMETERS FOR TIIE STEADY-STATE STATE
C ***** TRAJECTORIES BELOW RESONANT FREQUENCY.

C
DIMENSION X(8),Y(8),YY(8),XGUESS(8),IID(8),ID(8)
COMMON WN,Ol,PI,BT,WTS
EXTERNAL FCN1,FCN2,FCN3,FCN4
Pl =4."'ATAN(1.)
.ERREL= 0.0001
ITMAX= 200

10 RE/\D(5,*) WN,OI,ND
IF(WN.LT.0) STOP
WRITE(6,l000) WN,OI
IC = 1
WTS = PI/WN

I2 READ(5,*) (BD(K), K= I,8)
J = 0
DO I4 K= 1,8
IF(BD(K).NE.0.) J =J + I
BD(K) = BD(K)*WTS/180. ,

I4 CONTINUE E
READ(5,*) (ID(K), K= 1,.]+ 1) ‘

BT= WTS .
15 DO 22 K= 1,J

IF(BT.GE.BD(K)) TIIEN ·
II = ID(K)
GO TO 35

ENDIF '
22 CONTINUE I

II = ID(J + I)
35 GO TO (l00,200,300,400,500),II
100 IF(IC.EQ.l) TIIEN

CALL INI'I'IAL1(XGUESS)
IC = 0
Y(1)= XGUESS(2)
Y(2) = XGUESS( I)
Y(3) = XGUESS(3)
Y(4) = XGUIESS(4)
Y(5) = 2*I’I-XGUIESS(5)
Y(6) = XGUI£SS(8)
Y(7) = XGUESS(7)
Y(8) = XGUESS(6)

ELSE ·
IF(IOD.EQ.2) THEN

DO 103 I= 1,5
IO3 YY(I) = Y(I)

Y(1) = YY(2)
Y(2) = YY( I)
Y(3) = (1 + YY(2)**2)**().5
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Y(4) = YY(3)
Y(5) = YY(4)
Y(6) = ACOS( I/Y(3))
Y(7) = Y(6)
Y(8) = PI/2.

ENDIF
ENDIF
I= 0
N = 8

I05 XGUESS(I) = Y(I)·I*0.2
XGUESS(2) = Y(2)-I*0.2
XGUESS(3) = Y(3) + I*0.2
XGUESS(4) = Y(4)

. XGUESS(5) = Y(5)
XGUESS(6) = Y(6)
XGUESS(7) = Y(7)
XGUESS(8) = Y(8)
CALL NEQNF(FCN 1 ,ERREL,N,ITMAX,XGUESS,X,FNORM)
IF(X( I).GE.0.AND.X(2).GE. I.AND.X(3).GE. I.AND.
I X(4).GE.0.AND.X(4).LE.I.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.I.5708.AND.
l X(8).GE. I.57079.AND.X(8).LE.3. l4l6) 'I'I·IEN

IFLAG = I
IOD = l
DO I50 K = I,N
Y(K) = X(K)

‘

150 CONTINUE °
X( I) = 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(7) = Y(7)
X(8) = Y(6)
IF(X(5).GE.PI) THEN

GA= (I- I/WN)*PI-X(6) + BT
IF(X(2)*SI_N(GA).GT.OI) TIIEN

IDD= I I
ELSE
IDD= I2

ENDIF
ELSE
IF(X(6).LE.I’I) TIIEN

IF(X(3) *SIN(X(7)).GT.()I) TIIEN E
IDD= I3

ELSE
IDD= I4

ENDIF
ELSE
IDD= I5

ENDIF
ENDIF
BS = BT* 180/WTS
WRITE(6,9999) II,ID[),BS,(X(K),K = I ,8)

9999 FORMAT(lX,I2,IX,I2,FIO.4,8F7.4)
GO TO 999 -

ELSE
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IF(1.GE.8) TIIEN
C BS = BT* l 80/WTS
C WR1TE(6,8888) BS
C8888 FORMAT(//ERROR OCCUR AT BS =

’,F
10.4)

BT = BT + WTS/(3*ND)
GO TO I5

ELSE
I=1+1 .

GO TOI05·
ENDIF

ENDIF
200 1 = 0

’

IF(IOD.EQ.1) THEN
TEMP= Y( I)
Y( 1) = Y(2)Y(2) = TEMP _
Y(3) = Y(4) ·
Y(4) =Y(5).
Y(5) = P1/2.

ENDIF
1F(1OD.EQ.4) THEN

Y(1)= 2*01
Y(2) = 1.
Y(3) = 0.
Y(4) = ACOS( 1-2*01**2)
Y(5) = P1/2.

ENDIF
N = 5

205 XGUESS( 1) = Y( I)-1*0.15
XGUESS(2) = Y(2)-1*0.15 .
XGUESS(3) = Y(3)-1*.05

‘

XGUESS(4) = Y(4) + 1*.15
XGUESS(5) = Y(5)-1*.05
CALL NEQNF(FCN2,ERREL,N,1TMAX,XGUESS,X,FNORM)
1F(X( I).GE.0.AND.X(2).GE.2*OI.AN1).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.
I X(5).GE.-1.57079.AND.X(5).I„E.3.1416) THEN

IOD = 2
DO 250 K= 1,N
Y(K) = X(K)

250 CONTINUE
X( I) = Y( I)
X(2) = Y(2)
X(3) = Y(3)
X(4) = 2*1*1-Y(4)
X(5) = Y(5)
X(6) = 0.
X(7) = 0.
X(8) = 0.
1F(X(4).GE.PI) THEN

GA = (1-1/WN)*P1·X(5) + B'I'
1F(X(2)*S1N(GA).GT.01) THEN

. IDD= 21
ELSE
IDD= 22

ENDIF
ELSE
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IDD= 23
ENDIF
BS = BT* 180/WTS
WRITE(6,9999) II,1DD,BS,(X(K),K = 1,8)
GO TO 999

ELSE
IF(I.GE.8) THEN

C BS = B*180/WTS
C WRITE(6,8888) BS

BT= BT + WTS/(3*ND)
IF(IOD.EQ.l) THEN

TEMP= Y( I)
Y( 1) = Y(2)
Y(2)= TEMP

ENDIF
GO TO I5

ELSE
I=1+1

GO TO 205
ENDIF _ .

ENDIF
300 l= 0

IF(1FLAG.EQ.0) THEN
Y(1) = 2*01
Y(2)=(1+ 4*01**2)**0.5
Y(3) = PI/2.
Y(4) = PI/3.
Y(5)*= P1/3.

ENDIF
IF(IOD.EQ.l) THEN

Y(2) = Y(3) E E
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) = Y(4)
Y(4) = ATAN(TEMP)
Y(5) = Y(4)

END1F „
1F(1OD.EQ.4) T1 IEN

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)-I*0.2
XGUESS(2) = Y(2)·I*0.2 -
XGUESS(3) = Y(3)
XGUESS(4) = Y(4)·I*0. 1
XGUESS(5) = Y(5)·I*0.1
CALL NEQNF(FCN3,ERREL,N,ITM/\X,XGUESS,X,FORM)
IF(X(1).GE.0.AND.X(2).GE.0
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I .AND.X(2).LE.(l + 4*OI**2)**0.5.AND.X(3).GE.0
I .AND.X(3).LE.6.2832.AND.X(5).GE.0.AND.X(5).LE.X(4).AND.
l X(4).LE. I .5708) THEN

IOD = 3
DO 350 K = I,N
Y(K) = X(K)

350 CONTINUE
X(1) = Y( I)
X(2) = Y(2)
X(3) = 2*Pl-Y(3)
X(4) = I.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= (~PI + X(3))/2.
IF(X( l)*SIN(GA).GT.OI) TIIENIDD =3IE

ELSE
IDD= 32

ENDIF
ELSE
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FORTRAN Program for Calculating Trajectory Parameters Above Resonaut
Frequency

CC ••-•••
V

C ***** PROGRAM : PCl0PAR.FOR .
C ***** FUNCTION : CALCULATE THE PARAMETERS FOR EQUILIBRIUM STATE
C ***** TRAJECTORIES. ION FIXED, PULSE WIDTH VARYING.

C
DIMENSION X(8), XGUESS(8), Y(8)
EXTERNAL FCNI, FCNZA, FCN3
COMMON WN, 01, PI, BT, WTS
PI = 4.*ATAN(1.)
ERREL= 0.0001
ITMAX = 200

10 READ(5,*) WN,OI,SN
IF(WN.LE.0) STOP
WRITE(6,I I I) WN, OI
IC= 1
WTS = PI/WN
CALL BDY(BAI,BA2,BC1,BC2)
BT=WTS„

20 IF(BT.GT.BA1) THEN
ID =I_

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.I) GO TO 100
IF(ID.EQ.2l) GO TO 2100
IF(ID.EQ.3) GO TO 300
IF(ID.EQ.5) GO TO 500

100 IF(IC.EQ.1) THEN
CALL INIT1AL1(XGUESS)
IC = 0

ELSE
IF(IOD.EQ.21) THEN

XGUESS(I)=(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) 4
XGUESS(8) = Y(7)

ELSE
DO 1 10, K = 1,8

1 10 XGUESS(K) = Y(K)
ENDIF

ENDIF
N = 8
CAILL NEQNF(FCN1,ERREL,N,1TMAX,XGUESS,X,FNORM)
IO = 1
DO 120, K = 1,8

120 Y(K) = X(K)
IF(X(5).GE.PI) THEN

GA = PI-WTS-X(6) + BT
IF(X(2)*S1N(GA).GE.01) THEN

IDD= 1 1
ELSE
IDD= 12

ENDIF
ELSE
IF(X(6).LE.PI) THEN

IF(X(3)*SIN(X(7)).GE.OI) THEN
IDD= 13

ELSE
IDD= 14

ENDIF
ELSE 4

, IDD=15_
ENDIF E

ENDIF A _
BS = BT*180./WTS
WR1TE(6, 1000) ID, IDD, BS, (X(K),K = 1,8)
GO TO 999 ·

2100 1F(10D.EQ.1) THEN .
‘

XGUESS(1) = Y(2) + 2*01
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 21 10, K = 1,7

2110 XGUESS(K) = Y(K)
ENDIF
N = 7 · ·
CALL NEQNF(FCN2A,lERRE1 ,,N,1'1‘MAX,X(ilJ1€SS,X,FNORM)
[OD= 21
DO 2120, K =1,N

2120 Y(K) = X(K)
IF(X(5).LE.Pl) THEN

1F(X(3)*SIN(X(6)).GE.01) THEN
IDD= 23

ELSE
IDD= 24

ENDIF
ELSE
IDD= 25
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ENDIF
BS =BT*180./WTS·
X(8) = 0.
WRITE(6,l000) ID, IDD, BS, (X(K), K = 1,8)
GO TO 999

300 IF(IC.EQ.1) TI·IEN
CALL IN1TIAL3(XGUESS)
IC = 0

ELSE
IF(IOD.EQ. l) 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.
1F(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)
IOD= 3
DO 320, K = 1,N

‘ ·
320 Y(K) = X(K)

1F(X(3).GE.P1) THEN
GA= (X(3)-PI)/2.
1F(X(1)*SIN(GA).GE.O1) THENIDD=31‘

ELSE
IDD = 32

ENDIF
ELSE
lF(X(4).LE.PI) THEN

IF(X(2)*SIN(X(5)).GE.OI) THEN
IDD= 33

ELSE
IF(X(2)*S1N(X(6)).GT.OI) THEN „

IDD= 34
ELSE
IDD= 36

ENDIF
ENDIF

ELSE
IF(X(2)*SIN(X(6)).GT.01) 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,l000) ID, IDD, BS, (X(K), K= 1,8)
GO TO 999

500 IDD = 55
N = 2
X(1) = BT
X(2) =WTS-BT
BS= BT*I80./WTS
DO 505, K= 3,8

505 X(K) = 0. °
WRITE(6,l000) ID, IDD, BS, (X(K), 1(= 1,8)

999 1F(BT.EQ.0) GO TO 10
BT= BT-WTS/SN
1F(BT.LT.0) BT= 0
GO T0 20

111 FORMAT(lX,2F 10.5)
1000 FORMAT(1X,12,IX,I2,F10.4,8F7.4)

END
C
C ¢*¢*¢

C
•••••

C
•••••

C
_E

SUBROUTINE BDY(BA1,BA2,BCl,BC2)
COMMON WN, O1, PI, BT, WTS

10 A= ACOS( 1-01**2)
B = ACOS((1+ 01**2)/(1+ 4*01**2)**0.5)
C=ACOS(1/(-1 +4*01**2)**0.5) ·
WN1= Pl/(A+ B+ C)

~ WN2= PI/(2*01)
IF(WN.GE.WN2) THEN

BC1= WTS 3
BC2= WTS

ELSE
‘

1F(WN.GE.WN1) THEN
BCI = WTS
BC2= 2*01

ELSE
BC2= 2*01
A = ACOS(-2*01**2 + (1 + 4*01**2)**0.5)
B = ACOS(1/(1 +4*01**2)**0.5)
WN3 = PI/(0.5*(P1 + A) + B)
1F(WN.GE.WN3) THEN

RH = (2**0.5)*01
RL= (1 +4*01**2)**0.5-1

15 R=(R11+RL)/2.
CALL FQBD111(R,A1..,BE1,13132,0/\1,G/\2)
WNC = P1/(AL+ BEI-BE2+ GA2+ (1/\1)
1F(ABS(WNC-WN).L13. 1.13-4) '1'1 IEN

BCI = (GA2+ GA1+AL)
ELSE
1F(WNC.GT.WN) T1·1EN

RI1= R
ELSE
RL= R

ENDIF
GO TO 15

ENDIF
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ELSE
RH =2*OI.
RL= (I + 4*OI*‘°'2)**0.5-I

25 R = (RH + RL)/2.
CALL FQBDIII(R,AL,BEI,BE2,GAI,GA2)
WNC= PI/(AL+ BEI + BE2+ GA2-GAI)
IF(ABS(WNC-WN).LE.I .E·4) TIIEN

BCI = (GA2-GAI + AL)
ELSE
IF(WNC.GT.WN) THEN

RL= R
ELSE
RH=R

ENDIF
GO TO 25

ENDIF
ENDIF ·

ENDIF
ENDIFCALL

BDIIA(BAI,BA2)
RETURN
END

C
C

••·•·•-•·

C
-••·•-••I

C
•·•-•••

C
SUBROUTINE FQBDlII(RI,AL,BEI,BE2,GAI,GA2)
IMPLICIT REAL*4 (A-I{,O-Z)
COMMON WN, Ol, PI, BT, WTS
R2= (I + 4*OI**2)**0.5
AL= ACOS(I·0.5*RI**2)_

‘

BEI = (PI-AL)*0.5
BE2= P[·ACOS((I + R l*"2-R2**2)/(2*R l))
GAI = ACOS((l + R2**2~R I**2)/(2*R2))
GA2= ACOS( I/R2)
RETURN
END

C
C

••••·•-

C
•·•-•-n

C
••-•-••

C
SUBROUTINEBDlIA(BAl,BA2)IMPLICIT

REAL"4 (A-H,O-Z)
COMMON WN, OI, PI, BT, WTS

I I IF(Ol.GE.0.5) TI IEN
BA I = WTS
BA2= WTS
RETURN

ENDIF
R2AI = 2*Ol**2/(I-2*Ol)
CALL FQIlA(R2AI,ALI,AL2,ET2,WAI,WAI I)
R2= R2Al + 25.

I2 CALL FQllA(R2,ALI,AL2,ET2,WNCI,WNC2)
IF(WNCI.GE.WAl) THEN

R2= R2*2.
'GO TO I2
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ENDIF
R2A2= R2
WA2= WNCI
RH= R2A2
RL= RZAI

I4 R2= (RH + RL)/2.
R2P = R2 + 1.E-4
CALL FQI{A(R2,ALI,AL2,ET2,WNCI,WNC2)
CALL FQIIA(R2P,ALl,AL2,ET2,WNCP I ,WNCP2)
IF(ABS(RH-RL).LE.l.E-4) THEN

RZAMAX = R2
WAMAX = WNCI

ELSE
IF(WNCI.LE.WNCPI) THEN

RL= R2
ELSE
RH = R2

ENDIF
GO TO I4

ENDIF
IF(WN.GE.WAMAX) THEN

BAI = WTS
BA2= WTS
RETURN

ENDIF
IF(WN.GE.WAI) THEN

RH = R2A2
RL= RZAMAX

22 R2= (RH + RL)/2.
CALL FQIIA(R2,ALI ,AL2,ET2,WNC I ,WNC2)
{F(ABS(RH·RL).LE. I .E-4) TI{EN

BAI = (AL2+ALI)
ELSE
IF(WNCl.GT.WN) THEN

RL= R2
ELSE
RH = R2

ENDIF
GO TO 22

ENDIF
RH = RZAMAX
RL= RZAI

24 R2= (RH + RL)/2.
CALL FQIIA(R2,ALI ,AL2,ET2,WNC I ,WNC2)
IF(ABS(RH—RL).LE. I .E-4) TI IEN

BA2= (AL2+ ALI)
ELSE
IF(WNCI.GT.WN) THEN

RH = R2
ELSE
RL= R2

ENDIF
GO TO 24

ENDIF
ELSE
IF(WN.GE.WA2) THEN

RZA3 = R2A2
ELSE
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R2= R2A2*2
26 CALL FQllA(R2,ALI,AL2,ET2,WNCl,WNC2) .

IF(WN.GT.WNCl) THEN
RZA3= R2

ELSE
R2= R2*2
GO TO 26

ENDIF
ENDIF
RH = R2A3
RL= RZAMAX

28 R2= (RH + RL)/2.
CALL FQIIA(R2,ALl,AL2,ET2,WNCI,WNC2)
lF(ABS(RH—RL).LE.I.E·4) THEN

BAI = (AL2+AL1)
ELSE
IF(WNCl.GT.WN) THEN

RL= R2
ELSE
RH = R2

ENDIF
GO TO 28

ENDIF
R2= R2A1 + 5.

32 CALL FQIlA(R2,ALl,AL2,ET2,WNCI ,WNC2)
IF(WNC2.LE.WN) THEN

R2A4= R2
ELSER2=R2*2.·
GO TO 32

ENDIF
RH = R2A4
RL= R2A1

34 R2= (RH + RL)/2.
CALL FQIIA(R2,AL1,AL2,ET2,WNCI,WNC2)
IF(ABS(Rll-RL).LE. I .E-4) THEN

BA2= (AL2-ALI)
ELSE
lF(WNC2.GT.WN) THEN

RL= R2
ELSE
RH= R2

ENDIF
GO TO 34

ENDIF
ENDIF
RETURN
END

C
C ***1**
CC

0****
C

SUBROUTINE FQIlA(R2,ALI,AL2,ET2,WNCI,WNC2)
IMPLICIT REAL*4 (A-H,O-Z)
COMMON WN, Ol, PI, BT, WTS
R3= ((R2+ 2*Ol)**2+ 1.)**0.5
AL2= ACOS( I /R3)
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AL1 = ACOS((1+ R3**2·R2**2)/(2*R3))
ETI = 2*PI-ACOS((1 + R2**2-R3**2)/(2*R2))
ET2= 2*PI-ET1
WNC1 = P1/(AL2+ALI + 1.5*PI-ETI)
WNC2= PI/(AL2-ALI + 1.5*PI-ET2)
RETURN
END

C
C

•••»••

C
•·••••

C
•-•-·••·•·
C.

SUBROUTINE INIT1AL1(X)
IMPLICIT REAL*4 (A-H,O-Z)
DIMENSION X(8)
COMMON WN, O1, PI, BT, WTS
RMAX = 10.

601 CALL ICFREQ l(RMAX,R3,RO,Sl,AL1,AL2,WNC)
IF(WNC.GT.WN) THEN

RMAX = RMAX*2.
GO TO 601

ENDIF
RA= RMAX
RB = 1.

611 R = (RA + RB)/2.
CALL ICFREQ 1(R,R3,RO,S1,ALl ,AL2,WNC) '
IF(ABS(WNC-WN).LE.0.0001) Tl IEN

X(1) = R
X(2) = (1 + R**2-2*R*COS(SI))**0.5
X(3) = R3 .
X(4) = RO
·’

X(5) = SI
X(6) = Pl + ACOS((1 + X(2)**2-R**2)/(2*X(2)))
1X(7) = -ALl
X(8) = AL2
RETURN

ELSE
IF(WNC.LT.WN) THEN

RA= R
ELSE
RB=R

ENDIF
GO TO 6II ·

ENDIF
END

C
C nn--•·
C
-•·••-·•·«•.

C **¢**
4 C

SUBROUTINE lNlT1AL3(X)
IMPLICIT REAL*4 (A-H,O-Z)
DIMENSION X(8)
COMMON WN, Ol, P1, BT, WTS
RA= (l. + 4.*01**2)**0.5
RB = I.

622 R=(RA+ RB)/2. ·
CALL ICFREQ3(R,Sl,ALl ,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*PI-0.5*SI
X(5) = -ALl
X(6) = AL2
RETURN

ELSE
1F(WNC.LT.WN) THEN

RA= R
ELSE
RB = R

ENDIF
GO TO 622

ENDIF .
END

C
C

••·•••

C
••·•·•·•

C
-•••-••

C
SUBROUTINE ICFREQl(R l,R3,RO,SI,ALl,AL2,WNC)
IMPLICIT REAL*4 (A-H,O-Z)
COMMON WN, OI, P1, BT, WTS
R3 = (1 + (2*OI + (RI**2- 1)**0.5)**2)**0.5
SI = ACOS((4+ R 1**2-R3**2)/(4*R 1))
RO=ACOS(1/RI)
ALI = ACOS((4+ R3**2-R l **2)/(4*R3))
AL2= ACOS(1/R3)
WNC= PI/(AL1+ AL2+ SI-RO) ‘

RETURN
END '
C.
C

•V-•·•·«•··•·

C
••••+

V
C

•-•••·•·

C .
SUBROUTINE ICFREQ3(R,S1,AL1,AL2,WNC)
IMPLICIT REAL*4 (A·H,O·Z)
REAL*4 LK

A COMMON WN, O1, P1, BT, WTS
S1= ACOS((5-R**2)/4.)
ALI = ACOS((3 + R**2)/(4*R))
AL2= ACOS( I/R)
LK = 2*OI-(R**2·l)**0.5
WNC = PI/(LK + ALI + AL2 + S1)
RETURN
END

C
C

·•-••·•·•

C
•·•·•··•··•

C
•·•-·•-n

C
SUBROUTINE FCNI(X,F,N)
IMPLICIT REAL*4 (A-lI,O-Z)
DIMENSION X(N), F(N)
COMMON WN, Ol, PI, BT, WTS
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F( 1) = X(1)*COS(X(4))- 1
F(2) = 2*X( 1)*COS(2*1’1-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(l).LT.1) THEN

X(1) = 1.
ENDIF
F(7) = X(3)**2- l-(2*01 + (X(1)**2-1)**0.5)**2
F(8) = X(8)-X(7) + X(5)-X(4)·BT
RETURN

_ END
C
C

••••·•·

C
•••••

C
·•·••••

C
SUBROUTINE FCN2A(X,F,N)
IMPLICIT REAL*4 (A-I·I,O·Z)
DIMENSION X(N), F(N)
COMMON WN, O1, P1, BT, WTS
F(1) = X(1)-X(2)-2*01
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*P1)— 1-X( 1)**2 + X(3)**2
F(6) = 1.5*P1·X(5)-X(6) + X(7) + X(4)-WTS
F(7) = X(7)-X(6)-BT
RETURN

· END
C
C

•••••

C
•••••·•

C
•¢•••
C„

SUBROUTINE FCN3(X,F,N)
IMPLICIT REAL*4 (A-11,0-Z)
DIMENSION X(N), F(N)
COMMON WN, O1, P1, 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
EN1)1F
F(5) = X(6)-X(5) + 2*O1-(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)

CC ••••• i
C ***** PROGRAM : l’COU'l'.FOR
C ***** FUNCTION : CALCULATE VARIOUS CIRCUIT SALIENT FEATURES.
C ***** CAN BE USED F()R BO'l'll BELOW AND ABOVE RESONANT
C ***** FREQUENCY.
C ¤|•****
CC

DIMENSION X(8)
REAL ILRMS, IQIRMS, IQZRMS, lDlAV, lD2AV, IOIOFF, IQZOFF,
l IQION, lO2ON, LK
PI=4.*ATAN(l.)

l0 READ(5,l000) WN, Ol
WTS = Pl/WN

15 READ(5,2000) ID, IDD, BS, (X(K),K= I,8)
C WRITE(6,2000) ID, IDD, BS, (X(K),K= I,8)

BT= BS*Pl/180./WN ·
lF(ID.EQ.l) GO TO l00
lF(lD.EQ.2) GO TO 200
lF(lD.EQ.2l) G() TO 2l00
IF(lD.EQ.3) GO TO 300
lF(lD.EQ.4) GO TO 400
lF(ID.EQ.5) GO TO 500

l00 RI = X(l)
R2= X(2)
R3= X(3)
RO= X(4)
Sl = X(5)
E'l‘ = X(6)
Al „l = X(7)
Al,2= X(8)
GA= ( l- I/WN)*I’l—E’l‘ + BT
B = PI-RO
A = Sl-Pl
RA= RMSl(Rl,A,B,Ol,2)
AA= AVV(Rl,A,B,OI,2)
B = ~GA
A= Pl-ET
RB = RMSI(R2,A,B,Ol,3)
AB = AVV(R2,A,B,Ol,3)
B = -ALl
A= AL2
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RC = RMSI(R3,A,B,OI,4)
AC =AVV(R3,A,B,OI,4)
VAV= (AA + AB + AC)/WTS
ILRMS = ((RA+ RB + RC)/WTS)**0.5
IF(IDD.EQ.l I) THEN

VCPK= 1+ RI
IQIOFF= 0.
IQZOFF = 0.
IQ ION = R2*SIN(GA)-OI
IQZON = R3*SIN(ALI)-OI
XX= PI-ASIN(OI/RI)
B= PI·RO
A= PI—XX
RAA= RMSI(RI,A,B,OI,2)
IQIRMS = ((RAA+ RB + RC)/WTS)**0.5 S

»
. IQZRMS = ((RAA+ RC)/WTS)"0.5

B= -(PI-XX)
A=SI-PIDA=

AVI(RI,A,B,OI,2)
B = -GA
A= PI-ET
DB = AVI(R2,A,B,OI,3)
IDlAV= -DA/WTS
ID2AV= ·(DA + DB)/WTS

ELSE
IF(IDD.EQ. I2.0R.IDD.EQ. I3) TIIEN

IF(IDD.EQ.l2) TIIEN · .
VCPK= I + RI

ELSE
. · VCPK = R2 -

ENDIF
S IQIOFF = OI + RI*SIN(SI)

IQZOFF = 0.
IQION = 0.
IQZON = R3*SIN(ALl)-OI
Y=ASIN(OI/R2)
B = -Y
A= PI-ET
RBB= RMSI(R2,A,B,OI,3) '
IQ IRMS = ((RA + RBB + RC)/W'I‘S)**0.5
B = -GA
A= Y
RBB= RMSI(R2,A,B,OI,3)
IQZRMS = ((RA + RBB + RC)/W'['S)**0.5
B = -GA .
A = Y
DA= AVI(R2,A,B,()I,3)
B = -Y
A= PI-E'I‘
DB = AVI(R2,A,B,()I,3)
IDlAV= DA/WTS
ID2AV= -DB/WTS

ELSE
IF(IDD.EQ.I4) TIIEN

VCPK = R2
ELSE
VCPK = R3-I

ENDIF
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IQIOFF = OI + Rl*SIN(SI)
IQZOFF = OI-R3*SIN(AL|)
IQION = 0.
IQZON = 0.
Z = ASIN(OI/R3)
B = -Z
A = AL2
RCC = RMSI(R3,A,B,Ol,4)
IQ IRMS = ((RA + RCC)/WTS)"0.5 .
IQ2RMS = ((RA+ RB + RCC)/WTS)**0.5

· B = ·GA
A= PI-ET
DA= AVI(R2,A,B,OI,3)
B = -ALI
A= Z
DB = AVI(R3,A,B,OI,4)
IDIAV = (DA+ DB)/WTS
ID2AV= DB/WTS

ENDIF
ENDIF
GO TO 999

200 RI = X(I)
R2= X(2)
RO = X(3)
SI = X(4)
AL= X(5)
GA= ( I- I/WN)*PI-AL + BTR3 = R2-2"OI '
IF(AL.LT.0.AND.R3*SIN(-AL).GT.OI) IDD= 29
B = 0.5*PI
A= -AL
RA = RMS|(R3,A,B,OI,3)I
AA= AVV(R3,A,B,OI,3)
B = Pl-RO
A = SI-PI
RB = RMSI(R I,A,B,Ol,2)
AB = AVV(Rl,A,B,OI,2) B
B = ·GA
A = 0.5*PI
RC = RMSI(R2,A,B,OI,3)
AC = AVV(R2,A,B,OI,3)
VAV= (AA + AB + AC)/WTS‘
ILRMS = ((RA + RB + RC)/WTS)**0.5
IF(IDD.EQ.2I) TIIEN

XX = ASlN(OI/RI)
B = I’I·RO
A=XX
RBB = RMSl(RI,A,B,OI,2)
IQ l RMS = ((RA+ RBB + RC)/W’I'S)**0.5
IQ2RMS = (RBB/WTS)**0.5
B = 0.5*PI
A= -AL
DA = AVI(R3,A,B,OI,3)
B = -XX
A= SI-PI
DB = AVI(Rl,A,B,OI,2)
B = ·GA ~
A = 0.5*PI
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DC= AVI(R2,A,B,Ol,3)
lDlAV= -DB/WTS
ID2AV= (DA-DB·DC)/WTS
VCPK = 1+ R1
IQlOFF= 0.IQZOFF = 0. '
IQlON= R2*SIN(GA)-OI
IQ20.N = RI*SIN(RO) + OI

ELSE
IF(lDD.EQ.22.0R.IDD.EQ.23) THEN

IF(lDD.EQ.22) THEN
VCPK= l + RI
ELSE
VCPK = R2

ENDIF
Y= ASlN(OI/R2)
B= -Y
A= 0.5*PI
RCC= RMSI(R2,A,B,OI,3)
IQIRMS= ((RA+ RB + RCC)/W'I”S)**0.5
B = ·GA
A=Y4
RCC= RMSI(R2,A,B,OI,3) _
IQZRMS = ((RB + RCC)/W'I"S)**0.5
B = PI/2.
A = -AL
DA= AVI(R3,A,B,OI,3) »
B = —GA .
A= Y
DCC = AVI(R2,A,B,Ol,3) ·
IDIAV= DCC/WTS
B = -Y
A= PI/2. ·
DCC= AVI(R2,A,B,OI,3) .
ID2AV= (DA-DCC)/WTS
IQ IOFF = R2*SIN(-GA) + ()I
IQ2OFF = 0.
IQION = 0.
IQZON = R 1 *SIN(RO) + Ol

ELSE
VCPK = R2
Y= ASIN(OI/R3)
B = PI/2.
A = Y
RAA = RMSI(R3,A,B,()I,3)
Z= ASIN(()l/RI)
B = PI + Z
A= SI-PI
RBB= RMSI(RI,A,B,OI,2)
YY= ASIN(OI/R2)
B = -YY
A = PI/2. ‘

RCC = RMSI(R2,A,B,OI,3)
IQIRMS = ((RAA + RBB + RCC)/W'I'S)**0.5
B = -Y
A= -AL
RAA= RMSI(R3,A,B,OI,3)
B = —GA
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A= YY
RCC=IQZRMS

= ((RAA + RBB + RCC)/W'I’S)**0.5
B = -Y
A= -AL ·
DA= AVI(R3,A,B,OI,3)
B = PI-RO
A = P1+ Z
DB = AVI(R1,A,B,OI,2)
B = -GA
A=YY
DC= AVI(R2,A,B,OI,3)
IDIAV = (-DA-DB + DC)/WTS
B= PI/2.
A= Y
DA=AVI(R3,A,B,OI,3)
B=-YYA=

PI/2.
DC = AVI(R2,A,B,OI,3)
IDZAV = (DA·DB-DC)/WTS
IQ IOFF = R2*S1N(—GA) + O1
IQZOFF = 0.
IQ ION = 0.
IQZON = 0.

ENDIF
ENDIF‘
GO TO 999

2100 RI = X(1)
R2= X(2)
R3= X(3)
RO = X(4)
ET= X(5)
ALI = X(6). 9
AL2= X(7)
B = 0.5*I’I

_ A= -(ET-PI)
RA = RMS1(R2,A,B,OI,3)
AA= AVV(R2,A,B,OI,3)
B = -ALI
A= AL2
RB= RMSI(R3,A,B,O1,4)
AB = AVV(R3,A,B,OI,4) ‘

B = -(0.5*PI-RO)
A = 0.5*PI
RC = RMSI(R 1,A,B,O1,3)
AC = AVV(R I,A,B,OI,3)
VAV= (AA + AB + AC)/WTS
ILRMS = ((RA + RB + RC)/W°1’S)**0.5
IF(IDD.EQ.23) TIIEN

XX = ASIN(O|/R2)
B = -XX
A= PI-ET
RAA= RMS1(R2,A,B,OI,3)

‘

IQ I RMS = ((RAA + RB)/WTS)"0.5
B = 0.5*PI
A=XX
RAA = RMSl(R2,A,B,O1,3)
IQZRMS = ((RAA+ RB + RC)/W'1'S)**0.5
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DA= AVI(R2,A,B,OI,3)
B = ~(0.5*PI-RO)
A= 0.5*PI
DC = AVI(R I ,A,B,OI,3)
IDIAV= (DA-DC)/WTS
B = -XX
A = PI-ET
DA= AVI(R2,A,B,OI,3)
lD2AV= -DA/WTS
VCPK = R2
IQIOFF = R3*SIN(AL2)-OI
IQZOFF = 0.
IQ ION = 0.
IQ2ON= R3*SIN(ALI)-Ol

_ ELSE
IF(IDD.EQ.24) THEN

VCPK = R2
ELSE
VCPK = R3- I .

ENDIF
Y= ASlN(Ol/R3)
B = ~Y
A =AL2
RBB = RMSI(R3,A,B,OI,4)
IQ 1 RMS = (RBB/W'I‘S)**0.5
IQZRMS = ((RA+ RBB + RC)/W'l'S)**0.5
B = 0.5*Pl
A= Pl·ET
DA = AVI(R2,A,B,OI,3)
B = ·ALI
A= Y
DB = AVI(R3,A,B,OI,4)
B = -(0.5*Pl-RO)
A= 0.5*PI
DC= AVl(RI,A,B,Ol,3)
IDIAV = (DA+ DB·DC)/WTS
lD2AV= DB/WTS
IQ IOFF = R3*S1N(AL2)·OI
IQZOFF = R3*SIN(-ALI) + Ol
[Q ION= 0.
IQZON= 0.

ENDIF
GO TO 999

300 RI = X(I)
R2= X(2)
SI = X(3)
ET= X(4)
ALI = X(5)
AL2= X(6)
LK = 2*OI-(R2**2- 1)**0.5
GA = (-PI + Sl)/2.
B = Pl
A= Sl—PI
RA = RMSI(I.,A,B,OI,2)

· AA = AVV(I.,A,B,OI,2)
B = -GA
A= PI-ET
RB = RMSI(R I ,A,B,Ol,3)
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AB = AVV(Rl,A,B,OI,3)
B = ·ALl
A= AL2
RC= RMSI(R2,A,B,OI,4)
AC = AVV(R2,A,B,OI,4)
VAV= (AA + AB + AC)/WTS
Oli = (R2**2-I)**0.5·OI
OI2= OI
RD = LK*(OI2**2+ OI I **2+ OII *OI2)/3.
VAV= (AA+ AB + AC)/WTS
ILRMS = ((RA+ RB + RC + RD)/WTS)"0.5
IF(IDD.EQ.3l) THEN

VCPK = 2.
IQIOFF = 0.IQZOFF = 0. ‘
IQION = -SIN(SI)·OI .
IQ2ON = R2*SIN(ALI)-Ol
Y=ASIN(0I)
B = PI
A= Y
RAA= RMSI(I.,A,B,0l,2)
IQIRMS = ((RAA+ RB + RC + RD)/W'I“S)**0.5
IQZRMS = ((RAA + RC + RD)/WTS)**().5
B = -Y
A= SI-PI
DA=AVl(l.,A,B,0I,2)
B = -GA
A = PI-ET
DB = AVI(R I,A,B,OI,3)
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 = RI

ENDIF
IQ IOFF= Ol—Rl*SIN(GA)
IQZOFF = 0.
lQlON= 0.
IQZON = R2*SIN(ALI)-OI
YI = ASIN(Ol/R l)
B = -Yl
A = Pi-ET
RBB= RMSI(RI,A,B,Ol,3)
IQIRMS = ((RA + RBB + RC + RI))/W'|'S)**0.5
B = -GA
A = Yl
RBB = RMSI(RI,A,B,OI,3)
IQZRMS = ((RA+ RBB + RC + RD)/W'I'S)**0.5
B = -GA
A = Y1
DA=AVl(Rl,A,B,0I,3)
B = -Yl
A= P[·ET
DB = AVI(RI,A,B,()I,3)
IDlAV= DA/WTS
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ID2AV= -DB/WTS
ELSE
IF(IDD.EQ.34.0R.IDD.EQ.36) TIIEN

VCPK = RI
ELSE
VCPK =R2-I.

ENDIF
IQ IOFF = OI-R I *SIN(GA)
IQZOFF = OI-R2*SIN(ALI)
IQ ION = 0.
IQZON = 0.
IF(R2*SIN(AL2).GT.OI) THEN

Z= ASIN(OI/R2)
B =-Z»A=AL2 '
RCC = RMSI(R2,A,B,OI,4)
IQIRMS = ((RA + RCC + RD)/WTS)**0.5
IQZRMS = ((RA + RB + RCC + RD)/WTS)**0.5
B = ·GA
A = PI·ET
DA= AVI(RI,A,B,OI,3)
B = -ALl
A=ZDB

= AVI(R2,A,B,OI,4)
ID IAV = (DA + DB)/WTS
IDZAV= DB/WTS

. ELSE
RDD= OI**3/3.·
IQlRMS=((RA+IQZRMS

= ((RA + RB + RDD)/WTS)"0.5
B = ·GA
A=PI-ET.
DA= AVI(Rl,A,B,OI,3)
B = —ALI
A= AL2
DB = AVI(R2,A,B,OI,4)
DC= (OI-R2*SIN(AL2))* *2/2.
IDIAV = (DA+ DB + DC)/WTS
ID2AV = (DB + DC)/WTS

ENDIF
ENDIF

ENDIF
GO TO 999

400 RI = X(I)
_SI = X(2)
TII = X(3)
LK = 2*OI-RI
GA = (-PI + SI)/2.
B = PI
A = SI-PI
RA= RMSI( I .,A,B,OI,2)
AA= AVV(l.,A,B,OI,2)
B = ·GA
A = PI/2.
RB = RMSI(R I ,A,B,OI,3)
AB = AVV(RI,A,B,OI,3)
RC = (Ol-LK)**2*TH
AC = 0.
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OII = (OI-LK)
OI2= OI
RD= LK*(0Il**2+ OI2**2+ OIl*Ol2)/3.
AD=0
VAV= (AA+ AB)/WTS
ILRMS = ((RA + RB + RC + RD)/WTS)**0.5
IF(IDD.EQ.4l) THEN

XX =ASIN(OI)
B= PI
A=XX
RAA= RMSI(l.,A,B,OI,2)
IQ I RMS= ((RAA+ RB + RC + RD)/W’I'S)**0.5
IQZRMS = ((RAA + RD)/WTS)"0.5
B = -XX
A=SI-PIB=

·GA
A= PI/2.
DB =AVI(R l,I,B,OI,3)
DC= TH*(0I-LK)
IDlAV= -DA/WTS
ID2AV= (-DA~DB + DC)/WTS
VCPK= 2.
IQIOFF = 0.
IQ2OFF= 0.
IQION = SIN(2*I’I-SI)—OI
IQ20N = OI-LK

ELSE
IF(IDD.EQ.42.0R.IDD.EQ.43) TI IEN

IF(IDD.EQ.42) THEN
VCI’K= 2. —

ELSE
VCPK = RI

ENDIF
Y= ASIN(OI/R1)
B = ~Y
A= PI/2. "

RBB = RMSI(Rl,A,B,0I,3)
IQ IRMS = ((RA+ RBB + RC + RD)/WTS)**0.5
B = ·GA
A = Y
RBB = RMSI(Rl,A,B,OI,3)
IQZRMS = ((RA+ RBB + RD)/WTS)"0.5
B = ·GA

l

A= Y
DBB = AVI(Rl,A,B,OI,3)
IDlAV= DBB/WTS
B = -Y
A = PI/2.
DBB = AVI(Rl,A,B,OI,3)
DC= TI·I*(OI·LK)
ID2AV= (-DBB + DC)/WTS
IQIOFF = SIN(SI) + OI
IQZOFF = 0. V
IQ l0N= 0.
IQ2ON= OI·LK

ELSE
VCPK = R1
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IQ IOFF = SIN(SI) + OI
. IQ2OFF = LK-OI

IQ ION = 0.
IQ2ON = 0.
RDD= 01**3/3.
IQIRMS = ((RA+ RDD)/WTS)**0.5
IQ2RMS = ((RA+ RB + RC + RDD)/WTS)"0.5
B = ·GA
A= PI/2.
DB =AVI(R I,A,B,O1,3)
DC = (LK-OI)*TI—I
DDD =(LK-01)**2/2..
IDIAV = (DB + DC + DDD)/WTS
IDZAV= DDD/WTS

ENDIF
ENDIF
GO TO 999

500 LK = BT .
PHI = WTS-BT
VAV= 0.
RA= LK'*3/24.
RB = LK**2*I’HI/4.
RC= LK*"'3/24.
ILRMS = ((RA+ RB + RC)/WTS)"0.5 _

IQ IRMS= (RA/WTS)"0.5
IQZRMS= ((RA+ RB)/WT8)**0.5
IDIAV = (LK*PHI/2. + LK**2/8.)/WTS
1D2AV = (LK**2/8.)/WTS
IQIOFF = LK/2.
IQZOFF = LK/2.VCPK =0.‘
IQ ION = 0.
IQZON = 0.

999 WRITE(6,3000) BS, VAV, ILRMS,
VCPKWRI'I‘E(7,3000)BS, IQ IRMS, IDIAV, IQ IOFF, IQ ION
WRITE(8,3000) BS, IQ2RMS, ID2AV, IQ2OFF, IQZON
IF(BT.EQ.0.AND.OI.EQ. I.0) STOP _
IF(BT.EQ.0) GO TO 10
GO TO I5

3000 FORMAT(IX,5F14.5)
2000 FORMAT(IX,I2,lX,I2,F10.4,8F7.4)
I000 FORMAT(2F 14.5)

END
CCC -•· •·••-•·

C +4-u•

C
FUNCTION RMSI(R,AL,BE,()1,IC)
IF(IC.EQ.2.0R.IC.EQ.3.0R.1C.EQ.4) TIIEN

RMSI = OI**2*(AL+ BE)-2*R*OI*(C()S(BE)—COS(AL))
E

I + 0.5*R**2*(AL+ BE-0.5*SIN(2*BI€)·0.5*SIN(2*AI .))
ELSE -
IF(IC.EQ.5.0R.IC.EQ.6.0R.IC.EQ.I) 'I'IIEN

RMSI= OI**2*(AL+ BE) + 2*R *()I*(COS(BE)·COS(AL)) ·
I + 0.5*R**2*(AI.. + BE-0.5*SIN(2*BE)-0.5*SIN(2*AL))

ELSE
RMSI = -9999.
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ENDIF
ENDIF
RETURN
END

C
C

••·••·•·

C
·•··•·•·••

C
·••·••¢

C .
FUNCTION AVI(R,AL,BE,OI,IC)
IF(IC.EQ.2.0R.IC.EQ.3.0R.IC.EQ.4) TI IEN

AVI= OI*(AL+ BE) + R"'(COS(AL)-COS(BE))
ELSE
IF(IC.EQ.S.OR.IC.EQ.6.0R.IC.EQ.1) TIIEN

AVI = -OI*(AL+ BE) + R*(COS(AL)-COS(BE))
ELSE
AVI = -999.

ENDIF
ENDIF
RETURN
END

C
C

•·•·•·••

C
•·•·•·•·•·

CFU

NCTION AVV(R,AI„,BE,OI,IC) "

IF(IC.EQ.l.OR.lC.EQ.2) TIIEN
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.()R.IC.EQ.S) TIIEN

‘

AVV= -(AL+ BE) + R*(SIN(AI,) + SIN(BE))
ELSE
AVI = -999.

ENDIF
ENDIF

ENDIF .
RETURN
END
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APPENDIX C.6

DC CHARACTERISTICS BELOW

RESONANT FREQUENCY
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Figure C.6.l DC Characteristics for w_„, = 0.9
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C.7DCCHARACTERISTICS ABOVE

RESONANT FREQUENCY
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APPENDIX C.8

GENERATION OF CIRCUIT WAVEFORMS OF A CM—PRC‘

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

C
-•••·•·••••••••-•••••••••••••••••-•·••••••••-nu«en•••••••••••••••••••••••

C
n•••

C ***** PROGRAM : PCWAVE.FOR
C ***** FUNCTION : GENERATE DATA FOR PLOTING WAVEFORMS AND STATE
C ***** TRAJECTORIES OF A CM-PRC. THE PROGRAM CAN BE
C ***** USED FOR BOTH BELOW AND ABOVE RESONANT FREQUENCY
C ***‘°‘* CASES.
C

•••••

CC

REAL ILN, VCN, LK
DIMENSION X(8)
Pl = 4.*ATAN(1.)

10 READ(5,*) WN, O1
lF(WN.LT.0) STOP

ll READ(5,l000) 1D,lDD,BS,(X(K), K= 1,8)
WTS = PI/WN
BT = (BS]180)*WTS
DT=WTS/200.
WT= 0.
YT=0.
IF(ID.EQ.1) GO TO 100 ·
IF(lD.EQ.2) GO TO 200
IF(ID.EQ.21) GO TO 2100
IF(ID.EQ.3) GO TO 300
IF(1D.EQ.4) GO TO 400
IF(ID.EQ.5) GO TO 500

100 Rl=X(l)
R2= X(2)
R3= X(3)
RO= X(4)
Sl= X(5)
ET= X(6)
AL1= X(7)
AL2= X(8)
GA = (1- 1]WN)*P1-ET+ BT
T= Pl·GA

101 lF(T.LE.E'l‘) GO
'l‘O

102
ILN = R2*SIN(T)·OI
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,lLN
WR1TE(7,2000) WT,ILN
T=T-DT
WT= WT+ DT*180/WTS
GO TO 101

102 T= P1-AL1
YT= YT+ (PI-GA—ET)
WT= YT* 180*WN/PI

103 lF(T.LT.(Pl~AL2)) GO TO 104
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ILN= R3*S1N(T)-O1
VCN = R3*COS(T) + 1
WRITE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,1LN
T= T·DT
WT= WT+ DT*180/WTS
GO TO 103

104 T= PI-RO
YT= YT + (AL2-AL1)
WT= YT*l80*WN/PI

105 1F(T.LT.(P1-SI)) GO TO 106
ILN= R1*S1N(T) + O1
VCN = R1*COS(T) + 1
WRITE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,1LN
T=T·DTWT

= WT + DT*180/WTS
GO TO 105

106 T= -GA
YT = YT + (SI-RO)
WT= YT*180*WN/P1

107 1F(T.LT.(·P1+ ET)) GO TO 108
ILN = R2"S1N(T) + O1
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,1LN
T = T-DT
WT=WT+DT*180/WTS

‘

GO TO 107
108 T= ~AL1

YT = YT + (PI-GA—E'1‘)
WT= YT*180*WN/P1

109 1F(T.LT.·AL2) GO TO 110
ILN = R3*S1N(T) + O1
VCN= R3*COS(T)-1
WRITE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,1LN
T=T-DT
WT= WT + DT*180/WTS
GO TO 109

110 T= -RO
YT = YT + (AL2-ALI)
WT = YT*180*WN/P1

111 lF(T.LT.(-SI)) GO TO 112
ILN = R1*SIN(T)-O1
VCN= Rl *COS(T)-1
WRITE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,1LN
T= T-DT
WT= WT + DT" 180/W'1‘S
GO TO 1 11

1 12 T= P1-GA
YT = YT+ (S1-RO)
WT= YT*180*WN/P1

113 1F(T.LT.ET) GO TO 10
T ILN= R2*SIN(T)·OI

VCN= R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,1LN
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)
S1= X(4)
AL= X(5)
GA= (1- 1/WN)*PI~AL+ BT
T = P1-GA

201 1F(T.LT.(PI/2.)) GO TO 202
ILN = R2*S1N(T)~OI
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,lLN
WRITE(7,2000) WT,ILN
T= T-DT
WT=WT+ DT*l80/WTS

1

GO TO 201
202 T= P1/2.

YT = YT + (PI/2.-GA) .
WT= YT*180*WN/P1

203 IF(T.LT.AL) GO TO 204
ILN = (R2·2°OI)*SIN(T) + OI
VCN = (R2-2*OI)*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRlTE(7,2000) WT,ILN
T =T-DT
WT= WT+ DT* 180/WTS
GO TO 203

204 T= PI-RO _
YT=
YTWT=YT*180*WN/PI

‘

205 IF(T.LT.(PI-S1)) GO TO 206
ILN = R1*SIN(T) + Ol
VCN = Rl*COS(T)+ 1
WRlTE(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.·I’I/2.) GO TO 208 .
ILN= R2*SIN(T) + Ol
VCN = R2*COS(T)
WRITE(6,2000) WT,VCN,ILN
WRlTE(7,2000) WT,ILN
T= T-DT
WT = WT + DT*l80/WTS
GO TO 207

208 T = -P1/2.
YT= YT + (PI/2.-GA)
WT = YT*180*WN/PI

209 IF(T.LT.(-P1 + AL)) GO TO 210
ILN = (R2-2*Ol)*SIN(T)-Ol
VCN = (R2-2"'OI)*COS(T)
WRlTE(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 + (P1/2.-AL)
WT= YT*180*WN/P1

211 1F(T.LT.(·S1)) GO TO 212
ILN = R1*S1N(T)-O1
VCN = R1*COS(T)-1
WRITE(6,2000) WT,VCN,I1.„N
WR1TE(7,2000) WT,ILN
T = T-DT
WT=WT+DT*180/WTS ,

GO TO 211
212 T = P1-GA

YT= YT + (SI-RO)
WT= YT*180*WN/P1

213 1F(T.LT.(PI/2.)) GO TO 10
ILN = R2*S1N(T)-O1
VCN = R2*COS(T)

‘

WR1TE(6,2000) WT,VCN,1LN
WR1TE(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 1F(T.LT.(·PI/2.)) GO TO 2102
1LN= R1*S1N(T)+O1 _

VCN = R 1 *COS(T)
WR1TE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T =T-DT·
WT= WT+ DT*180/WTS
GO TO 2101

2102 T= -P1/2.
YT= YT+
RO‘

WT= YT*180*WN/PI
2103 1F(T.LT.(ET-2*P1)) GO TO 2104

ILN = (R 1-2*01)*SlN(T)-O1
VCN = (R1-2*OI)*COS(T)
WR1TE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,ILN
T = T-DT
WT = WT+ DT*180/WTS
GO TO 2103

2104 T = ·P1-ALI
YT= Y'1'+(1.5*P1-ET)
WT= YT*180*WN/P1

2105 1F(T.LT.(-P1-AL2)) GO TO 2106
ILN = R3*S1N(T)-O1
VCN = R3*COS(T) + 1
WR1TE(6,2000) WT,VCN,1LN
WR1TE(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*S1N(T)·O1
VCN = R1 *COS(T)
WR1TE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T= T-DT
WT= WT+ DT* 180/WTS
GO TO 2107

2108 T== P1/2.
YT = YT+ RO
WT= YT*180*WN/PI „

2109 IF(T.LT.(ET·PI)) GO TO 21 10
ILN = (R1-2*01)*S1N(T) + OI
VCN= (R1•2*OI)*COS(T)
WR1TE(6,2000) WT,VCN,ILN
WR1TE(7,2000)WT,ILN‘

1

T= T-DT
WT=WT+ DT*180/WTS
GO TO 2109

21 10 T= -AL1
YT= YT+ (1.5*PI·ET)
WT= YT*180*WN/PI

2111 1F(T.LT.(·AL2)) GO TO 2112
ILN = R3*S1N(T) + O1
VCN = R3*COS(T)-l
WR1TE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,1LN
T = T-DT
WT= WT + DT*180/WTSGO TO 2111 ‘

2112 T= -0.5*PI+ RO
‘

YT = YT+ (AL2-AL1)
WT = YT*180*WN/PI

2113 IF(T.LT.(-P1/2.)) GO TO10·.
ILN = R1*SIN(T) + O1
VCN = R 1 *COS(T)
WR1TE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,1LN
T=T·DT
WT= WT + DT*l80/WTS
GO TO 2113

300 R1 = X(1)
R2= X(2)
S1= X(3)
ET= X(4)
AL1 = X(5) „
AL2= X(6)
GA= 0.5*(·1’1 + S1)
LK = 2*O1-(R2**2- 1)**0.5
T= P1-GA

301 1F(T.LT.ET) GO TO 302
ILN = R 1 *S1N(T)-O1
VCN = R 1 *COS(T)
WR1TE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,1LN
T=T-DT
WT= WT + DT*180/WTS
GO TO 301

302 T = P1-AL1
YT= YT + (PI-ET-GA)
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WT= YT*l80*WN/PI
303 lF(T.LT.(P1-AL2)) GO TO 304

ILN = R2*SlN(T)-OI
VCN = R2*COS(T) + 1.
WRlTE(6,2000) WT,VCN,lLN
WRlTE(7,2000) WT,lLN
T= T-DT
WT = WT+ DT*180/WTS
GO TO 303

304 T= 0.
YT= YT + (AL2-AL1)
WT= YT*180*WN/PI

305 1F(T.GT.LK) GO TO306ILN
= Ol-LK + T

VCN= 0.
WRITE(6,2000) WT,VCN,ILN
WRlTE(7,2000) WT,lLN
T =T + DTWT=WT+DT*180/WTS ‘ ‘
GO TO 305 .„

306 T= PI
YT = YT+ LK
WT= YT°180*WN/PI

307 lF(T.LT.(PI·Sl)) GO TO 308
ILN = SIN(T) + Ol
VCN = COS(T) + 1

. WRlTE(6,2000) WT,VCN,1LN
WRlTE(7,2000) WT,lLN
T= T·DT
WT=WT+ DT*180/WTS
GO TO 307

308 T=-GA.
YT= YT+ S1
WT= YT*180*WN/PI

‘

309 lF(T.LT.(ET-Pl))· GO TO 310 .
ILN = R1*S1N(T) + Ol
VCN = R1*COS(T)
WRlTE(6,2000) WT,VCN,lLN
WRlTE(7,2000) WT,lLN
T= T·DT
WT = WT + DT*180/WTS
GO TO 309

310 T= ·ALl
YT= YT + (Pl·ET·GA)
WT= YT*180*WN/PI

311 IF(T.LT.-AL2) GO TO 312
ILN = R2*SlN(T) + OI
VCN = R2*C()S(T)-1
WRlTE(6,2000) WT,VCN,1LN
WRlTE(7,2000) WT,lLN
T= T-DT
WT= WT+ DT*180/WTS
GO TO 311

312 T= 0.
YT= YT + (AL2-AL1)
WT= YT*180*WN/P1

313 IF(T.GT.LK) GO TO 314
ILN = -Ol+ LK·T
VCN = 0.
WRITB(6,2000) WT,VCN,1LN
WRlTE(7,2000) WT,lLN
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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/P1

315 IF(T.LT.(·SI)) GO TO 316
ILN = SIN(T)-O1
VCN= COS(T)-1
WR1TE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T= T-DT
WT = WT + DT*180/WTS
GO TO 315

316 T= P1-GA
YT = YT+ SI
WT = YT*180*WN/PI

317 1F(T.LT.ET) GO TO 10
1

ILN = R1°S1N(T)·OI° VCN= R1*COS(T)
WR1'I'E(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,1LN
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
GAf= 0.5*(·P[+S1) _
T= PI-GA ·

401 lF(T.LT.P1/2.) GO TO 402
ILN = R 1 *SIN(T)-O1
VCN = R1*COS(T)’
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,1LN
T= T-DT
WT= WT + DT*180/WTSGO TO 401 ‘ " °

402 T= 0.
YT= YT + (0.5*PI-GA)
WT= YT*180‘°WN/PI

403 1F(T.GT.TH) GO TO 404
ILN = OI-LK
VCN = 0.
WR1TE(6,2000) WT,VCN,1LN
WR1TE(7,2000) WT,ILN
T= T + DT
WT= WT + D'I"‘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 = O1-LK + T
VCN = 0.
WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) W'I',ILN
T = T + DT
WT= WT + DT*180/WTS
GO TO 405
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406 T = PI
YT = YT + LK
WT= YT*180*WN/P1

407 1F(T.LT.(P1-SI)) GO TO408.
ILN = SIN(T) + O1
VCN= COS(T) + 1
WR1TE(6,2000) WT,VCN,1LN
WRITE(7,2000) WT,ILN
T=T·DT
WT= WT + DT*180/WTS
GO TO 407

408 T = -GA
YT = YT+ S1
WT = YT*180*WN/P1

409 IF(T.LT.·P1/2.) GO TO 410
1LN = Rl*S1N(T) + Ol
VCN = R1 "'COS(T)
WRITE(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,1LN
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

41 1 1F(T.GT.TH) GO TO 412
ILN= -01 + LK
VCN = 0.
WRIT13(6,2000) WT,VCN,ILN

I WR1TE(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/P1

413 IF(T.GT.LK) GO TO 414
ILN= -01+ LK-T ·
VCN = 0.
WR1TE(6,2000) WT,VCN,ILN .
WR1TE(7,2000) WT,1LN
T = T + DT
WT= WT+ DT*180/WTS
GO TO 413

414 T= 0.
YT= YT + LK
WT= YT*l80*WN/P1

415 1F(T.LT.(—S1)) GO TO 416
ILN = S1N(T)~O1
VCN = COS(T)-1
WR1TE,(6,2000) WT,VCN,ILN
WR1TE(7,2000) WT,1LN'I‘

= T-DT
WT= WT+ DT*180/WTS
GO TO 415

416 T= (P1-GA)
YT= YT+ SI
WT= YT*180*WN/P1

417 1F(T.LT.P1/2.) GO TO 418
ILN = R 1 *S1N(T)-O1
VCN = R1*COS(T)

404



WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,1LNT=T-DT‘
WT=WT+ DT* 180/WTS
GO TO 417

418 T = 0.
YT = YT+ (0.5*pi-GA)
WT= YT* l80°WN/PI

419 IF(T.GT.TH) GO TO 10
ILN= OI-LK
VCN = 0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,ILN
T=T+DT _
WT= WT+ DT*l80/WTS
GO TO 419

500 LK = BT
TH=PI/WN·BT'
T= 0.

501 ' 1F(T.GT.TII) GO TO 502
ILN = -LK/2.
VCN = 0.
WRITE(6,2000) WT,VCN,ILN
WRITE(7,2000) WT,1LN
T=T+ DT
WT= WT+ DT*180/WTS
GO TO 501

502 T= 0.
YT= YT+ TH
WT=YT*l80*WN/PI_

503 IF(T.GT.LK) GO TO504ILN
=T-LK/2.‘ .

VCN= 0.
WRITE(6,2000) WT,VCN,ILN

_‘

WRITE(7,2000) WT,ILN
T= T+ DT
WT=WT+ DT*l80/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/P1

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.
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YT= YT+ LK
WT= YT*180*WN/P1

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*l80/WTS
GO TO 509

1000 FORMAT(12,1X,I2,FlO.4,8F7.4)
2000 FORMAT(4F 14.5)

END
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