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ABSTRACT 

A constant frequency diode-clamped series resonant power converter (CFCSRC) is 

proposed as a solution to problems associated with frequency-controlled resonant 

converters. This converter has two resonant frequencies, and control is achieved by 

varying the relative time per switching cycle spent at each resonant frequency. Two zero-

current-switching (ZCS) modes are examined and plotted in the ou^ut plane. Operating 

and mode boundaries are found and also plotted in the output plane. The ou^ut equation 

for the main mode is shown to be hyperbolic. Peak voltages are shown to be less than or 

equal to the input voltage, and peak currents are shown to be less than those of the 

frequency-controlled diode-clamped series resonant converter over a large operating range. 

A design procedure is given in the form of a design example. Data from a prototype 

converter are plotted with theoretical data in the output plane and good agreement with the 

theoretical model is obtained. 
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CHAPTER I 
INTRODUCTION 

1.0 Scope of this Work. 

Resonant-switched power converters offer several advantages when compared to 

pulse-width-modulated (PWM) switched converters. The source of these advantages lies in 

the resonant switch waveforms which contain primarily sinusoidal components, unlike the 

rectangular waveforms of PWM converters. Some beneficial results of these waveforms 

are: reduced switching loss and hence greater efficiency, smaller bandwidth of generated 

harmonics and correspondingly reduced Hltering requirements, and incorporation of 

parasitic components such as transformer leakage inductance and/or transistor switch 

capacitance into the design [1,2]. These properties make resonant converters particularly 

suited for high-frequency operation, which in turn permits smaller converter volumes and 

higher power densities. Applications include high-density supplies for computers [3], 

supplies for spacecraft [4], and sensitive applications which require complete input/output 

isolation, e.g. biomedical equipment [5]. 

Unfortunately, conventional resonant converters possess certain undesirable 

characteristics which can outweigh the aforementioned advantages. First, resonant 

converters are usually frequency-controlled, i.e. the converter output is controlled by 

varying the switching frequency [6,7]. In many cases, the switching frequency must vary 

an octave or more. Since filter components and transformers must be large enough to 

accommodate the lowest switching frequency, much of the size advantage is eliminated. 

Second, resonant converters typically have large component stresses due to high peak 

currents and/or voltages present in the circuit [3]. For example, large peak currents in the 

series resonant converter (SRC) result in increased conduction losses which offset the 
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reduction in switching losses. Both current and voltage stresses necessitate larger and more 

expensive components. 

The diode-clamped series resonant converter (CSRC) has been pressed as a solution 

to the problem of high component stresses [4]. This converter has low voltage stresses; 

indeed, all peak voltages are limited to the converter input voltage, regardless of operating 

point. However, the peak current stresses of the CSRC are still substantially higher than 

those of PWM converters. In addition, for a given voltage conversion ratio, the peak 

current through the resonant inductor and switching transistors is independent of load 

current, i.e., the peak currents do not track the load current, resulting in reduced efficiency 

at light loads. Finally, the CSRC is frequency-controlled, with the consequences 

previously discussed. 

The constant frequency diode-clamped series resonant converter (CFCSRC) is 

presented as a solution to the aforementioned problems [8,9]. This converter has two 

resonant frequencies, and is controlled by varying the relative time spent at each resonant 

frequency during any given switching cycle. Control is achieved by turning Q3 off at a 

given delay time after the beginning of a switching cycle. This method of control has many 

advantages: First, the converter operates at a constant switching frequency. Second, it has 

the low switching loss typical of resonant converters. Third, the converter has the same 

low voltage stresses associated with the CSRC, and current stresses are considerably lower 

over much of a given operating range. Fourth, for a given voltage conversion ratio, peak 

currents track load currents. Finally, control can be simply achieved with a standard PWM 

chip without sensing any converter waveforms other than the output voltage. 

Chapter n of this thesis covers the steady-state analysis of the CFCSRC. Since the 

time constants of the converter's resonant waveforms are of the same order as the converter 

switching frequency, techniques such as state-space averaging are not directly applicable. 
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[10]. Hence, the state equations of the converter must be derived for each interval in a 

s>vitching cycle, and boundary conditions determined such that continuity of the state 

variables is maintained between one switching interval and the next In order to generalize 

the analysis, the circuit variables are normalized. Due to the complexity of the converter 

waveforms, the method of phase plane analysis is used as a graphical tool to aid the 

analysis [6,11,12]. The principles of conservation of energy and conservation of charge are 

then used to derive a normalized output equation. Since the converter does not behave as 

either a current or voltage source, the output equation is plotted in the normalized output 

plane, i.e. the normalized output current is plotted versus the normalized output voltage 

[3,6], The analysis is given for two modes of operation and the corresponding mode 

boundaries, and the effects of the converter control variable and the various converter 

parameters are discussed. 

Chapter III discusses the peak current and voltage stresses in the converter. 

Expressions are derived that give the normalized peak current for the main converter 

switches, and the peak currents of all other components can be determined from these. The 

normalized peak currents are compared with those of the CSRC and are shown to be less 

for a large operating range. Finally, the peak voltages are given for the resonant 

components and switches. 

Experinfiental verification of the steady-state analysis is presented in Qiapter IV. Two 

experiments are performed, one using a bridge rectifier and no output transformer and one 

using a transformer with a turns ratio of one. Agreement with the analysis is good, 

although greater experimental error exists when the transformer is used. It is shown 

experimentally that the effect of the magentizing inductance is not negligible due to the 

assymetrical waveform of the converter. A mechanism is proposed that is consistent with 
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the converter waveforms. This mechanism suggests a number of solutions, one of which 

was iiiq)lementedin the transfcnner experiment above. 

Of course, no converter is widely used if it is difficult to design for a given set of 

specifications. Thus, a design procedure is given, also in QiapterTV, by means of a 

design example. This procedure works by deciding on an operating area in the normalized 

ouq)ut plane from the design specifications and yields values for the resonant components 

and the transformer turns ratio. Although the example uses linear resistive loads, the 

method outlined woilcs for non-linear loads as well. 

Finally, Chapter V sutmnarizes the main results and draws conclusions about the 

converter and the analysis. 

1.1 The Constant Frequency Clamped Series Resonant 

Converter. 

This section first gives a brief review of resonant converters and their properties. The 

development of the CFCSRC from the CSRC is then presented. Finally, the operation of 

the CFCSRC is discussed in a qualitative manner. 

1.1.1 Review of Resonant Converters. 

All switch-mode power converters work by using switches and energy storage 

elements (inductors and capacitors) to control the flow of power from the converter input to 

the convener output Energy storage elements on the ou^ut also act as a low-pass or 

averaging filter to smooth the switching waveforms into a dc voltage. Since the control of 

power flow is ideally implemented without dissipative elements such as resistors, 

switching converters can be very efficient. The high efRciencies mean low power 

dissipation, allowing switched power supplies to be built smaller than conventional 

dissipative power supplies. The use of energy storage elements also allows converters to 



have higher output voltages than input voltages. Finally, if the switching frequency of the 

converter is high, the energy storage and filter elements can be small, further decreasing the 

converter volume and thus increasing the power density. 

The push for increasing power densities has resulted in a quest for higher switching 

frequencies. As these frequencies get higher, two problems become evident in conventional 

PWM converters: 1) a direct decrease in efficiency due to increased switching loss and 2) 

the effect of parasitic components, e.g. transformer leakage inductance, become more 

pronounced with detrimental results, including decreased efRciency [1,6,7]. Switching loss 

in PWM converters is due to the fact that when a transistor switch turns on it goes from 

supporting a large voltage to carrying a large current (and visa versa). Turning the 

transistor on or off takes some time, and during this time it carries current and supports 

voltage, and hence dissipates energy. As the switching fi^quency increases, this energy 

becomes a larger percentage of the input power, and efficiency decreases drastically. It has 

recently been shown that switching loss can be made worse by factors such as ionizing 

radiation [13]. Parasitic components also affect converter performance. For example, 

consider what happens when one tries to interrupt a current flowing through the leakage 

inductance of a transformer. Since the cuirent cannot change instantaneously, a high 

voltage stress will occur on the transistor switch. This requires a switch with a higher 

voltage rating and thus a higher on-resistance, with a resulting decrease in converter 

efficiency. 

Resonant-switched converters eliminate some of these problems through the use of 

inductors and capacitors that have a resonant frequency on the order of the switching 

frequency [1,6]. These components add sinusoidal segments to the converter waveforms, 

and if one switches during a zero-crossing of one of these waveforms, switching losses are 

greatly reduced or eliminated. Hence, a major benefit of resonant-switched converters is 



zeiD-cuirent or zero-voltage switching (ZCS or ZVS). Another benefit is that parasitic 

components such as the aforementioned leakage inductance may be incorporated into the 

resonant elements of the switch. This is a much cleaner solution than trying to eliminate the 

parasitics (which is usually inq>ossible). Due to the low switching loss and the inclusion of 

parasitic components into the operation of the converter, it is possible to operate resonant 

converters at higher switching fiequencies and still maintain reasonable efficiencies. 

1.1.2 The Clamped Series Resonant Converter. 

The clamped series resonant converter (CSRC) shown in Fig. 1.1 has been proposed 

as a solution to some of the problems possessed by resonant converters. It is essentially a 

series resonant converter with clamping diodes Di and D2 added. It operates in a 

discontinuous current mode so that the body diodes of Qi and Q2 do not conduct These 

diodes limit the maximum voltages of the converter to the input voltage. The CSRC still has 

high peak currents and is frequency controlled, and has the associated problems. An outline 

(Control 
Input 

Figure LI. Schematic of the frequency-controlled clamped series 
resonant converter (CSRC). 
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of the CSRC analysis using the phase plane technique is given in Appendix C, and a 

con^iehensive analysis by a different method is given in [4]. 

1.1.3 Operation of the CFCSRC. 

The constant frequency clamped series resonant converter is shown in Fig. 1.2. Note 

that this converter is the same as the CSRC with the addition of the switch Q3/D3 and the 

additional capacitor Ci. These components give an additional degree of freedom which 

permits control of the converter output without varying the switching frequency. 

The CFCSRC has two ZCS modes of operation, referred to as Mode I and Mode 11; 

Mode I is described below in a qualitative manner. It is useful to refer to the current and 

voltage waveforms, shown in Fig. 1.3. 

l:n 

load m 

Cn -r V, 'CO 

Control 
Input 

Figure 12. Schematic of the constant frequency clamped series resonant 
converter (CFCSRC). 
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A typical switching cycle starts as Qi and Q3 turn on and Q2 turns off. Since Q3 is 

on, Ci is out of the circuit, and iL(t) increases sinusoidally with resonant frequency odq, 

determined by L and Co* At time ti, Q3 is turned off. creating an equivalent capacitor Qq 

from the series combination of Co and Ci. Control is achieved by variation of the delay 

time ti. Now iL(t) continues to vary sinusoidally, but with frequency oi, determined by L 

and Ceq- When the sum of the capacitor voltages vc(t) increases to Vg, Di turns on, 

clamping vc(t) to the input voltage, and iL(t) decreases linearly to zero. The inductor 

current remains zero until Qi turns off and Q2 turns on. At this point, the stored charge on 

Ceq causes iL(t) to decrease sinusoidally with frequency CDi until all charge is removed 

from Ci. D3 then clamps vci(t) at OV, and iL(t) now changes with 

frequency coq. When vc(t) decreases to zero, D2 turns on and clamps vc(t) at zero, and 

iL(t) ramps up to zero, where it remains until the beginning of the next switching cycle. 

Mode n operation is similar to Mode I, with the following difference: In Mode n 

operation, during the second half of a switching cycle, the inductor current iL(t) increases 

to zero before Co is discharged. As a result, vc(t) is greater than zero at the beginning of 

the next switching cycle. 

Notice that for both modes, Qi and Q2 switch when the inductor current is zero, and 

03 switches when the voltage across Ci is zero, hence all switches operate in either a ZCS 

or ZVS manner. In addition, the drain-source capacitance of Q3 is incorporated into Ci and 

the leakage inductance of the transformer (and the stray inductance of the wiring) is 

included in L. Furthermore, it is shown in Sect. 3.1.9 that under closed-loop conditions, 

the peak current tracks the load current, whereas in the CSRC, the peak current is 

independent of the load current. This results in reduced peak cunents for much of a given 

operating range. Finally, the converter operates at a constant switching frequency, and the 

filter and magnetic components are designed for this frequency only. 
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-V/L 

V/L Vco 
©0 

CI 

Figure 13. Resonant waveforms of the CFCSRC. 
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CHAPTER n 
ANALYSIS OF THE CONSTANT FREQUENCY CLAMPED 

SERIES RESONANT CONVERTER 

2.0 Introduction 

This chapter gives a detailed development of the constant frequency clamped series 

resonant converter (CFCSRC) output plane model. The discussion begins with the 

description of a set of normalization conventions used throughout the analysis. The two 

zero-current-switching (ZCS) modes of operation. Mode I and Mode n, are then analyzed. 

Mode I analysis begins with writing the state equations for each interval in one switching 

period. The equations are normalized and plotted in the phase plane. Geometric and 

trigonometric relationships are used in conjunction with the phase plane to determine the 

initial and final values for the state equations. The principles of energy and charge 

conservation are then employed to derive an equation giving the normalized output cuirent 

as a function of the normalized output voltage, the control input, and various parameters to 

be deHned. Mode n operation is then described and analyzed in a similar manner, and a 

boundary condition between the two modes is derived. A condition is given for the 

boundary between ZCS and non-ZCS operation. Modes I and n are plotted in the output 

plane, along with the I-II and the ZCS-Non-ZCS boundaries. Finally, the output curves are 

discussed in terms of the various converter parameters. 

2.1.1 Normalization of Circuit Variables 

The analysis of resonant converters is expedited by the normalization of converter 

voltages and currents, hence normalized variables are used almost exclusively in the 

following analysis and discussion. The component values in this section come from the 

CFCSRC schematic shown in Figs. 1.2 and 2.3. First, deflne the tank resonant frequency 

at the beginning of the switching cycle as 



OJO = 27tfo = ^ 

im (2.1) 

Letting Rq be the characteristic fi«quency of the tank at the beginning of a switching cycle, 

we make the following de^tions: 

CDoCo (2.2) 

Using Eqs. (2.1-2.2), introduce the following normalized variables: 

F = ̂  = ^=normalized switching frequency 

m = -^=normalized voltage 
« (2.4) 

j = i^ = normalized current 
(2.5) 

Q = = normalized resistance 
Ro (2.6) 

Note that the quantities in Eqs. (2.4-2.6) are normalized with respect to the primary (input) 

side of the transformer. Thus, quantities appearing on the secondary (output) side of the 

transformer must include the effects of the l:n transformer. The variables below are 

presented both as examples and because they are central to the converter analysis. 

M = = n o r m a l i z e d  o u t p u t  v o l t a g e  
(2.7) 

J = =nomialized output current 
(2.8) 

Qioad = ^ = -s normalized load resistance 
J n2Ro (2.9) 

It is also useful to make the following definitions: 

^ Co+Ci (2.10) 



(2.12) 

CDO 

Tg = ^ = switching period 
tc 

k = ^ = = resonant frequency ratio 
(2.13) 

S (2.14) 

a = cooAti = coo(ti-to) = control angle (2.15) 

The reasons for normalization are described in greater detail in Section 2.1.2. 

2.1.2 Introduction to Phase Plane Analysis 

The phase plane is a parameterized plot of two state variables with the independent 

variable, time in this case, as the parameter [6,11,12]. It is a powerful tool when applied to 

the analysis of two-dimensional systems, e.g. most resonant converters. In general, the 

phase plane portrait of a linear, lossless resonant network, i.e. a harmonic oscillator, is an 

ellipse whose shape, tilt, and center are fixed by scaling and shifting constants in the 

differential equations. One excursion around the ellipse coiresponds to one cycle of a sine 

wave. In a LC electrical resonant network, such as that shown in Fig. 2.1, the two state 

variables are the inductor current iL(t) and the capacitor voltage vc(t), and plotting the 

current versus the voltage gives Fig. 2.2(a). The ellipse center is given by the values of DC 

current (1$) and voltage (Vs) sources in the network, and the overall size of the ellipse 

corresponds to the amplitude of the oscillations. In addition, linear changes in the state 

variables trace horizontal or vertical lines in the phase plane, and static states (equilibria) 

manifest themselves as points. 



Vc(t) 
V. 

Figure 2.1. LC resonant network with DC voltage and current sources. 

(a) 

m 

Figure 22. Phase plane diagrams for the resonant network of Fig. 2.1. 
Figure 2.2a shows a generic phase plane and Fig. 2.2b 
show the normalized phase plane. 

When the component values of a resonant network are used to deHne the 

normalization described in Section 2.1.1, an oscillation of that network appears as a circle 

in the phase plane, as in Fig. 2.2(b). The radius of the circle is equal to the normalized 

magnitude of the oscillation and the center is given by the normalized values of any DC 

sources in the network. This property, combined with the other properties of the phase 

plane, simplifies the task of determining the initial conditions for each interval of a 

switching cycle that are necessary to maintain continuity of state variables. This 

simplification occurs because the phase plane diagram allows determination of these initial 

conditions by geometric and trigonometric relationships. Furthermore, the phase plane 
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portrait gives additional insight into the converter dynamics that the differential equations 

alone cannot provide. 

Finally, it is noteworthy that the normalization employed in this analysis is not 

arbitrary, but has roots in linear system theory [14]. The normalization is equivalent to 

transforming the system into Jordan-Canonical form. That is, if we describe the resonant 

network of Fig. 2.1 in matrix form 

X = Ax + Bu 

where 

X = 

A = 

illt) 
vSt). 

0 

1 
C 

[v,. 

(2.16) 

(2.17, 2.18) 

.1 
L 

0 

B = 0 

.1 
C 

1 
L 

0 
(2.19, 2.20) 

we can transform the system into a similar one with the normalized inductor current jL(t) 

and normalized capacitor voltage nic(t). If we let the transformation matrix be 

iVc ° 
0 

T = 
Eiank 0 

V, 

0 
V, J V. (2.21) 

where Riank = (L/C)l^ is the characteristic impedance of the resonant tank, the new 

system is 

1 ^ ^ ^ 
4=A^+Bu 

where 

(2.22) 

E - Tx = [ 
(2.23) 
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A = TAT-i= 
0 -t^tank 

L (Otuik 0 

° "VEC 

iDC ® 
(2.24) 

(2.25) 

This set of equations describing the normalized system is the same that would be obtained 

had the normalization been applied before the equations were written in state-space form. 

Note that the system matrix A is in a Jordan-Canonical form. Any harmonic oscillator 

transformed into this fcnm has circular trajectories in the phase plane. 

2.2 Analysis of Zero-Current-Switching Modes 

In this section, the two zero-current-switching (ZCS) modes. Mode I and Mode n, 

are analyzed. As mentioned in the introduction, these modes are the desired ones due to the 

reduced switching loss associated with ZCS. In Mode I, all resonant capacitors are 

completely discharged at the end of each switching period. Mode n operation, however, 

results in some charge left on Co at the end of each switching period. The most obvious 

result of this is that available output currents are somewhat less in Mode n than in Mode I. 

This and other implications will be discussed further in the following analysis. The 

schematic diagram is repeated in Fig. 2.3 for the reader's convenience. Finally, the 

following assumptions are made: (1) the converter is lossless, (2) the output filter capacitor 

is large enough that the output voltage can be considered constant during a switching cycle, 

(3) the input voltage is constant, and (4) all components are ideal. 

2.2.1 Mode I Analysis 

The analysis of Mode I begins with the writing of differential equations for each of 

the eight intervals that occur in one switching cycle. The derivation of the normalized circuit 

equations are given in Intervals 1 and 2, but thereafter the equations are simply presented in 



27 

normalized form. The initial conditions for each interval are then determined. Hnally, the 

principles of conservation of energy and conservation of charge are used to derive an 

output equation for the converter. The important converter waveforms are shown in 

Fig. 2.4 and the phase plane diagram is shown in Fig. 2.5. 

l:n 

load 
m 

'i r 

Control 
Input 

Figure 23. Schematic of the constant frequency clamped series resonant 
converter (CFCSRC). 
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Figure 2.4. Resonant waveforms of the CFCSRCfor Mode I operation. 
The table at the bottom gives the states of the converter 
switches. 



t7. 
>-inc 

t3.U 

inc=l 

N. 1/ 

t5 

Figure 25. CFCSRC phase plane diagram for Mode I operation. 
Labelled times correspond to those of the waveforms in 
Fig. 2.4. 

Interval l,to^t< tj: 

Ql and Q3 turn on and Q2 turns off at the beginning of this interval. The normalized 

inductor current iL(t) is zero so we have ZCS on all switches. Since Q3 is on, Ci is 

effectively removed from the circuit. The input voltage Vg causes current to begin to flow 

though the inductor L, the transformer Ti, and the capacitor Co. As the current begins to 

flow, D4 turns on, causing the normalized output voltage V/n to appear on the transformer 

primary. Hence, the tank is excited by a voltage Vg - V/n, and the inductor current and 

capacitor voltage increase sinusoidally with resonant frequency (oq. The following coupled 

differential equations describe the system 

(2.26) 
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a.27, 

Divide Eqs. (2.26-2.27) by the input voltage Vg to get 

Vg dt nVg Vg (2.28) 

Ut) ' 
Vg dt Vg (2.29) 

Use Eqs. (2.4) and (2.7) to nonnalize the voltages and use Eq. (2.5) to nonnalize the 

cuirents. 

Vg Ro dt (2.30) 

dt Vg Ro (2.31) 

Finally, apply Eqs. (2.1-2.2) to Eqs. (2.30-2.31) to get the following nonnalized circuit 

equations 

liiT 

where jL(t) is the nonnalized inductor current and n]c(t) is the nonnalized capacitor voltage. 

The inductor current is eliminated from the above system to yield 

+cfl§mc<t) = <o§(l -M) 
dr (2.34) 

with a solution of the form 

mc(t) = Aicos(ci)ot - <|)i) + Bi sin(a)ot - <l)i) +1 -M (2.35) 

and from Eq. (2.33) we get 
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jij(t) = -Ai sin(£i>ot-(l>i) + Bi cos(a)ot-<|)i) (2.36) 

where Ai, Bi, and <)>i are constants that depend on the initial conditions. From Eqs. (2.35) 

and (2.36) we see that 

[mo(t)-(l-M](P+j2(t) = A|+Bl (2.37) 

which is the equation of a circle, as expected from the normalization. The circle has center 

[1-M, 0] due to the DC voltage excitation from die input and the transformer, and has 

radius Ai^+Bi^. At the beginning of the switching cycle no energy is stored in L, Co, or 

Ci, so mc(to) = jL(to) = 0, which is the origin of the phase plane (Fig. 2.5). From this 

the radius of the circular arc is seen to be 1-M. Since there are three constants and only two 

degrees of freedom, we may choose one of the constants freely. Choosing <|)i s oDoto 

yields Ai = -(1-M) and Bi = 0. Substituting these into Eqs. (2.35-2.37) gives the 

equations for the first interval; 

mc(t) = (1 -M)-(l -M)cos[tOo(t-to)] (2.38) 

jiJ(t) = (1 -M)sin[coo(t-to)] (2.39) 

[mc(t)-(l -M)P+j2(t) = (1 -Mp (2.40) 

Interval 1 ends when Q3 is turned off at t = ti; the delay Ati = ti-to controls the converter 

output. The corresponding arc in the phase plane subtends an angle a given by 

a =: (OoAti, as in Eq. (2.15). The angle a is henceforth referred to as the control angle. 

Interval 2, tj ^t< t2: 

Interval 2 begins when Q3 is turned off at time ti. Note that the drain-source voltage 

is zero when this occurs, i.e. we have zero-voltage-switching (ZVS) on (23, with beneHts 

similar to those of ZCS. With Q3 off, Ci is now in series with Cq, forming an equivalent 

capacitor with value Qq given by Eq. (2.10). This results in an increase in the resonant 

frequency from coo to o>i and in the characteristic impedance of the tank from Rq to Ri. The 
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resonant frequency ratio k is given by Eq. (2.13), and coi and Ri are given by Eqs. (2.11) 

and (2.12); note that k > 1 because the series capacitance Ceq is always less than either of 

the individual capacitances. The inductor current iL(t) and capacitor voltage vc(t) still 

change sinusoidally, but now with frequency (Oi. The state equations for this interval are 

a4., 

= (2.42) 

Equation (2.41) is the same as Eq. (2.26), so for the normalized inductor current equadon, 

we simply repeat Eq. (2.32) below: 

= l-M-mc(t) 
\<Ool dt (2.43) 

To determine the normalized capacitor voltage equation, we recognize that Ceq = 

from Eq. (2.13) and rewrite Eq. (2.42) as 

k2 dt (2.44) 

Following the same steps as those for Interval 1 yields the following normalized differential 

equadon for the nomialized capacitor voltage; 

k2co„ dt IktoJ dt Ik^wo/ dt (2.45) 

The solution set of Eqs. (2.43) and (2.45) is 

tadt) = A2cos(o)it - (1)2) + B2sin((i)it - (fe) +1 -M (2.46) 

Mt) = -^sin((0it-<l>2) + ̂ os(oit-<l>2) ^2.47) 

which together form an ellipse in the phase plane described by 

[mc(t)-(l -M)]2 + k2jS(t) = aI+bI (2.48) 
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To determine the initial conditions for this interval, recall that inductor current and capacitor 

voltage must be continuous functions of time; we can therefore use their values at the end 

of Interval 1 as the initial conditions for Interval 2. Let t = ti, ̂  = (Oiti, and equate the 

expressions for inductor current and capacitor voltage for Intervals 1 and 2. 

mc(ti)=(l-M)-(l-M)cosa = 1-M+A2 (2.49) 

Wt.)=(l-M)sina = ̂  (2J0) 

Solve Eqs. (2.49-2.50) for A2 and B2 and substitute into Eqs. (2.46-2.47) to get the 

following equations describing Interval 2: 

mc(t) = (1 -M) - (1 -M)cosa cos[(Oi (t - ti)] 
+ k(l-M)sina sin[coi(t - tifl (2.51) 

jij(t) = ^^"j^^cosa sin[(Oi(t - tij) 

+ (1 cos[(Oi(t - tij (2.52) 

Substitute A2 and B2 into Eq. (2.48) to get 

[mc(t)-(l -M)p + k^j^t) = (1 -M)2(k2sin2a + cos^a) (2.53) 

which is plotted as an ellipse in the phase plane. 

One might wonder why the phase plane orbit of Interval 2 is elliptical. Consider that 

the normalization defined in Section 2.1.1 is based on the converter input voltage Vg and 

the initial tank characteristic impedance Rq. Section 2.1.2 points out that, in general, the 

orbit of a resonant network is elliptical and that the normalization defined by the network 

component values causes the orbits to be circular, as in Interval 1. However, in Interval 2, 

the decrease in the resonant capacitance from Co to Ceq results in an increase by a factor of 

k in the tank characteristic impedance from Ro to Ri and in the resonant frequency from ooq 

to (Oi. This factor k manifests itself as the ratio of the semi-major to semi-minor axis, as 



shown in Fig. 2.6. Since the nonnalization is based on Rq and (Oq, the Interval 2 orbit is 

ellipticaL 

Note also that the ellipse has a horizontal semi-major axis and that the ratio of the 

semi-major to semi-minor axes is k, the same as the ratio of Ri to Ro or (oi to coq. From 

Fig. 2.5, it is obvious that for values of a less than nfl, this results in a lower inductor 

current than if the orbit had remained circular. This reduction in current is due to the 

increase in the tank impedance. This is discussed fiuther in Section 3.1.9. Finally, note that 

if we had normalized with respect to (Oi and Ri instead of coq and Rq, the circles in Fig. 2.S 

would have been ellipses and visa versa (see Fig. A.l for an example of the phase plane 

normalized to CDi and Ri). Either choice of normalizations would work; the normalization 

used is chosen only because it results in a simpler analysis. 

JL 

Interval 1 
circle 

T \ 
Interval 2 

ellipse 

1-M 

Figure 2.6. Phase plane showing the entire Interval 1 circle and 
Interval! ellipse. The shaded lines show the actual 
trajectory for Intervals 1,2, and 3. The semi-minor (vertical) 
axis of the Interval 2 ellipse has length a. 
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Interval 2 ends at time t = t2 when the capacitor voltage has increased to the input 

voltage. At this time diode Di turns on and clamps the capacitor voltage at the input 

voltage, i.e. prevents any further increase in the ct^acitor voltage. The normalized capadtor 

voltage at this point is mc(t2) = 1. 

Interval 3,t2^t< ts: 

When Di turns on, the input voltage source and the resonant capacitors are effectively 

removed from the circuit The inductor L "sees" only the normalized voltage -M due to the 

output, which causes the inductor current to decrease linearly. The normalized equations 

for this interval are 

dmc(t) ^ Q (_L\djiM = .M 
dt Itoo/ dt (2.54,2.55) 

Since mc(t2) = 1 and the derivative is zero, the solution is trivial; the solution for the 

normalized inductor current is linear 

mc(t) = mc(t2) = 1 jiJ(t) = ju(t2)-CDoM(t-t2) (2.56, 2.57) 

Equations (2.56-2.57) appear in the phase plane as a vertical line through the point 

mc = 1. We can determine jL(t2) by finding jL(t) at the point where the Interval 2 ellipse 

intersects the Interval 3 line. Substituting Eq. (2.56) into Eq. (2.53) and solving for jL(t2) 

gives 

ji(t2) = ̂ (1-M)?(k^sin^a+ cos^a)-M^ ^2 jgj 

This interval ends when, at t = 13, the inductor current has decreased to zero and the 

rectifier diode D4 tums off. 



36 

Interval 4,t3^t<t4 = Tst2: 

Since the capacitor voltage is equal to the input voltage and D4 has just turned off, the 

inductor has no excitation and thus the inductor cunent remains zero. The equations for this 

interval are static, appearing as a point on the phase plane: 

= 1 Mt) = 0 (2.59, 2.60) 

Interval 5,t4 = TJ2 -to^t< ts: 

At the beginning of Interval S, Qi turns off and Q2 turns on. Since the inductor 

current is zero, we have ZCS on these two switches. Q3 and D3 are off, so the interval 

starts with zero inductor current and a capacitor of value charged up to Vg. The stored 

energy on Qq forces current to flow through the transformer and inductor so that JlO) 

decreases sinusoidally at frequency ooi. The direction of the current turns on output rectifier 

diode Ds, which causes the normalized output voltage M to appear on the transformer 

primary. The equations for this interval are 

Ik^too) dt Ikcoil dt (2.61) 

=M-mc(t) 
Icoo/ dt (2.62) 

The general solutions to Eqs. (2.61) and (2.62) are 

mc(t) = Ascos((Oit - (jJs) + Bssin(cDit - <|>5) +M (2.63) 

jiit) = -^sin(o)it - ^5) + ^cos(o)it - 05) ^2.64) 

Let <|>s = (Di(Ts/2+to) and use Eqs. (2.S9) and (2.60) as initial conditions to determine As 

and Bs and substitute them into Eqs. (2.63) and (2.64) to get 

mc(t) = M+(l-M)cos[coi(t-^-to) ^255) 
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Ht) = -^^^sin[(Oi(t-^- to) 
(2.66) 

Equations (2.65) and (2.66) describe an elliptical arc for the same reasons discussed in the 

description of Interval 2. The shape of this ellipse is given by 

[inc(t)-Ml2 + k^jSft) = (1 -M)2 (2.67) 

which is centered at M since the only excitation is due to the output voltage reflected 

through the transformer. 

Interval 5 ends when all the charge is removed firom Ci and diode D3 tunis on, 

preventing the voltage on Ci from becoming negative. To determine when this happens, 

consider what happens in Intervals 1 and 2: In Interval 1, a charge qi is deposited on CQ 

only, but during Interval 2, a charge qa is deposited on both Co and Ci since they are in 

series. Thus, at the beginning of Interval 5, CQ stores a charge qi+q2 and Ci a charge of 

q2. During Interval S, the same current flows through both capacitors and therefore they are 

discharged at the same rate. When a charge of q2 has been removed from both capacitors, a 

charge of qi is left on CQ and Ci is completely discharged, ending the interval. The 

capacitor voltage at the end of Interval 5 must be equal to the capacitor voltage at end of 

Interval 1 since the capacitor voltage is completely determined by the charge and the 

capacitance (q = CV), so 

(2.68) 

Interval 6, ts^t< ts: 

Interval 6 begins when D3 turns on, removing Ci from the resonant loop. The current 

continues to change sinusoidally, but with frequency COQ- The equations for this interval are 

(00/ dt (2.69) 
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i(Bo; at (2.70) 

with solutions given by 

nic(t)=A6Cos(cDot - <t>6) + Besinfcoot - <|>6) +M (2.71) 

jiJ(t) = -Ae sin(ajot - <1)6) + Becosfcoot - <)»6) (2.72) 

which together trace a circular arc in the phase plane with a center at [M, 0], described by 

+ j2(t) = aI+bI = li (2.73) 

It is unnecessary to compute the constants Ag, B6 and <|>6 since we can determine the 

radius direcdy from the phase plane. Since the Interval 6 circle is centered at [M, 0] and 

it must intersect the Interval 5 ellipse at t = ts, we can find rg simply by plugging the 

values for mc(t5) and jL(t5) into Eq. (2.73). From Eqs. (2.15), (2.38), and (2.68), 

nic(t5) = mc(ti) = (l-M)(l-cosa) (2.74) 

which is then substituted into the expression for the Interval 5 ellipse, Eq. (2.67). Solving 

for jL2(t5), we get 

jat5)-j^|(l-M)2-[mc(t5)-MF) 

Substitution of the results of Eqs. (2.74) and (2.75) into (2.73) results in 

ii = [nj2(ti)-2Mm^ti)]|l-^j+l^+M2 

Interval 6 is over when Co is completely discharged at t = t6. Clamping diode D2 

conducts, preventing the normalized capacitor voltage mc(t) from becoming negative. 

Interval 7, t6^t< ty: 

When D2 clamps the capacitor voltage at zero, all resonant capacitance is removed 

from the circuit. The resonant inductor L sees only the normalized output voltage -M, and 
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therefore increases linearly. The differential equations for this interval are similar to those 

for Interval 3: 

dmc{t) _ Q 
dt " ml dt (2.77,2.78) 

The solutions are also similar 

nJc:{t) = nic{t6) = 0 Mt)=ju(t6)+cooM{t-t6) (2.79,2.80) 

The initial condition jL(t6) for Eq. (2.80) can be found directly from the phase plane 

by application of the Pythagorean theorem. The JL- and mcaxes form two sides of a right 

triangle and the hypotenuse is the Interval 6 radius from the point mc = M to the jL-axis. 

WefindjL(t6)tobe 

= (2.81) 

where re is the radius of the Interval 6 arc given by Eq. (2.76). 

The inductor current decreases until it reaches zero, ending the interval at t = ty. This 

causes rectifier Df to turn off and remove all sources from the now discharged resonant 

network. 

Interval 8,t7^t<ts = Ts+to: 

Since all the energy is discharged from the resonant elements and there are no sources 

of excitation in the network, the equation is simply 

nic<t)=ju(t) = 0 (2.82) 

The network remains thus until the beginning of the next switching cycle. 

Ou^ut Equation: 

It is useful to present the converter output equation in a form where it can be plotted 

in the output plane, i.e. the output current is plotted versus the output voltage. The 

advantages of this format are that the load line can also be plotted in the output plane. 



allowing one to estimate the operating point(s) graphically, even for non-linear loads. 

Furthennore, whereas a closed-form solution for ouq)ut voltage may exist only for resistive 

loads, or not at all, it is often possible to find a closed-form solution for ouq)ut current in 

terms of ouQ)ut voltage. The output equation is computed by determining the average 

output current I as a function of output voltage V, the control angle a, the normalized 

switching firequency F, and the resonant frequency ratio k. 

To determine the average output current, sum the charge delivered to the load during 

each interval of one switching cycle, and divide by the switching period. If we denote the 

charge delivered through the output rectiHer D4 and Ds during a given interval by q/n (n is 

the transformer turns ratio), then the output current is 

since q4 and qg are zero and the current into the output filter is the absolute value of the 

resonant inductor current divided by the turns ratio n. All that is left is to compute the 

charges in Eq. (2.83). It is possible to compute each charge by integrating the inductor 

current in each interval; this has been done. Unfortunately, it leads to many pages of 

complicated algebra, and a simpler method is presented here, based on the principles of 

conservation of charge and conservation of energy. 

The first interval charge, qi, is simply the product of the capacitance Co the 

voltage across Cq at t = ti. Since Q3 is on during this interval, vci(ti) is zero and thus 

vco(tl) = vc(ti). The voltage vc(ti) is determined from Eqs. (2.4) and (2.74): 

1 = qi+qa+qa + qs+qe+q? 
nT, (2.83) 

vc(ti) = Vgmc(ti) = Vg(l-M)(l-cosa) (2.84) 

and so 

qi = Covc(ti) = CoVg(l-M)(l-cosa) (2.85) 



During the second interval, a charge q2 flows through the inductor. Since Ci is now 

in series with Cq, qz is deposited on both Co and Ci. At the end of Interval 2, Di turns on, 

and so the sum of the individual capacitor voltages must equal the input voltage Vg. Since 

Go has a charge qi-Ki2 and Ci a charge qz, we can write 

Vg = Vcj(t2)+Vc,(t2) = 

From Eqs. (2.10) and (2.13), we can show that 

Ci=-f2-
k2.1 (2.87) 

which can be substituted into Eq. (2.86). Solving for q2, we obtain 

VgCp-qi 

k2 (2.88) 

The charges qs and q6 are easily determined. Recall that in Interval 5, the same charge 

q2 is removed from Ceq, i.e. both Co and Ci, as was deposited in Interval 2. At the end of 

Interval 5, Ci is completely discharged and only the charge qi, deposited on Co in 

Interval 1, is left. This is removed from C^o in Interval 6. Hence 

qi=q6 q2 = q5 (2.89,2.90) 

To determine qa and qj, recall that the converter is assumed lossless and in steady 

state; therefore the average power into the converter is equal to the average power out: 

VgIg = VI (2.91) 

where 

T _qi±S2 
* ~ Tg (2.92) 

since the current flows from the input source Vg only in the first two intervals. From 

Eqs. (2.89) and (2.90), we see that 

qi+q2 = q5 + q6 (2.93) 



Substitute Eqs. (2.83), (2.92) and (2.93) into Eq. (2.91) to get 

y ql+q2_Y2(ql•^•q2)+q3^^q7 
nTg (2.94) 

£rom which we can show 

q3+q7 = (qi+q2)(l-2M) 
M (2.95) 

The output equation for Mode I operation can now be determined. Substitute 

Eqs. (2.93) and (2.95) into Eq. (2.83) to obtain 

i_(qi±q2) 
MTs (2.96) 

and Eqs. (2.85), (2.88), and (2.93) into Eq. (2.96) to obtain 

By the application of Eqs. (2.1-2.3), (2.8), and (2.14), we can solve for the normalized 

output current J: 

which is the desired result. This closed-form expression gives the normalized ou^ut 

current J as a function of the normalized output voltage M, the control variable a, and the 

converter parameters k and F. This equation is plotted in the output plane for several values 

of the control angle a in Fig. 2.7 and 2.14a-b. The curves are hyperbolae that are shifted 

and scaled by constants that depend on a. The overall effect of increasing a is to shift the 

curves upward, i.e. for a fixed output voltage, increasing a increases the output current 

^(l-MXl-ooso)[l-jLj 
(2.97) 

(2.98) 
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Figure 2.7 The normalized output plane for k = 4 and F = OJ. The 
features other than Mode I are discussed in the following 
sections. 

2.2.2 Mode II Analysis 

This section analyzes Mode n operation and derives a corresponding ou^ut equation. 

Recall tiiat Mode 11 operation occurs when, during the second half of the switching cycle 

(Interval 6), the inductor current increases to zero before Cq is completely discharged. The 

result of this is that the capacitor voltage vco(t) is greater than zero at the beginning of the 

next switching cycle. The Mode n analysis is very similar to that for Mode I, hence much 

of the detail will not be presented; in particular. Intervals 1-6 are almost identical. The 

waveforms for Mode 11 are shown in Fig. 2.8 and the corresponding phase plane in 

Fig. 2.9. 



vc(to) 

Vc= Vco+Vci 
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Vc(tD) 
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Figure 2.8. Resonant waveforms of the CFCSRCfor Mode II operation. 
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mc 
1-M 

Figure 2.9. CFCSRC phase plane diagram for Mode II operation. 
Labelled times correspond to those of the waveforms in 

Interval I,to^t< tj: 

This interval is almost identical with that for Mode I; the only difference is that Cq has 

stored charge. Thus, at the beginning of the interval, the capacitor voltage is greater than 

zero. When Qi turns on at t = to, the inductor sees a normalized voltage l-M-mc(to) rather 

than 1-M. This results in a reduced amplitude for the Interval 1 solution as compared to 

Mode I operation. The trajectory in the phase plane is a circle with radius l-M-mc(to)> still 

centered at [1-M, 0] since the DC excitation is the same. Since only the initial equations 

have been changed, the differential equations are still given by Eqs. (2.32) and (2.33) and 

will not be repeated. The solutions for the nonnalized voltage and cunent are 

mc(t)= {l-M)-[l-M-mc{to)]cos[ti)o(t-toJ) (2.99) 

jij(t) = [1 -M-mc(toBsin[tOo(t-to)] (2.100) 

where mc(to) is yet to be determined. 



Intervals 2,3,4, and 5, tj^t< ts: 

The differential equations describing these intervals are the same as those for their 

Mode I counterparts. Intervals 2 and 3 differ from Mode I only in the initial conditions, and 

Intervals 4 and 5 are identical to Mode 1. As in Mode I, the actual solutions of the 

nomalized inductor current JLCO and mc(t) are not necessary for the solution of the output 

equation and hence are not given. 

Interval 6, ts^t< tg: 

Interval 6 begins when Ci is completely discharged and the resonant frequency 

returns to (Do> similar to Mode 1. The differential equations are the same and their solution 

almost so. The Mode I equation for the phase plane circle of Interval 6, Eq. (2.73), holds 

for Mode 11: 

[mc(t)-\fl2+j2(t) = i| (2.101) 

In addition, it is still true that mc(ts) = mc(ti) and the radius re is still given by 

Eq. (2.76), repeated here as Eq. (2.102). 

However, mc(ti) is no longer given by Eq. 2.74 since the nic(to) is no longer zero. 

The main difference between Modes I and n in this interval is that the inductor current 

increases to zero before the capacitor Co is completely discharged. Compare the phase 

plane diagrams for Mode I (Fig. 2.S) and Mode II (Fig. 2.9). Note that in Mode II 

operation, mc(t) never reaches zero and therefore D2 never turns on. Thus, mc(t) and jL(t) 

continue to change sinusoidally until jL(t) reaches zero, ending the interval. This gives us 

another equation for the radius rg. Recall that the converter is operating in steady state, i.e., 



where Interval 6 ends. Interval 1 must begin (Interval 7 is a static interval, as discussed 

below, and Mode II has only seven intervals). This radius is therefore also given by 

r6 = M-mc(to) (2.103) 

Interval 7,t6^t<t7-Ts+to: 

Interval 7 begins when the inductor current jL(t) has reached zero and rectifier Ds 

turns off. It is described by the following equations: 

tadt) = mc{to) Mt) = 0 (2.104, 2.105) 

To show that this is the case, we must show that the inductor current remains at zero once 

Ds turns off. First, note that mc(to) is always less than M. This can be seen by examination 

of the phase plane; the Interval 5 ellipse is centered at [M, 0], so the initial condition for 

Interval 6 is such that the radius re of the circle of Eq. (2.101) is always greater than zero. 

Thus, the Interval 6 arc always intersects the mc-axis at a distance rg from M. Now 

suppose that some disturbance tends to cause the inductor current jL(t) to become non-zero. 

If jL(t) becomes positive, the current through the transformer turns D4 on, so that a voltage 

M appears on the tranformer primary. The inductor sees a voltage -[M+mc(to)]> which 

tends to reduce the inductor current On the other hand, suppose jL(t) becomes negative; Ds 

turns on, a voltage -M appears on the transformer primary, and the inductor sees a voltage 

M-mc(to)> Since M > mc(to)f this tends to increase the inductor current. In either case, the 

inductor current always tends towards zero. Interval 7 lasts until the beginning of the next 

switching cycle. 

Determination of the normalized capacitor voltage mc(to): 

In order to determine an output expression for the converter, it is necessary to find the 

steady-state value of mc(to) or equivalently, the radius rg. Fortunately, an analytical 

solution does exist, although it is rather complicated. The approach is to relate mc(ti) to 
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mc(to) and derive an expression for re- First, we can determine mc(ti) from Eqs. (2.15) 

and (2.99): 

mc(ti) = (l-M)-[l-M-mc(to)]cosa (2.106) 

Solving Eq. (2.103) for mc(to) and substituting into Eq. (2.106) above gives 

mc{ti) = (l-M)-[l-2M+r6]cosa (2.107) 

Next, subtract the right-hand side of Eq. (2.102) from both sides to get 

k2ri-[m^ti)-2Mmc(t,)]{k2.l).l + 2M-k2M2= 0 (2.108) 

Finally, eliminate mc(ti) from Eq. (2.108) by substituting the right-hand side of 

Eq. (2.107). The result is a quadratic equation in tq 

ai|+br6+c=0 (2.109) 

where 

a = k^sin^a -fcos^a (2.110) 

b = 2(k2-l)(l-2MXl-cosa)cosa (2.111) 

c = (l-2Mp[(k2-l)(2-cosa)cosa-k2]+M(3M-2) (2.112) 

which can be solved with the quadratic formula. In order to determine which of the two 

solutions to use, we require that the radius re be positive. The coefficient a given by 

Eq. (2.110) is always positive. The coefficient b is positive for all values of a<it/2 since 

k>l and M<O.S, the latter being discussed in Section 2.3.4. Hence, for rg to be positive, 

we must take the positive square root in the quadratic formula 

- -b + Yb2-4ac 
® 2a (2.113) 

and from Eq. (2.103) 

mc<to) = M-r6 (2.114) 



Ou^ut Equation: 

The derivation for the output equation follows along the same lines as the output 

equation for Mode I. The equation for the average output cuirent is slightly modified since 

in Mode n, q4 and qy are zero and there is no Interval 8. 

T_qi-*-q2+q3+q5+q6 
nT (2.115) 

Equation (2.93) still holds, so we can write 

V 3l±32_v 2(21+32)133 
® Ts nTs (2.116) 

or 

- (qi+q2)(l-2M) 
M (2.117) 

Substituting Eqs. (2.93) and (2.117) into Eq. (2.115) yields 

I = (3l±32) 
MTs (2.118) 

which is the same as Eq. (2.96) for Mode I. The charges qi and qz are different for Mode 

n, however. To determine the charges qi and qi, we use the capacitor rule. The change in 

normalized voltage in the first interval is mc(ti)-mc(to), so 

qi = Q)Vg[mc(ti)-mc(to)] (2.119) 

The charge qz is determined similarly, except that the normalized voltage change in the 

second interval is l-mc(ti) and the capacitance value is Ceq. 

q2 = CeqVg[l - mc(ti)] (2.120) 

Now add Eqs. (2.119) and (2.120) and use Eq. (2.13) to express Ceq in terms of Cq and 

k to get 

qi +q2 = CoVg ^+mc{ti)jl 
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Using Eq. (2.107) for mcCi) and Eq. (2.114) for nic(to). we arrive at 

Finally, by substituting Eq. (2.122) into Eq. (2.118) and applying Eqs. (2.1-2.3), (2.8), 

and (2.14), we can determine the ou^ut plane expression for Mode 11: 

J = :7^|(l-2M+r6)|l-(l-Vlcosa +^l 
2jcM I L \ k^/ J k^i (2.123) 

where re is given by Eqs. (2.110-2.113). Several unsuccessful attempts to produce a 

simpler output expression by eliminating r6 from Eq. (2.123) were made, hence it is given 

in the form above. Curves for several values of a are given in Figs. 2.14a-b. As with 

Mode I, the output curve is approximately hyperbolic in shape and increasing a increases 

the height of the curve. 

2.3 Operating Boundaries in the Output Plane. 

The following sections describe the various operation and mode boundaries and their 

location in the output plane. First, the minimum and maximum allowed values of a are 

derived. Second, the boundary between Modes I and 11 is determined. Third, the ZCS-

Non-ZCS boundary (hereafter referred to as the ZCS boundary) is given. Finally, the 

M = 0.5 boundary is discussed. 

2.3.1 Boundaries On Values of a 

The control angle a has both a minimum and a maximum effective value. Consider 

first the case when a = 0 and Qs is turned off at the beginning of the switching cycle. The 

capacitors Co and Ci appear in series for the entire first half of the switching cycle and the 

converter behaves like the conventional CSRC with resonant capacitor Ceq. In the second 

half-cycle, D2 and D3 clamp simultaneously as vc(t) reaches zero, so again the resonant 

capacitor is Qq. Hence, the converter operates as a CSRC with resonant frequency coi for 
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the entire switching cycle. This is the same as never turning Q3 on, hence the minimmn 

effective value of a is zero. The curve for a = 0 is the lowest curve in the output plane. 

•max 
mc 

1-M 

Figure 2.10. Phase plane used to determine the maximum (ffective 
value for the control angle a. 

On the other hand, suppose that during a switching cycle, 03 is turned off after the 

voltage on Cq rises to Vg and Di has turned on, clamping vc(t) at Vg. Since Di is already 

on, Ci has no effect, and Interval 2 never occurs. At the beginning of the second half-

cycle, D3 turns on immediately, so again Ci never appears in the resonant network, and 

thus the converter behaves as a CSRC with resonant frequency coq. The maximum effective 

value of a, amax. can be determined directly from the phase plane of Fig. 2.10. Suppose 

we turn 03 off just as Di clamps the cs^acitor voltage. The Interval 1 arc will just intersect 

the vertical line at M = 1, and the angle subtended by the arc is amax- This angle is 

When a > Omaxt O3 turns off after Di clamps with the result that the converter behaves as 

a CSRC with resonant frequency cdq. It is always true that Umax ^ 



2.3.2 Boundary Between Modes I and II 

For proper design of a CFCSRC, the location in the output plane of the boundary 

between Mode I and Mode II must be known. This boundary is found by using 

relationships in the phase plane. First, consider how the converter operates at the Mode I-II 

boundary. Since the defining characteristic of each mode in the phase plane is whether the 

Interval 6 arc intersects the jL-axis (Mode I) or the mc-axis (Mode II), the converter 

operates at the boundary between modes when the arc intersects both axes at the phase 

plane origin, as shown in Fig. 2.11. Since the Interval 6 arc is centered at mc = M, this 

occurs when the radius r6 = M. An equivalent condition is 

= 0 (2.125) 

By substituting the expression for rg given by Eq. (2.102) into Eq. (2.125) above, we get 

a quadratic in mc(ti): 

The quadratic formula provides two solutions for mc(ti), yielding the following equation 

for the boundaiy between Modes I and n. 

mc(ti) = 

or in another form, 

r2K 
(2.127) 

|mc(ti)-M| = 
(2.128) 

where mc(ti) is given by the Mode I Eq. (2.74) 

mc(ti) = (l-M)(l-cosa) (2.129) 

There are a couple of observations to be made regarding Eqs. (2.128-2.129). First, 

Eq. (2.129) is coirect whether the equation for mc(ti) comes from Mode I or Mode 11, 



since at the boundary, inc(to) 0, and the Mode II equation reduces to Eq. (2.129) 

above. Second, Eq. (2.128) results in two values of inc(ti) for a given value of M. The 

reason for this can be seen by observing the phase plane in Fig. 2.11. Since the circle of 

Interval 6 has the same center (M, 0) as the ellipse of Interval 5, if drawn completely, it 

intersects the ellipse in two places. The equation for the elliptical arc of Interval 5 is 

symmetrical about the line mc = M, so that each intersection is the same distance from 

(M, 0), but on opposite sides of the vertical line through M. Thus, two values of mc(ti), 

both the same distance from M, result in the Interval 6 radius being equal to M. Finally, 

to distinguish between Modes I and 11, note that if the distance lmc(ti)-MI is greater than 

the right-hand side of Eq. (2.128), the radius will be greater than M, and the converter 

operates in Mode I. On the other hand, if the distance is less than M, the converter will 

operate in Mode n. 
Equations (2.127-2.128) are not in a form suitable for plotting. To derive an equation 

expressing the normalized output current J as a function of the normalized output voltage M 

at the I-n boundary, we start by substituting Eq. (2.127) into (2.121). Since mc(to) = 0, 

and since this can be considered Mode n operation, we can derive an output expression for 

operation at the Mode I-II boundary 

The I-n boundary, Eq. (2.131), is plotted in the output planes of Figs. 2.7 and 2.14a-b. 

Note that as the resonant frequency ratio k is increased, the I-II boundary moves to the left, 

increasing the Mode n area in the output plane at the expense of Mode I area. 

(2.130) 

(2.131) 
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1-M 

Intervals 
ellipse 

Figure 2.11. Phase plane of CFCSRC at operation at the boundary 
between Modes / and II. For a given value ofM, there are 
two values of a that result in operation at the I-II boundary. 

2.3.3 The ZCS Boundary 

There exist two other mode boundaries in the output plane that affect converter 

operation. The first is a curve located towards the left-hand side of the output plane, 

although its exact location depends on the converter parameters F and k. This curve 

separates the regions of ZCS and non-ZCS operation. The second is the vertical line at 

M = 0.5. This is not a mode boundary in the strictest sense, but it a boundary separating 

the useful (and analyzable) range of operation from a more limited and less useful area. 

Both these boundaries are explored more thoroughly below. 

The boundary between ZCS and non-ZCS operation occurs due to the fact that the 

converter resonant waveforms have a non-zero duration. If we increase the converter 
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switching frequency too much, the transistors Qi and Q2 switch before the inductor current 

reaches zero. Since the main advantage of resonant converters is to reduce switching loss 

by means of zero current switching, this is a region of operation to be avoided. Unlike the 

I-n boundary, the phase plane gives no indication of a non-ZCS mode of operation, 

although it is useful in the analysis of such a mode. Consider what happens to the Mode I 

waveforms (Fig. 2.4) as the switching frequency is gradually increased while all else is 

held constant The switching period gradually shortens until the &st half-cycle waveform 

duration is equal to half the switching period. As the switching frequency is increased 

further (Fig. 2.12), Ql turns off and Q2 turns on before the inductor current iL(t) 

decreases to zero, hence they no longer switch at zero current Note that we only consider 

the first half-cycle of Mode I operation. It turns out that we needn't consider Mode n 

operation due to the location of the I-II boundary. This will be discussed further in 

Sect 2.4. It can further be demonstrated that in Mode I operation, the duration of non-zero 

inductor cuirent is alway greater in the first half of a switching cycle than in the second; this 

is shown in Appendix B. 

In order to determine the location of the ZCS boundary in the ou^ut plane, we 

determine the durations Ati, At2, and At3, of Intervals 1, 2, and 3, respectively and set 

their sum equal to half the switching frequency. 

Ati+At2+At3=5-=u, 
2 2f, (2.132) 

The derivation of At2 and At3 is given in Appendix A, and Ati is detemuned from 

Eq. (2.15). The results are 

Ati=s-fi^ 
too (2.133) 

At2 =7-1—[7C-tan"^(ktana)-tan"^H] 
kcoo*- (2.134) 



At3=^ 
kcoo (2.135) 

where 

H _ V(l-M)^(k^sin^a+cos^a)-^ 
m (2.136) 

Substituting Eqs. (2.133-2.135) into Eq. (2.132) gives 

1 I  [7i-tan-'(ktana)-tan-^H] hL  1 
cuol k kj 2f, (2.137) 

which can be rewritten as 

a+i[jc-tan-i(ktana)-tan-hh)+ h] = | 133) 

where F is the normalized switching frequency given by Eq. (2.3) and H is given by 

Eq. (2.136). For the converter to operate in a ZCS manner, we require that the left-hand 

side of Eq. (2.138) be less than the right-hand side. 

Non-ZCS 
switching 

> t 

Vc= VcO+VCI 

to ^ tp 

Figure 2.12. CFCSRC waveforms for non-ZCS operation. 



In order to plot Eq. (2.138) in the output plane, we must solve the equation for a in 

terms of M and F and substitute this value of a into the Mode I output plane expression 

given by Eq. (2.98) to compute the normalized output current J. Unfortunately, 

Eq. (2.138) is transcendental and must be solved iteratively. This is done for the output 

planes of Hg. 2.14a-b. Note that as F is increased, the ZCS boundary moves to the tight, 

decreasing the ZCS area in the output plane. 

2.3.4 Minimum and Maximum Bounds on the 

Normalized Output Voltage M 

Notice that the output planes of Fig. 2.14 cover a range of M from zero to one-half. 

The minimum value of zero is due to the action of rectifier diodes D4 and D5. The diodes 

ensure that the output current is always positive, and since the load is dissipative, the 

output voltage must also be positive during converter operation. The maximum value of M 

is determined from the phase plane. 

Consider Mode I (Fig. 2.5) with M > 0.5: during the second half-cycle, the Interval 

5 ellipse has a semi-major axis of 1-M, which is less than one-half, and the Interval 6 arc 

has a radius re ^ 1-M < 0.5. Since the orbits for both Intervals 5 and 6 have center 

M > 0.5, it is impossible for the Interval 6 orbit to intersect the jL-axis, and Mode I 

operation cannot occur. This is illustrated in Fig. 2.13. 

The Mode 11 case is more complicated and is not worked out in detail. Mode n 

operation for M > 0.5 may be possible for a small range of a belonging to (0, anux) and 

for values of k that are large enough to ensure that the Interval 2 ellipse can intersect the 

Interval 3 line (clamping occurs). It is required, however, that the normalized capacitor 

voltage at the beginning of the interval, mc(to), is less than the normalized excitation 

voltage 1-M, or no inductor cunent will flow and the converter will not operate. For Modes 

I or n, the Interval 5 ellipse has a semi-major axis of 1-M. If M = 2/3, this ellipse will 
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intersect the mc-axis at M. This argument does not preclude the possibility of a third mode 

of operation, but this has not been examined. 

JL 

l-M 
mc 

Figure 2.13. This phase plane shows the second half of the switching 
cycle for a normalized output voltage M > 112. 

2.4 Discussion of the Output Equations and the Output Plane 

This section discusses the output equations for the various modes, as well as their 

boundaries, in the context of the output plane, i.e., the plot of normalized output current J 

versus normalized ou^ut voltage M. 

Figures 2.14a-b show two output planes for two sets of parameters k and F. They 

show the steady-state output of the converter for both Modes I (Eq. (2.98)) and 11 (Eq. 

(2.123)), the Mode I-II boundary (Eq. (2.131)), and the non-ZCS boundary (Eq. (2.138)) 

for a resonant frequency ratio k = 4 and a normalized switching frequency F = 0.5 in 

Fig. 2.14(a), and for k = 3 and F = 0.6 in Fig. 2.14(b). The ZCS modes have an output 

characteristic that is hyperbolic (Mode I) or quasi-hyperbolic (Mode 11), hence output 

voltage and output current are inversely proportional or nearly so. This is similar to the 

frequency-controlled CSRC, which has a hyperbolic output equation. A description of the 

effects of the control angle a, the resonant frequency ratio k, and the nomialized switching 

frequency F on these curves is given in the following discussion. 
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Effects of a: 

As the control angle a is increased, the output curve for both Modes I and n shifts 

upwards. Note that the output curve is continuous between the two ZCS modes. Recall 

from Section 2.3.1 that for effective control of the converter, the control angle a must be 

within the range [0, ocmaxl- l^e minimum value of a is zero, corresponding to Q3 

remaining off. In this case, the converter behaves as a CSRC with resonant frequency ODi. 

The maximum effective value of a, Omax* is given by Eq. (2.124). The a = 0 and 

a = Umax curves form the lower and upper bounds of the operating area in the output 

plane. Finally, as a increases, non-ZCS operation occurs at greater values of M. This is 

because a large value of a means most of the resonant part of the Hrst half of the switching 

cycle occurs at the lower resonant frequency (Oq, hence the duration of the first half-cycle 

waveform increases. 

Effects of k: 

The resonant frequency ratio k has several effects on converter operation. First, 

higher values of k give a greater control range and gain, i.e. an increased k causes the 

constant a contours to spread out. Consider a CFCSRC with a given odq. The highest 

possible curve in the output plane is for a ̂  amaxi i-e- the converter operates as a CSRC 

with frequency (Dq. Similarly, the lowest possible curve occurs when a = 0 and the 

converter operates as a CSRC with frequency coi = kcoQ. Thus, as k increases, the lowest 

curve moves farther down, and the area of operation increases. Since the same range of a 

now covers a greater area in the output plane, the control gain increases. Second, increased 

k values cause the Mode I-n boundary to move left in the output plane, increasing the area 

of Mode n operation. Both the above effects can be seen by comparing Figs. 2.14(a) and 

2.14(b). Finally, there exists a practical maximum on the value of k, due to the parasitic 



capacitance of the diode D3. The effective value of Ci cannot be less than the capacitance of 

the body diode of Q3. Practical values of k lie in the range of two to five. 

Effects ofF: 

The normalized switching frequency F has two major effects on CFCSRC's 

operation. First, since F appears as a constant multiplier in the output equations (Eqs. 

(2.98) and (2.123)) of both ZCS modes, an increased F results in a greater possible output 

current for a given output voltage. Of course, high values of F mean that there is less time 

for the inductor current to go to zero, with the resulting decrease in the area of ZCS 

operation in the output plane. In the output plane, this can be seen as movement of the ZCS 

boundary to the right. Both effects can be seen by comparing Figs. 2.14(a) and 2.14(b). A 

value of F in the range of 0.4 to 0.6 is a suitable compromise between these effects. 

We can also discuss the reason for only considering Mode I in the determination of 

the ZCS boundary (Sect. 2.3.3). From the output planes of Fig. 2.14, we see that for 

typical values of k and F, the Mode n operating area does not intersect the ZCS boundary. 

We could force this to happen by increasing k and/or F sufficiently, but, as mentioned 

above, this has practical difficulties. 
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Figure 2.14. The comprehensive output plane is shown for two sets of 
converter parameters. The converter output for ZCS Modes I 
and II are shown, along with the mode boundaries. 
Figure 2.14a gives the output plane for a resonantfrequency 
ratio of k = 4 and a normalized switching frequency 
F - 05. Figure 2.14b gives the output plane for k = 4 
and F - 0.5. 



2.5 Summary of the Analysis 

The steady-state operation of the CFCSRC is examined in detail. Two ZCS modes 

are found and analyzed. The output equations for the two modes arc determined in a form 

where the normalized output cunent J is a function of the normalized ou^ut voltage M; The 

result is a pair of closed-form expressions that can be plotted in the output plane. The 

results are rq)eated here for Mode I 

and for Mode n 

where 

-  _ - b  +  Y b ^-4ac 
2a 

a = k^sin^a +cos2a 

b = 2(k2- l)(l -2MX1 -cosa)cosa 

c = (l-2Mp[{k2-l){2-cosa)cosa-k2]+M(3M-2) 

Boundaries on the region of operation in the output plane and between modes are also 

given. The effective control range of a is in the interval [0, amaxl* where Omax is given by 

Eq. (2.124). Equation (2.131) gives the boundary between Modes I and 11. Finally, a 

relation that contains the location of the ZCS boundary is given by Eqs. (2.136) and 

(2.138); this relation is transcendental, but may be solved numerically and plotted in the 

ouqjut plane. 

The output planes for two sets of resonant frequency ratio k and normalized 

switching frequency F are given in Fig. 2.144. The benefits of using the output plane are 

(2.139) 

(2.140) 

(2.141) 

(2.142) 

(2.143) 

(2.144) 



discussed. Finally, the control input a and the parameters k and F are discussed in the 

context of their effects on the shape and postion of the output curves and mode boundaries 

in the output plane. 



CHAPTER m 
PEAK STRESS ANALYSIS OF THE CONSTANT FREQUENCY 

CLAMPED SERIES RESONANT CONVERTER 

3.0 Introduction. 

In this chapter, equations are derived for peak component stresses occuring in the 

CFCSRC. For the proper design of any power converter, it is essential to know the current 

and voltage stresses that the converter components must face. Two of the more useful 

measures of component current and/or voltage stress are peak and root-mean-square 

(RMS). RMS currents and voltages are most useful for determining losses in the converter 

components and thus average power dissipation requirements, whereas peak currents and 

voltages are most useful for determining maximum component ratings. In PWM 

converters, the rectangular waveforms make the computation of both peak and RMS values 

straightforward. Resonant converters, on the other hand, have sinusoidal components 

which make the determination of these values from the converter waveforms more difficult, 

especially in the case of RMS values. In the case of peak values, the phase plane comes 

once more to the rescue; we can determine all peak currents and most peak voltages directly 

from the phase plane. Finally, the peak-to-average current ratio can be computed if desired. 

This ratio provides some information about RMS currents, i.e., the ratio increases with 

increasing RMS current. Thus, high peak currents result in increased conduction loss. 

This chapter also compares the normalized peak currents of the first and second half 

of a switching cycle. Since the converter waveforms are asymmetrical, different equations 

are given for each half-cycle. It is shown that the current through Qi is always greater than 

or equal to all other currents on the primary side of the converter. This provides one 

formula that gives the peak currents overall, simplifying component selection. 

Furthermore, it is shown that this overall normalized peak current is less than or equal to 

that of the frequency controlled CSRC. 



Finally, the peak cuirents are determined only for the Mode I case, since this is the 

main mode of operation. Determination of Mode n currents, if deemed necessaiy, would 

follow the same procedure. It is shown that Mode II peak cuirents cannot be greater that 

those of Mode I for a given value of a. 

3.1 Peak Current Values in the CFCSRC. 

In this section we first determine the peak currents through the switches Qi, Q2, Q3, 

Di, D2, and D3 during Mode I operation. Since the inductor cuitent always flows through 

one of these switches, the peak cuirents can be determined directly finom the phase plane. It 

may be helpful to refer to the table at the bottom of Fig. 2.4 for a reminder of which 

switches conduct for given intervals. Finally, the CFCSRC is compared with the CSRC 

with regard to peak cuirents. 

3.1.1 Normalized Peak Current In Qi. 

The switch Qi conducts in the forward direction during Intervals 1,2. and 3, and 

during this time, the normalized current through Qi is equal to the normalized inductor 

current JLCO, hence we may determine the peak currents from the phase plane. Figures 

3.1a-b show these three intervals in the phase plane. There are two cases: Case 1. with 

a ^ n/2; and Case 2. with 7C/2 < a ^ (Xmax* where Umax is given by Eq. (2.124). 

Case I, x/2: 

Figure 3.1a shows the phase plane for a ^ it/2. We see that the normalized peak 

current occurs during Interval 2. which is represented by the elliptical arc. Because this arc 

has a vertical semi-minor axis through 1-M, the normalized peak current is simply the 

length of the semi-minor axis. This is computed by substitution of 1-M = mc(t) into 

Eq. (2.53), which describes the ellipse. 



Case 2, it/2 < a ̂  ocmax-' 

In this case, the peak current occurs in Interval 1, as shown by Hg. 3.1b. In this 

case, the peak current is simply the radius of the Interval 1 circular arc. 

jQ,pk=l-M (3 2)  

Combined Cases 1 and 2: 

We can represent both these cases by the following: 

jQipk 

R a-cos2a , 

(l-M) , 

(3.3) 

3.1.2 Normalized Peak Current In Q2. 

Q2 conducts in during intervals S, 6, and 7. As with the determination of the Qi peak 

current, there are two cases, both shown in Figs. 3.2a-b. In Case 1, mc(ti) ^ M, and in 

Case 2, mc(ti) ^ M, where mc(ti) is given by Eq. (2.74), repeated here as 

mc<ti) = (l-M)(l-cosa) (3.4) 
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Figure 3.1. Phase planes used to determine the peak currents in the first 

half of the converter switching cycle. Figure 3.1a is for a £ 

icl2 and Fig. 3.1b is for a k iti2. 
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Figure 32. Phase planes used to determine the peak currents in the 

second half of the converter switching cycle. Figure 32a is 

for mc(tj) ̂  M and Fig. 32b is for mc(ti) 2: M. 

Case I, mc(ti) 

Hgure 3.2a illustrates the peak current for Case I. We see that the normalized peak 

current occurs during Interval 5, which is represented by the elliptical arc. Because this arc 



has a veitical semi-minor axis through M, the nonnalized peak current is simply the length 

of the semi-minor axis. This is computed by substitution of M = mc(t) into Eq. (2.67), 

which describes the ellipse. Thus, 

T (1-M) 
k (3.5) 

Case 2, mc(ti) 

In this case, the peak current occurs in Interval 6, as shown by Fig. 3.2b. The peak 

current is the radius of the Interval 1 circular arc, as deteimined from Eq. (2.76) 

jQa)k = ^6 =^[n^ti)-2MmKti)]|^"j^|+-^'^^+M^ 
(3.6) 

Combined Cases 1 and 2: 

We can represent both these cases by the following: 

, 0^md(t,)^M 

jQ2pk ~ ^ 
r6 , M^mc(ti)^l 

(3.7) 

3.1.3 Normalized Peak Current In Q3. 

Q3 conducts in the forward direction during Intervals 1 and 2 and carries the same 

current as Qi in these intervals. As with Qi, then, there are two cases. Referring to 

Figs. 3.1 a-b, these cases are: Case 1, with a ^ n/2; and Case 2, with 

n/2 < a ^ (Xtnax* where Umax is given by Eq. (2.124). 
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Case I, a ̂  nl2: 

Figure 3.1a shows this case. Q3 turns off at the end of Interval 1, and because it is 

equal to jL(t), we substitute t = ti into Eq. (2.39) to get 

jQjpk = (l-M)sina (3 8) 

Case 2, ic/2 < o.max-

In this case, Q3 turns off after the peak current in Qi has occurred. Thus, the peak 

current in Q3 is equal to that in Qi, and 

jQ,pk=l-M (3 9) 

Combined Cases 1 and 2: 

We can represent both these cases by the following: 

jQspk = < 
(1-M)sina, O^aS^ 

(1-M) , l^a^amax 
(3.10) 

3.1.4 Normalized Peak Current In Di. 

Clamping diode Di turns on at t = t2, the beginning of Interval 3,when mcCO 1> 

Since the inductor current decreases throughout this interval, the nonnalized peak current in 

Di is the normalized inductor current jL(t2), given by Eq. (2.S8), and repeated here. 

Joipk=ji/ti) = j^(l-M)2(k2sin2a+ cos2a)-M2 (3 11) 
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3.1.5 Normalized Peak Current In D2. 

Clamping diode D2 turns on at t = tg, the beginning of Interval 7,when mcCt) -> 0. 

Since the magnitude of the inductor current decreases throughout this interval, the 

normalized peak current in D2 is the magnitude of the normalized inductor cunent at time 

t6. jL(t6). given by Eq. (2.81). 

JD«»k = -jl{t6) = Vii-M2 (3 12) 

where the radius rg is given in Eq. (3.6) above. 

3.1.6 Normalized Peak Current In D3. 

D3 turns on at the end of Interval 5 when all charge is removed from Ci. From the 

phase planes in Figs. 3.2a-b, we can see that there are two cases similar to the (^2 peak 

current situation: Case 1, with mc(ti) ^ M, and Case 2, with mc(ti) ^ M, where mc(ti) 

is given by Eq. (2.74). 

Case 1, mc(ti) ̂ M: 

Figure 3.2a shows this case. D3 begins to conduct at the end of Interval 5. The 

current through D3 is the magnitude of the inductor current, which in this case is strictly 

decreasing. The peak normalized current in D3 is then jL(ts). This can be determined by 

substituting Eq. (2.74) into Eq. (2.75) and taking the square root to get 

Jojpk=jiits) = ^V( 1 -M)2 - [mc<ti)-M12 13) 

Case2, mc(ti) 

In this case, the peak current occurs in Interval 6, as shown by Fig. 3.2b. The 

cuirent through D3 during this interval is the same as that through Q2, hence the peak 

current is the same as that given by Eq. (3.S). 
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Jojpk = JQ2pk -
(3.14) 

Combined Cases 1 and 2: 

We can represent both these cases by the following: 

jLV(l-M)?-[mc(ti)-Mp , OSine(ti)SM 

Jospk® "S ^ ^ 
re , M^md(ti)^l 

(3.15) 

3.1.7 Proof That Largest Peak Current Flows Through Qi 

During Mode I Operation. 

The peak switch currents derived in Sects. 3.1.1-3.1.6 form a rather large set of 

equations. The solution of each of these equations is not always necessary in a design 

environment, i.e. it is usually enough to known the maximum current that will be seen by 

any component. This section proves that for Mode I operation, the highest peak current on 

the primary side flows through Qi (secondary side currents must include a factor of 1/n, 

where n is the transformer turns ratio). 

First note that the peak current in each half cycle always flows in QI or Q2; this is 

evident from the phase planes of Figs. 3.1-3.2. There are four main cases of this proof; 

Case 1, with 0^mc(ti)^M and 0^ a ^ 7c/2; Case 2, with 0^mc(ti)^M and 

71/2 < a ^ amax: Case 3, with M ^ mc(ti) ^ 1 and 0 ^ a ^ 7c/2; and Case 4, with 

M ^ mc(ti) ^ 1 and 7c/2 < a ^ ocmax. Case 3 has two sub-cases. If all cases show the 
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hypothesis to be true, then it is true for the entire range of Mode I operation, i.e. for 

m e [0,1/2] and a e [0, amax]-

Case 1, 0^mc(ti)^Mandnil: 

Given the conditions for this case, the peak currents through Qi and Q2 are given by 

Eqs. (3.1) and (3.5), respectively. Take the ratio of JQipk to jQ2pk to get 

jQ^k (l-M)/k 

which is always greater than or equal to one since k > 1, and thus Jgipk ^ JQ2pk> 

Case 2, 0 ^mc(t]) and nl2 <a^ <Xmax: 

Since a is greater than or equal to n/2, the normalized peak current in the first half-

cycle (which flows through Qi) is given by Eq. (3.2), and the peak current through Q2 is 

given by Eq. (3.5), as before. Again, take the ratio of Jqipk to JQ2pk: 

jQ.pk _ (1-M) 
jQjpk (l-M)/k ^3 17) 

which is always greater than or equal to 1 since k > 1, and thus Jgipk ^ JQ2pk* 

Case 3, with M^mc(ti) ̂ I and 0^a ̂  Jt/2: 

To prove this case, we begin with the difference of the peak currents through Qi and 

Q2. JQlpk-JQ2pkt rather than their ratio. Thus, we must prove that this difference is 

positive. Since both peak currents are positive, JQipk-JQ2pk >0 if and only if 

jQlpk^-jQ2pk^ > 0; we will prove the latter. Begin by solving Eq. (3.4) for cos(a) in 

terms of mc(ti). 

l-M-mc(ti) cosoc = ^ f 
1-M (3.18) 



Use Eq. (3.18) and the trigonometric identity sin2(a) = l-cos2(a) to eliminate all 

trigonometric terms fit>m the square of Eq. (3.1) to get 

- (1 -Mf • [1 -M-niclliiP H- [' 

k* 

(3.19) 

Compute the square of Eq. (3.6) 

Finally, subtract Eq. (3.20) from Eq. (3.19) 

2mc(,.).2myt.).M2*:55!d£ll̂ 5!ll±»f 

= (l-iL)(2iiidt,)-2n^(t,)-M2) 

Since l-l/k^ > 0 for k > 1, to show that Jqipk ^ JQ2pki it is sufficient to show that the 

following is true: 

2mc(ti) -2m^ti) - ^ 0 (3 22) 

The inequality of Eq. (3.22) is shown to be true in two subcases which together cover the 

entire range of normalized output voltage M. 

Case 3a: 

Since this is a sub-case of Case 3, mc(ti) > M, and thus it is true that 

(3 23) 



Then, if the following holds. 

2nic(ti)-2in2<ti)-ingj(ti) ^0 (3.24) 

Equation (3.22) is certainly true, and JQipk ^ JQ2pk< In order to find the range of mc(ti) 

that satisfies Eq. (3.24), set the left-hand side to y and find where y is greater than or 

equal to zero, i.e.. 

Equation (3.2S) is a parabola, plotted in Fig. 3.3a. The mc(ti)-axis crossings are the roots 

of the right-hand side of Eq. (3.25): 0 and 2/3. The derivative of Eq. (3.25) is 

and this equals zero for nic(ti) = 1/3. Substitute this value into Eq. (3.25) to yield 

y = 1/3. Since Eq. (3.25) is a parabola, which has either a maximum or a minimum, the 

roots are on the mc(ti)-axis, and the value of y where Eq. (3.26) equals zero is positive, 

this point is a maximum. Thus, for O^mc(ti)^ 2/3, Eq. (3.22) is satisfied and 

jQlpk^jQ2pk. 

y = 2mc(ti) -2m2(ti)- n^ti) = 2mc(ti) -3m2{ti) (3.25) 

(3.26) 

i ' 
3 

y 
A 1 ' 

y 

3 

> 
imc(ti) 

(a) (b) 

Figure 33. These are used to illustrate the proof of Sect. 3.1.7. 
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Case 3b: 

Since this is a sub-case of Case 3, 0 ^ a ^ 7t/2, so 0 ^ l-cos(a) ^ 1. From the 

equation for mc(ti), Eq. (3.4), we see that inc(ti) ^ 1-M. This can be rewritten as 

M ^ l-inc(ti). Since both sides of this inequality are positive, it is true that 

^ [1 - mc^ti = 1 -2mc^ti)+(3.27) 

Then, if the following holds, 

2nic(ti) -2in^ti)-[l -2mc{ti)+m2{ti]il ^ 0 ^ 

Equation (3.22) is certainly true, and Jqipk ^ JQ2pk- In order to find the range of nic(ti) 

that satisfies Eq. (3.28), set the left-hand side to y and find where y ^ 0, as for Case 3a. 

y = -1 + 4mc{ti) (3.29) 

Equation (3.29) is also a parabola, plotted in Fig. 3.3b. The nic(ti)-axis crossings are the 

roots of the right-hand side of Eq. (3.29): 1/3 and 1. The derivative of Eq. (3.29) is 

. . =4-6mc(ti) 
dnic(ti) (3.30) 

and this equals zero for nic(ti) = 2/3. Substituting this value into Eq. (3.29) to gives 

y = 1/3. Since this value is positive, it is a maximum. Thus, for 1/3 ^mc(ti) ^ 1, 

Eq. (3.22) is satisfled and Jqipk ^ JQ2pk-

Case 3 Summary 

Since the clamping action of Di and D2 ensures that the capacitor voltage remains 

between zero and the input voltage Vg, it is true that mc(ti)€ [0,1]. Thus, it is certainly 

true that mc(ti)e [0, 2/3]u[l/3,1]=[0,1]. The two subcases, taken together, show that if 

the defining conditions for Case 3 are satisHed, i.e. M ^ mc(ti) ̂  1 and 0 ^ a ̂  n/2. 
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then the peak current in Qi is greater than or equal to that in Q2 and thus the peak current in 

the first half-cycle is greater than or equal to that in the second. 

Case 4, M^mc(ti) iSl and iti2<a^otmax'-

This case is similar to Case 3, except that 

jQipk =(1-M)2 

and again computing the difference between the square of the peak currents through Qi and 

Q2. 

lQ.pk - JQ^k = (1 - j^)[-'^t,)+2Mmc(ti)+1 -2M] 

Since k> 1, O^mc(ti)^ 1, and M ^ 1/2, each factor on the right-hand side of 

Eq. (3.32) is positive, JQipk-JQ2pk is always greater than or equal to zero, and thus 

jQlpk^ jQ2pk. 

Summary of Cases 1-4: 

Cases 1-4, taken together, cover the entire range of converter Mode I operation, i.e. 

[0,ainaxl and Me [0,1/2]. Note that the value of mc(ti) is not independent of a and M, 

but the entire possible range of mc(ti), the interval [0,1], is accounted for. We may thus 

conclude that during Mode I operation of the CFCSRC, the peak current in Qi is at least as 

great as that through Q2, i.e. Jqipk ^ JQ2pk- Furthermore, since Qi and Q2 conduct the 

resonant current in the first and second halves, respectively, of a switching cycle, they 

conduct the overall peak current in their corresponding halves of the switching cycle; thus, 

the peak current through Qi, JQipk> is the largest peak current overall that appears in the 

primary side of the converter during Mode I operation. 
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3.1.8 Peak Currents Of Other Components. 

The peak currents through all other components, with the exception of the filter 

capacitor CF and the load, can be determined directly from the six peak switch currents 

derived above. Excepting the rectifier diodes D4 and Ds, which must account for the 

transfomier turns ratio n, each component peak current is equal to one of the six switch 

peak currents. To get the rectifier diode peak currents, one must divide the appropriate 

switch peak current by n. 

3.1.9 Comparison of CFCSRC and CSRC Peak Currents. 

Sections 3.1.1-3.1.7 show that the peak current thru Qi, JQipk> is the overall peak 

current in the converter. Appendix C gives a brief analysis of the CSRC, and a normalized 

peak current of 1-M is derived, dependent only on the normalized output voltage M of the 

converter. For fixed input and output voltages, the peak current in the CSRC is 

independent of load current. 

The peak currents of the CFCSRC are dependent on both the normalized output 

voltage M and the control angle a; this is important when the converter must work over a 

range of operating points. Consider a typical application where output voltage must be held 

constant against variations in load current and input voltage. In the conventional CSRC, the 

normalized peak current is 1-M, regardless of the output current. However, in the 

CFCSRC, the peak current varies with a. First, suppose the converter load current must be 

reduced; a must be reduced to achieve this. For values of a less than vP., this results in a 

substantial reduction in peak currents. Second, suppose the converter input voltage Vg 

increases. For a given load current, this reduces the normalized output voltage M and 

current J. In both the CSRC and CFCSRC, the reduction in M tends to result in higher 

peak currents, but in the CFCSRC, the decrease in J implies a decrease in a, which 
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moderates the increase in peak cuirents. In the CSRC, the decrease in J implies a decrease 

in the switching frequency, but not in peak currents. Fig. 3.4 shows the CFCSRC 

normalized peak current in Qi plotted versus the normalized output voltage M for several 

values of a, and compares it with the peak current for the CSRC. For values of a < ntl, 

a substantial reduction in CFCSRC peak currents over the CSRC may be seen. 

^ 1 
6 

H 0.8 
i 
0 0-® 

is 
S. 0-^ 

0.2 
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1 0 
2 0 0.1 0.2 0.3 0.4 0.5 

Normalized Output Voltage M 

Figure 3.4. Graph of the normalized peak current overall (JQipid in the 

CFCSRC versus the normalized output voltage for several 

values of a. The top curve is also for the frequency-

controlled CSRC. 

3.2 Peak Voltage Values in the CFCSRC. 

The peak converter voltages are easily determined directly from the schematic and 

description of operation. The peak voltage on the switches Qi and Q2 is the input voltage 

Vg. The clamping action of Di, D2, and D3 insures that the voltage on either of the resonant 

capacitors and control switch Q3 is also never greater than Vg, and the peak reverse voltage 

on the clamping diodes never exceeds Vg. The inductor voltage never exceeds the 

difference of the input and transformer primary voltages, Vg-V/n. Finally, the peak reverse 



voltage on the rectifier diodes D4 and Ds when one is off and the other on is twice the 

output voltage, 2V. The peak voltages on all primary side components, particularly Q), Ci, 

and 03, are always limited to Vg. Since for most applications this is relatively low, and the 

peak voltage hasn't a direct effect on converter performance, the exact peak voltages for 

these components are not computed here. 

3.3 Summary of Stress Analysis. 

Both peak current and peak voltage stresses on CFCSRC components are discussed. 

Expressions which give the peak current stresses for the converter switches Qi, Q2, Q3, 

Di, D2, and D3 are derived for Mode I operation. A proof is presented which shows that 

the overall peak current on the primary side of the converter is the peak current Jqipk 

through Qi, given by Eq. (3.3). Peak currents through other components are discussed. 

The overall peak current of the CFCSRC, Jgipk, is compared with that of the 

frequency controlled CSRC. The maximum normalized peak current of the CFCSRC is 

shown to track the normalized load current. A discussion of this property shows it to be 

useful in a regulated (closed-loop) system where both the load current and the input voltage 

can vary. The CSRC, on the other hand, has a peak current that is independent of the load 

current for fixed input and output voltages. 

The determination of peak current stresses in the remaining components is discussed. 

These stresses are equal to one of the six switch stresses derived in Sects. 3.1-3.6, with 

the exception of the rectifier diodes (which must include a factor of 1/n to account for the 

transformer). Finally, the peak voltage stresses on converter components are discussed. 

Due to the clamping action of the diodes Di, D2, and D3, no peak voltages on the primary 

side of the converter can exceed the input voltage Vg. 



CHAPTER IV 
EXPERIMENTAL VERIHCATION AND DESIGN 

OF THE CONSTANT FREQUENCY CLAMPED 
SERIES RESONANT CONVERTER 

4.0 Introduction. 

This chapters covers two subjects, the first of which is experimental verification of 

the analysis, and the second is a design procedure in the context of a design example. 

Experimental verification is presented for a converter with and without a transformer. 

Sources of experimental error are discussed, including the effect of transformer 

magnetizing inductance and other non-ideal behavior. The design procedure outlined in this 

chapter gives a systematic method for determining the resonant component values and the 

transformer turns ratio from the design specifications. The use of the output plane 

(normalized output current J vs. normalized output voltage M) is essential to this design 

procedure, and its use allows simple design for nonlinear loads. 

4.1 Experimental Verification 

A converter with a SOkHz switching fi-equency was built and operated successfully. 

The first experiment utilized a bridge rectifier in place of the transformer and diodes D4 and 

Ds, and the second used a transformer with a turns ratio of n = 1. In both experiments, 

the converter was operated at three different values of a and the load resistance varied for 

each value. The output voltage V and the load resistance Rioad was measured at each data 

point, which allowed the computation of the output current and the subsequent plotting of 

the data in the output plane. The converter parameters k, (Oq, and coi were determined, 

allowing the theoretical behavior to be compared with the experimental behavior in the 

output plane. In each case, an input voltage Vg of 30V was used. 

Sources of experimental error are also discussed. Output rectifier diode drops can be 

accounted for in a simple manner [6]. Other sources of error are due to the effect of finite 
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magnetizing inductance, switch resistance, and core loss in the magnetic components. 

These topics are discussed in some detail in Sect. 4.1.3. 

4.1.1 Converter With Bridge Rectifier 

This experiment used the prototype converter with a bridge rectifier in place of the 

transformer-rectifier combination, as shown in Fig. 4.1. Two diode drops of 0.5 V each 

are assumed and accounted for, due to the action of the bridge rectifier. The experimental 

and theoretical data are plotted together in the output plane shown in Fig. 4.2, and the two 

sets of data agree very well. 
Vg = 30V 

load 

m 

Co -r V, 

Control 
Input 

Figure 4.1. CFCSRC with a bridge rectifier in place of the traruformer. 
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Figure 4 2. Output plane with experimental and theoretical data plotted 

together for the prototype converter with the bridge rectifier. 

Correction for rectifier diode drops has been applied. 
Parameters: fo - 94kHz, Rq = 4.0Q, F = 033, k = 3.63. 

4.1.2 Converter With Transformer 

In this case the converter had a transformer turns ratio of n = 1, as shown in 

Fig. 4.3. Note the inclusion of the diode D6 in series with the switch Q2. This diode helps 

minimize the effects of the Hnite transformer magnetizing inductance on converter 

performance, as discussed in Sect. 4.1.3. For this converter, a single diode drop of 0.5 

voltages was accounted for. The experimental and theoretical data are plotted together in the 

output plane shown in Fig. 4.4, and the two sets of data agree fairly well, although not as 

well as in the case of the bridge rectifier. This is discussed in the next section. 



Vg = 30V 

m-l 

•FT 'load 

Co -r \ to 

Control 
Input 

Figure 4 3. CFCSRC with tran^ormer. Note diode Ds in series with Q2; 

this is to reduce the effect of the transformer magnetizing 

inductance (Sect. 4.13). 
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Figure 4.4. Output plane with experimental and theoretical data plotted 

together for the prototype converter with the tramformer. 

Correction for rectifier diode drops has been applied. 
Parameters: fo - 943kHz, Rq = 4.0Q, F = 0J3. k = 3.75. 

4.1.3 Sources of Experimental Error. 

The main sources of error are the voltage drops of forward biased diodes, resistive 

losses in the switches, and the effects of finite magnetizing inductance. Copper and core 

losses in the resonant inductor and transformer may also be significant In the prototype 

converter, steps were taken to minimize losses in the transistor switches, the resonant 

components, and in the transformer, when used. The switches were chosen to have low 

on-resistance. Each resonant capacitor was constmcted by putting several hi-Q capacitors in 

parallel. Finally, the inductor and transformer were designed to handle currents and power 

levels several times those seen in the prototype converter. These precautions minimize the 

effects of conduction and magnetic core losses in the converter, and the main sources of 

error should be due to diode drops and finite magnetizing inductance. 



Another source of eiror is that which arises in deteimining the converter parameters. 

Knowledge of the two resonant frequencies (Dq and (Oi and the characteristic tank 

impedance Ro is information necessary to model the converter, but this cannot be 

determined from small-signal measurements of the individual resonant components. The 

method of determining these parameters is discussed below. 

Diode Forward Voltage Drops: 

The forward drops in the rectiHer diodes are easily accounted for by modelling them 

as voltage sources in series with the load-filter combination [3]. The voltage drop can then 

be added to the measured data or subtracted from the predicted data for the lossless 

converter, the latter being done in Sects. 4.1.1-4.1.2. A voltage drop of 0.5V was 

assumed to approximate the forward drop of the Schottky barrier diodes used in the 

prototype converter. The clamping diodes are not modelled as easily, since they only 

conduct during a variable fraction of the time the inductor current is non-zero. Their effect 

is not accounted for. 

When the bridge rectifier was used, the inclusion of the two forward diode drops of 

the rectifier accounted for most of the experimental error, as seen in Fig. 4.2. When the 

transformer was used, substantially greater error appears between the measured and 

theoretical data (Fig. 4.4). This is probably due in part to the additional diode drop of D6, 

which only conducts during the second half of the switching cycle, and whose presence is 

not modelled. 

Tran^ormer Magnetizing Inductance: 

When the converter was initially analyzed, the usual assumption was made that the 

transformer magnetizing inductance Lm was much greater than the resonant inductance L, 

and this is indeed the case. However, it was also assumed that because Lm » L, effect of 



Lm could be ignored, and this is not precisely true. The converter behavior is close to that 

initially predicted, but it does differ somewhat. A proposed mechanism by which Lm 

affects converter behavior follows. 

Consider the simplified schematic of Fig. 4.5, which shows the transformer as an 

ideal transformer (n = 1 for simplicity) with the magnetizing inductance in parallel with the 

primary, and the corresponding waveforms in Fig. 4.6. At the beginning of a switching 

cycle (t = to), Qi turns on. Since Lm » L, most of the resonant current flows into the 

transformer primary. D4 turns on, and a voltage V appears across the transformer primaiy 

and Lm. This voltage is present as long as ii(t) > 0, i.e. IlW > iLm(t). Hence, iLmCO 

ramps up with slope V/Lm- As iL(t) decreases toward the end of Interval 3, it becomes 

equal to iLmCO. and at this time, ii(t) = 0, so D4 turns off. L and Lm appear in series at 

this point, and since iLmCO should be sinall at this point, it is assumed that Di clamps 

immediately afterward. The current through the series combination of L and Lm flows 

through Di, remaining constant until the end of the first half-cycle. 

At t = Ts/2, Qi turns off and Q2 turns on. The stored energy on causes current 

to flow, turning on Ds. A voltage -V appears across Lm, so that iLmCO nunps downward 

with slope -V/Lm until iLmO) = iL(0 and Ds turns off. Due to the assymmetry of the 

converter waveform, the duration of the flrst half-cycle is longer than the second 

(Sect. 2.3.3 and Appendix B), and since the magnitude of the voltage applied to Lm 

during each half-cycle is the same, the magnitude of the slope of itjnft) is the same. Thus, 

the shorter duration (At2nd ^ Atist)of the waveform in the second half-cycle mean that 

iL(t) and innW are still positive when D5 turns off. The positive current flows through the 

body diode of Q2. Since ii(t) = 0, L and Lm appear in series with Ceq. The current still 

flowing causes these components to resonate. Since Lm » L, the resonant frequency is 
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low compared to that of coi. This makes the exact conditions at the end of switching cycle 

somewhat unpredictable. 

Figure 4.7a shows the measured effects of the magnetizing inductance on the 

resonant waveforms iL(t) and vc(t) of the prototype converter with the transformer. The 

current iLmCO is small, and its effect on iL(t) are not very prominent Its effect on the 

capacitor voltage vc(t) can easily be seen; the result is a positive voltage on Ceq at the end 

of the switching cycle. The fraction of this that appears across Ci is discharged through Q3 

at the beginning of the next switching cycle, contributing to a loss in efficiency. 

Vg 

m 

Figure 45. CFCSRC schematic with the transformer magnetizing 

inductance shown explicitly. 
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Vc= VCO+VCI 

i k 

Q2 body diode . 
conducts V ^ 

^=»Lm 

il=iL-lLm 

t ,  T/2t5 tfi  t7 

At2„d resonate 

Figure 4.6. Converter waveforms illustrating the proposed mechanism 

for the ̂ ect of the tran^ormer miagnetizing inductance. 

Since the transformer supplies a great deal of flexibility in converter design and 

application, some solutions to this problem are desirable. Five solutions are presented 

below: 
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1) Use a transfonner with a veiy large magnetizing inductance to mininize 

its effects. This can result in a physically large transfonner, which 

negates one advantage of high-frequency operation. 

2) Ihit a diode in series with Q2 to prevent iL(t) finom becoming positive in 

the second half of the switching cycle, and forcing the magnetizing 

current to the output Although this can reduce efficiency, it is simple to 

implement and is the method used here, with the resulting waveforms 

shown in Fig. 4.7b. 

3) Turn 03 on after Ci is discharged and before iL(t) = iLm(t). This can 

be done by sensing when vci(t) = 0 (end of Interval 5) and turning Q3 

on. The magnetizing current only resonates with Q), and the charge is 

not lost at the beginning of the next switching cycle. This method 

requires sensing of resonant waveforms and hence a more complicated 

control scheme (although we have most of Interval 6 to turn Q3 on). 

4) Use large capacitors in series with the rectifier diodes to prevent a DC 

voltage from appearing across the transformer. 

5) Modify the design of the converter such that the current waveform is 

symmetrical. This method eliminates the root of the problem, i.e. the 

unequal duration of conduction in each half-cycle. One such converter is 

proposed in Appendix D. 

Note that the waveforms of the converter after the implementation of (2) above match 

the predicted waveforms of Fig. 2.4. Since the proposed mechanism for the effect of Lm 

requires conduction through the Q2 body diode, which is prevented by (2), this is 

additional supporting evidence for this mechanism. 
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Figure 4.7. Inductor current and capacitor voltage waveforms for 

converter with magnetizing inductance (a) and after addition 

ofD6 (b). Note the change in vc(t) and i^t). 



Measurement of Converter Parameters: 

The parameters (DQ, Oi, and RQ cannot be determined from small-signal 

measurements of the individual resonant components L, Got and Ci due to the presence of 

parasitic components and nonlinear behavior of inductor and transformer cores. The main 

parasitic components are stray wiring inductance, transformer leakage inductance, and 

drain-source capacitance on Q3. These components are incoiporated into the operation of 

the converter, but they must be taken into account for a proper model. The non-linear 

behavior of the magnetic cores results in differences between small-signal and large signal 

effective inductance. 

The converter parameters were determined in the following manner First, the 

capacitance of Co was measured. Since no component parasitic capacitance appears in 

parallel with Cqi its measured value was assumed to be correct Second, the resonant 

frequencies OOQ and ODI were determined by forcing the converter to run at each frequency 

and determining the resonant frequency from the converter resonant waveforms. These 

were measured and calculated before the output plane curves were measured or computed 

to reduce the effect of experimenter bias. From CQ, OOQ, and (OI, one can compute L, CI, 

RQ, k, and F. 

4.1.4 Mode Boundaries. 

The mode boundaries were not determined experimentally because it is extremely 

difficult to determine when the converter is operating exactiy at the boundary by viewing 

the converter waveforms. However, both Mode U and non-ZCS operation can be easily 

observed and data points for each of these modes are included in the experimental data of 

Figs. 4.2 and 4.4. 



4.1.5 EfHciency Measurements 

The efficiency of the CFCSRC with the bridge rectifier was measured for ZCS 

operation with a s 1.19 (the same data as shown for this value of a in Fig. 4.2). The 

power consumed by the drive circuitry was not considered. Figure 4.8 plots the efficiency 

versus the output voltage and the ou^ut current. 

m 0.7 

Output Voltage [V] Output Current [A] 

Figwe 4.8. Efficiency of the CFCSRC power stage with the bridge 

rectifier for a = 1.19. These are the same data as shown in 

Fig. 4.2. 

The peak efficiency occurs at higher voltages and lower currents. This is expected 

since at the lower voltages, the overall peak current in the converter is higher, with a 

corresponding increase in conduction loss. An addition source of loss is the rectifier diode 

voltage drop, which becomes a subtantial fraction of the output voltage at the lower 

voltages. The hyperbolic shape of the output curve further aggravates this effect since, for a 

constant value of a, the output current through the rectifier increases as the output voltage 

decreases. The latter effect would not be present in a regulated system. Finally, note that 

the prototype converter was not constructed with efficiency as a goal, and hence has the 

potential for higher efficiency. However, the general trend of decreasing efficiency as 

output current increases and output voltage decreases should be the same. 



4.2 CFCSRC Design 

The following sections discuss a systematic design procedure that works for both 

linear and non-linear load resistances. This procedure is given in terms of a design 

example. We present a set of specifications to be met and determine the values of the 

resonant components L, Co> and Ci and the transformer turns ratio n. The specifications 

are: 

Input voltage Vgt 25 V - 50V 

OuQ)ut voltage V: 5V 

Output current I: 2A - 4A 

Switching frequency fg: 500kHz 

4.2.1 Design Considerations. 

The first decision is whether or not to use a bridge rectifier or transformer. The bridge 

rectifier has no magnetizing inductance, but it does have a couple of other problems. First, 

if a bridge rectifier is used, the output must be floating, i.e. it cannot be referenced to any 

ground or voltage source connected to the primary side of the transformer. This can limit 

the applcation of the converter. Second, there is no degree of freedom comparable to that of 

the transformer turns ratio. This also limits application and complicates the design. 

The transformer has magnetizing inductance which can affect the performance of the 

converter, as discussed in Sect. 4.1.3. However, if Lm is large, it doesn't affect the 

operation drastically, and if necessary, there are ways to minimize its effect on converter 

performance. In addition, the degree of freedom presented by the transformer turns ratio 

allows a simple, systematic design procedure. 

The second decision concerns the mode of operation. We wish to avoid the non-ZCS 

mode due to its increased switching loss. For less obvious reasons, we may wish to avoid 
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Mode n operation also. First of all, if it is possible design the converter to operate only in a 

single region of operation, Mode I has higher noimalized output currents available, 

allowing a laiger Rq and thus smaller actual peak currents. In addition, the ou^ut equation 

for Mode I is far simpler than that for Mode II, which makes for simpler design equations. 

Finally, since Mode I has discontinuous resonant waveforms GlO) and vc(t) always zero 

between switching cycles), it is likely that the small-signal behavior can be modelled with a 

single RC low-pass response whose time constant depends primarily on the Hlter 

capacitance and load impedance. 

4.2.2 Design Procedure and Example 

The Hrst step is to choose values for the nonnalized switching frequency F and the 

resonant frequency ratio k. As mentioned in Sect. 2.4, suitable values of F are found in the 

range of 0.4-0.6, so let F=0.5. Larger values mean a greater normalized output current, but 

also move the ZCS boundary to the right, restricting the usable range of operation. For 

applications where the load current varies only slightly, larger F values may be considered. 

A value of k = 4 provides a large enough range of control; this is a good starting value 

overall. Figures 2.12a and 4.9 show output planes with these parameters. 

Once the parameters k and F are chosen, we plot an output plane and choose an 

operating range. Use the output specifications to determine the minimum and maximum 

values of load resistance: 

Rmin = ^ = 1 •25ft Rmax = ^ = 2.5£1 ^ ^ ^ j) 

Since the ratio of Rmax to Rmin is 2:1, their curves in the output plane will appear as two 

lines passing through the origin, one with half the slope of the other. Recall that for 

efficient operation, non-ZCS operation is desired, and that for simplest design and control, 

Mode I operation is desired. Keeping these constraints in mind, choose the slope of the line 
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(A) corresponding to Rmin such that it remains in the ZCS region. Choosing the mnxiiniim 

possible slope for this line yields the largest possible value for the characteristic impedance 

Ro and the lowest actual peak currents; it was chosen to leave some margin in this design. 

Note that since this line is plotted in the normalized output plane, it has slope 

1/Qmin = n^Ro/Rmin; see Eq. (2.9). The line (B) corresponding to Rmax has a slope 

l/Qmax = l/2Qinin. Two such lines are shown in Fig. 4.9, with l/Qmin = 4/3 and 

l/Qmax = 2/3. 

0.6 

O 0.4- ZCS 
boundary 

boundary 
0.2-

Mmin 

Normalized Output Voltage M 

0.4 0.5 

Figure 4.9. Output plane used in converter design example. Area in grey 

represents the desired set of operating points. 

Now choose the maximum normalized output voltage Mmax such that it intersects the 

line (A) below the Omax boundary in Fig. 4.9; this insures that the region of operation 

remains within the converter limits. Recall that the amax boundary corresponds to the 

CSRC with resonant frequency coq. From the output equation for this case (Eq. (C.15)) 

and Eq. (2.9) relating M, J, and Qload, we can solve for this boundary value of M: 
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Mbound = = y(0-75)(0.5) ^ 0.244 
27t V 2n (4.3) 

so choose Minax=0'24. Since the input voltage varies over a 2:1 range, 

Mmin = Mmax/2 = 0.12. Thus the entire range of operation is contained within the Mode 

I region of the output plane, as shown in Fig. 4.9. The transformer turns ratio can be 

computed from Eq. (2.7) to get 

n = -iL_ = Sy = 1 
MVg (0.24)(25V) 6 (4,4) 

since Mmn» corresponds to the low line input voltage. Finally, the minimum and maximum 

normalized output currents Jmin and Jmax can be determined from Mmin* Mmax* the 

load lines A and B: 

= 0.08 Jmax = = 0.32 
Qmax Qmin (4.5, 4.6) 

The above information can now be used to determine the values of L, Go, and Ci. 5olve 

Eq. (2.9) for Rq using Rioad = Rmin. Qload = Qmin. and n = 5/6 to get 

Ro = = 1.2^ = 2.4Q 
n^Qload 

\6l Ul (4.7) 

and from Eq. (2.3) 

CO. 271500x10^ , -g  
53 6.283xl0«rad/s 

We now have all the information needed to compute the component values. From 

Eqs. (4.7-4.8) and (2.2), 

L=Ba = 382nH Co = = 0.0663 ̂ F 
(Oo Rocoo (4.9,4.10) 

and 
Ci=-^ = 4420pF 

k^-l  (4.11) 



Hnally, it is useful to know the range of the delay time Ati. For Mode I operation, 

we take the output equation (Eq. (2.98)) and solve for a. 

Use the operating points (Mmin. Jmin) and (Mmax* Jmax) combined with Eqs. (2.15) 

and (4.8) to get Ati(niin) = 60 nsec and Ati(niax) = 293 nsec. To ensure that the 60 nsec 

delay is achievable, one can turn Qs on before the beginning of the next switching cycle 

(before Qi turns on). The latter is possible since we operate away from the ZCS boundary 

under all conditions and thus have a period with both iL(t) and vc(t) at zero before Qi turns 

on. Another possiblity is to increase k to give a greater control range. Note that this may 

extend the Mode n region into the operating range slightly. 

Finally, although the example given is for linear loads, the procedure applies to non

linear loads as well. One simply needs to locate the operating region required by the non

linear load in the normalized output plane and design the converter accordingly. 

4.2.3 Comparison with CSRC. 

It is interesting to make a comparison of the above design with a CSRC meeting the 

same specifications. The comparison presented here only concerns the operating frequency 

of the two converters. 

Appendix C gives the following output plane equation for the CSRC: 

We can see that the only control variable for the converter is the normalized switching 

frequency F. Solve Eq. (4.13) for F to get 

(4.12) 

2jtM (4.13) 

F = 2JCMJ (4.14) 
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From the design example of Sect 4.2.2, we fmd that a 2:1 range of input voltage results in 

a 2:1 range of normalized output voltage, and a 2:1 range of output current conbined with 

the 2:1 range of input voltage results in a 4:1 range of normalized output current, so 

Mmax = 2Minin Jmax ~ 4Jinin (4.15, 4.16) 

From Eqs. (4.14-4.16), we can solve for the minimum and maximum normalized 

switching frequency 

Pmin — 2jtJininMniin (4.17) 

Pfliax — 27lJjnaxMniax = 167tJininMinin (4.18) 

and we see that in order to meet the input specifications, an 8:1 variation in switching 

frequency is required. Thus, if a maximum switching frequency of SOOkHz is desired, a 

minimum switching frequency of 62.SkHz is required, and the converter filter components 

must be designed to meet this lower switching frequency. This will result in a much larger 

converter than one might initially expect. 

4.3 Summary. 

A prototype converter with a SOkHz switching fi-equency is built and tested. Two 

experiments are performed, one using a bridge rectifier and one using a transformer. In 

each experiment numerous data points are taken and plotted in the output plane, along with 

the theoretical data which includes the effect of the output rectifier diode drops. In the case 

of the bridge rectifier, the experimental and theoretical data agree very well The agreement 

in the case of the transformer is good, although the difference between the theoretical and 

experimental data is evident The increased error is likely due to the effects of the physical 

transformer's finite magnetizing inductance and the solution chosen to minimize its effect 

Overall, however, the experiment and theory agree well, and the analysis is judged to be 

correct. 
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The effects of the finite transformer magnetizing inductance is explored in detail and a 

mechanism proposed for its effect on the convener operation. Several methods to minimize 

its effect are proposed, one of which is used in the experiment above. Other sources of 

experimental error are discussed as well. 

The design of a CFCSRC is discussed and a systematic procedure good for linear and 

non-linear loads is given in the context of a design example. The example shows that a 

converter with a 2:1 variation in both input voltage and output current is possible while still 

allowing some design margin. The use of the normalized output plane in the design lets one 

choose the desired mode(s) of operation at the start of the design, and yields the 

corresponding resonant component values. The normalized output plane is good for any 

convener design that uses the same values of resonant frequency ratio k and normalized 

switching frequency F, regardless of the numerical values of the specifications. Finally, it 

is shown that a CSRC which meets the same specifications requires an 8:1 variation in 

switching frequency. 



CHAPTER V 
SUMMARY OF THESIS AND CONCLUSION 

5.1 Summary of Main Results 

Resonant converters have some advantages over PWM converters that make them 

more suitable for high frequency operation, namely the ability to switch at zero current 

and/or zero voltage, but the price of these advantages, i.e. frequency control and high peak 

component stresses, is often too high to justify their use. The constant frequency clamped 

series resonant converter (CFCSRC) is proposed as a solution to some of these problems, 

particularly frequency control and high peak component stresses. This thesis gives an 

overview of resonant converters and the source of both their advantages and disadvantages 

and introduces the CFCSRC (Chapter I). It analyzes the steady-state behavior of the 

CFCSRC (Chapter II) and derives expressions for peak components stresses 

(Chapter III). Experimental verification of the steady-state analysis is given and a design 

procedure is oudined by means of an example (Chapter IV). 

Chapter 11 presents a detailed steady-state analysis of the CFCSRC. The operation is 

described in detail for ZCS two modes of operation. Mode I (the main mode) and Mode n. 
It is seen that the converter has two resonant frequencies and it controlled by variation of 

the relative time spent at each resonant frequency. Furthermore, this control is easily 

implemented by means of a variable pulse width. The two ZCS modes, I and n, are 

analyzed using the equations for each interval of a switching cycle and the normalized 

phase plane. Closed-form output equations are given for both modes ( Eq. (2.98) for 

Mode I and Eqs. (2.110-2.113) and (2.123) for Mode II). These output equations give the 

normalized output current J as a function of the normalized output voltage M, the control 

variable a, and the converter parameters k (resonant frequency ratio) and F (normalized 

switching frequency). This allows the output equations to be plotted in the normalized 
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output plane, where they appear as hyperbolae. The height of the curves, and hence the 

converter ou^ut current, increases as a increases. A closed-form equation is derived which 

gives the boundary between Modes I and 11 in the output plane. Several other operation 

boundaries are described and given. A condition is given for the ZCS boundary in the 

output plane, separating the desired region of ZCS operation from that of non-ZCS 

operation. This boundary is in the form of a transcendental equation and must be solved 

numerically. In addition, effective limits on the control angle a are derived. Finally, 

normalized output planes for two sets of parameters k and F are presented. The effects of 

a, k, and F on die output curves and mode boundaries in the output plane are discussed. 

The subject of Chapter m is the peak stress analysis of the CFCSRC. The phase 

plane is used to derive expressions for the normalized peak currents in the main converter 

switches and the resonant components for Mode I. It is shown the normalized peak current 

in Qi is greater than or equal to all other peak currents in the converter, a fact which aids 

comparison of the CFCSRC with other converters. Such a comparison with the frequency-

controlled CSRC is given; it shows that the CFCSRC normalized peak currents are never 

larger than those of the CSRC and that for most of the control range, they are substantially 

smaller. Finally, peak voltages are discussed. All peak voltages are limited to the input 

voltage Vg by the action of the clamping diodes (similar to the CSRC), a substantial 

improvement over conventional series resonant converters. 

Chapter IV provides experimental verification of the analysis in Chapter n. A SOkHz 

CFCSRC was constructed and two experiments perfoimed. The first used a bridge rectifier 

in place of the transformer. Experimental data were plotted in the output plane along with 

theoretical data and the two agreed very well. The second experiment used a transformer, 

and it was discovered that the effects of the transformer magnetizing inductance could not 

be completely neglected. A mechanism to explain this effect is proposed which suggests 
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that the effect is due to the nonsymmetrical resonant current waveform. A number of 

solutions are suggested, including a new symmetrical CFCSRC (Appendix D). Another 

solution was tried, and wavefonns measured before and after its implementation support 

this mechanism. This solution was also used for the for the measurement of experimental 

data for the phase plane; good agreement is with the analysis is obtained. Other sources of 

experimental error are also discussed. 

A design procedure/example for the CFCSRC is also given in Chapter IV. This 

procedure gives a method for using the normalized output plane to determine resonant 

component values from the design specifications. To use the procedure, one selects a 

region in the normalized output plane from the specifications, and from this region one 

determines the transformer turns ratio and the resonant component values. An example is 

given for a CFCSRC with a 500kHz switching frequency which must meet a 2:1 variation 

in both input voltage and output current with a constant output voltage, and phydcally 

realizable component values are obtained. Although the example given assumes linear 

resistive loads, the output plane technique allows design for nonlinear loads as well. 

Finally, it is shown that a CSRC which meets the same specifications must have an 8:1 

variation in switching frequency. Thus, if its maximum frequency were SOOkHz, its 

minimum frequency would be 62.SkHz. Output filter components would have to be 

designed with this lower frequency in mind, resulting in a much larger converter. 

Furthermore, an input harmonic filter would have to meet a very large bandwidth to 

converter the entire range of possible operation. As a result, constant frequency operation is 

of substantial benefit. 



104 

APPENDIX A 
DETERMINATION OF THE DURATION OF INTERVALS 

OF A SWITCHING CYCLE FOR MODE I OPERATION 

A.O Introduction 

In order to determine the location of the ZCS boundary (Sect 2.3.3), it is necessary 

to know the duration of each conducting interval in a switching cycle. These durations are 

derived in this appendix. 

Recall from the discusssion of the ZCS boundary in Sects. 2.3.3 and 2.4 that for 

practical converters, we need only know the interval durations for Mode I operation. 

Furthermore, for determining the ZCS boundary, we need only the durations of the first 

half of a switching cycle. In order to show this, however (see Appendix B), we need to 

know the second half-cycle intervals also. 

The interval lengths of the resonant intervals (1,2,5, and 6) can be determined from 

the phase plane and the interval lengths of the linear current ramp intervals (3 and 7) are 

determined irom the differential equations describing these intervals. The interval lengths of 

Intervals 4 and 8 are not needed and hence not computed. 

A.l Determination of Interval Durations. 

Interval 1, to 

The interval length Ati of this interval is simply the control pulse width on Q3. This is 

defined by 

Interval2,tj£t< t2-' 

The duration 6X2 is not so easily found. We begin with the phase plane, but unlike the 

analysis in Chapter 11, we normalize to (Oi and R] rather than (Oq and Rqi as in Fig. A.I. 



Rl and ooi are defined by Eqs. (2.11-2.12). The result of plotting the new normalized 

variables Jl' and mc' is that Interval 2 appears as a circular arc and Intervals 1 appears as an 

elliptical arc. By determining the angle subtended by the Interval 2 arc and dividing by ot>i, 

we determine the length of the interval. 

mc 
1-M 

Figure A.I. Mode I phase plane normalized to wl and Rl. Used to aid in 

the determination of converter interval durations. 

The angle of interest, P', is given by 

|S' = j[-a'.ir (A.2) 

and since this phase plane is normalized to oi. 
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3' 
At2= — 

©1 (A.3) 

hence a' and / must be determined. To do this we recall that from Eqs. (2.2), and (2.12-

2.13), we can show that 

Ri=kRo (A.4) 

Using the characteristic impedance Ri in the new normalization, we see that 

Vg (A.5) 

Vg Vg 

In the new phase plane, then, the normalized voltage remains the same, and the normalized 

current is multiplied by the resonant frequency ratio k. From Eqs. (2.15), (2.38-2.39), and 

(A.5-A.6), 

mc'(ti) = mdti) = (1 -M)-(l -M)cos(o) (aj) 

iL(ti) = kjL(t,) = k(l-M)sin(a) (A.8) 

and from Eqs. (A.7-A.8) and some trigonometry applied to Fig. A.l, we see that 

a' = tan"^ (k tan a) 9j 

Similarly, from Eqs. (2.58) and (A.6) we know that 

jt (t2) = kjilta) = V(1 -M)2(k^ sin^ a+cos2 aj-M^ (A. 10) 

and thus from Fig. A.l 

V(r-M)^(k^ sin^ a+cos^ a) -M^ P' = tan'* 
M 

Finally, from Eqs. (A.2-A.3), (A.9), and (A. 11) 

(A.11) 
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(A.12) 

Interval 3, t2^t< 13: 

From Eq. (2.57) and the fact that Interval 3 ends when the inductor current decreases 

tozero 

Mt3) = 0 = jij(t2)-a)oM(t3-t2) (A.13) 

and by substituting Eq. (2.58) we can solve for At3 

At t t jijta) _V(l-Mp(k^sin^a+cos^a)-M^ 
a i 3 - 1 3 - 1 2 c o i M  ( A . 1 4 )  

Interval 5,t4 = TJ2-to ̂ t< ts: 

By determining the angle 8' in Fig. A.l, we can determine the duration Ats. From 

Eq. (2.65) 

mc'(t5) = mc(t5) = M+(l -M)cos[coi(t5-t4)] (a.15) 

Furthermore, from Eq. (2.68) 

mdt5) = Mh) (A. 16) 

Thus, we can equate Eqs. (A.5) and (A.15) and solve for Ats = t5 -14 to get 

Ats = — = cos-ifV^ -cos a] 
 ̂ 0)1 coi * 1-M I 0)1 coi U-M / (A.17) 

Interval 6,ts ^t< rg; 

The duration At6 is computed in a manner similar to At2, except that since Interval 6 

has resonant frequency 0)o, we will use the phase plane of Fig. A.2 (see also Fig. 2.5), 

which has been normalized to coq and Rq by Eqs. (2.1-2.2). From Fig. A.2, 

e = «-5-C (A.18) 

and 
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S.cos-iS^ll^ 

5 = COS-l 

where rg is determined from Eq. (2.76) 

"•6 = y[lllJ(ti)-2Mll̂ (tijl(l-ĵ )+l̂ +M2 

and mc(ti) is given by either Eq. (A.7) or (2.74). 

(Oi 

(A.19) 

(A.20) 

(A.21) 

mc 

Figure A2. Mode I phase plane normalized to oq and Rq. Used to aid in 

the determination of converter interval durations. 

Interval 7, t6 ^t< ty: 

From Eq. (2.80) and the fact that Interval 7 ends when the inductor current decreases 

to zero 

jl(t7) = 0=jlj(t6)+(OoM(t7-t6) (A.22) 
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and by substituting Eq. (2.81) we can solve for At? 

' ' * OOoM (DoM ^A23) 

where re is given by Eq. (A.21). 
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APPENDIX B 
COMPARISON OF THE DURATION OF CONDUCTION 

IN THE FIRST AND SECOND HALVES 
OF A SWITCHING CYCLE FOR MODE I OPERATION 

B.O Introduction. 

In the determination of the ZCS boundary (Sect 2.3.3), it is stated that, for Mode I 

operation of the CFCSRC, the duration of non-zero inductor current is greater in the first 

half of a switching cycle than in the second, and this fact is used to derive a boiuidary 

condition for ZCS operation. This is also used as justification for the use of a single diode 

D6 as a method of transformer core reset, discussed in Sect. 4.1.3. 

Appendix A gives the expressions for the duration of the conducting interval of 

Mode I. Most of these equations are complex, non-linear, and transcendental, and an 

analytical method for the proof is not known. In light of this problem, a computer program 

was written to test the duration hypothesis for a range of control angle a, normalized 

output voltage M and resonant frequency ratio k. This program was written in 

Mathematica, and the listing and and results are given below. 

B.l Program Listing and Results. 

Definitions 

These are some often used definitions: 

mctl[M_, aj := (1-M) (l-Cos[a]) //N 

r6[M_, a_, k ] := Sqrt[ ( mctl[M, a]'^2 - 2 nictl[M, a] M ) 
( l-l/kA2 ) + MA2 + ( 1-2M )/k^2 ] //N 

alphamax[M_] :=ArcCos[ -M/(l-M) ] //N 

These are equations for computing the length of each interval 
of Mode I operation: 
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dtl[M_, a_, k_, wO_] := a/wO //N 

dt2[M_, a_, k_, wO_] := l/(k wO) (Pi-ArcTan[k Tan[a]] 
-ArcTan[ Sqrt[(l-M)'^2 ( (k Sin[a])'^2+(Cos[a])'^2 ) 
-M'̂ 2]/M 1 ) //N 

dt3[M_, a_, k_, wOJ := Sqrt[(l-M)A2 ( (k Sin[a])'^2 
+(Cos[a])'^2 )-MA2]/(k M wO) //N 

dt5[M_, a_, k_, wOJ := l/(k wO) ArcCos[ (1-2M)/(1-M) 
-Cos[a] ] //N 

dt6[M_, a_, k_, wO_] := 1/wO (ArcCos[ (M-mctl[M,a]) 
/r6[M,a] ]-ArcCos[M/r6[M,a]]) //N 

dt7[M_, a_, k_, wOJ := Sqrt[r6[M,a,k]A2-MA2]/(M wO) 
//N /; r6[M.a,k]'^2 >= MA2 

dt7[M_, a_, k_, wOJ := 0.0 /; r6[M,a,k]A2 < W2 

Experiment - Comparison of duration of non-zero inductor 
current in the 1st and 2nd halves of a switching cycle 

This section computes and compares the length of time that the 
inductor current is nonzero for each half of a switching cycle and 
plots it to show that the current is non-zero in the 1st half-cycle than 
in the second. 

wO = 1 (* Since it doesn't affect relative length •) 
1 

FailsAt= {} 

0 

Block[{M, a, k, tlst, t2nd}, 
Do[ 

tlst = 
d£l[M, a, k, wO]+dt2[M, a, k, wO] 
+dt3[M, a, k, wO]; 



t2nd = 
dt5[M, a, k, wO]+dt6[M, a, k, wO] 
+dt7[M, a, k, wO]; 

If[tlst<t2nd, AppendTo[FailsAt, {M,a,k}] .Null], 
{k,2,6,0.5). 
{a,0,1.5712,0.1964), 
{M.0.05,0.45,0.0125} 

] 
] 

FailsAt (• Look to see if test failed *) 

The test has run successfully for the ranges above: 
k = 2 to 6 in steps of O.S 
alpha = 0 to 1.5712 in steps of 0.1964 (approx. pi/16) 
M = O.OS to 0.45 in steps of 0.0125 



APPENDIX C 
STEADY-STATE ANALYSIS OF THE 

FREQUENCY-CONTROLLED 
CLAMPED SERIES RESONANT CONVERTER 

C.O Introduction. 

An analysis of the steady-state operation of the frequency controlled clamped series 

resonant converter (CSRC) is necessary for the comparison of peak currents in 

Sect. 3.1.8. The original analysis is given in [4], in which the analysis is performed 

without the aid of the phase plane. A phase plane analysis is presented here, and the 

interested reader may compare this analysis with that shown in the reference as an example 

of the power of the phase plane in the analysis of resonant converters. 

C.l CSRC Description and Operation. 

The CSRC is shown in Fig. C.l and its resonant waveforms in Fig. C.2. A 

switching cycle begins with Qi turning on and Q2 turning off. This applies a voltage 

Vg-V/n across the resonant network, causing the inductor current iL(t) and the capacitor 

voltage vc(t) to increase with resonant frequency CDQ determined by L and C. The capacitor 

voltage vc(t) increases until it equals the input voltage Vg, at which point the diode Di 

conducts, clamping vc(t) at the input voltage and removing C from the resonant network. 

The inductor now sees a voltage -V/n and decreases linearly to zero. At t = Ts/2+to, Qi 

turns off and Q2 tums on. The stored energy in C causes the inductor current iL(t) and the 

capacitor voltage vc(t) to decrease with resonant frequency (oq, until vc(t) reaches zero and 

D2 clamps it there. The inductor now sees a voltage V/n and thus increases linearly to zero, 

where it remains until the beginning of the next switching cycle. 



Vg 

l:n 

m 

Figure C.l. Frequency-controlled CSRC. 

V- -

Figure C.2. Resonant waveforms for CSRC. 
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C.2 Interval Equations for the CSRC. 

There are six intervals in one switching cycle, four of which have non-zero current. 

As is evident from the waveforms in Fig. C.2 and the phase plane in Fig. C.3, the first 

three are symmetrical with the second three. The normalized equations describing each 

interval are summarized below. For information on the method of their derivation, see 

Sect. 2.2.1. 

Interval l,to^t< tj: 

mc(t) = {l-M)-{l-M)cos[ci)o(t-to)] 

ju(t) = (l-M)sin[(Oo(t-to)] 

[mc<t)-(l-M)p + jj(t) = (1 -Mf (C.3) 

(C.2) 

(C.1) 

Interval 2,ti^t< t2: 

mc{t)=l (C.4) 

jlj(t) = yi-2M - CI)oM(t-ti) (C.5) 

Interval 3,t2^t<ts = T^2 • to: 

mc(t)= 1 (C.6) 

Mt)=o (C.7) 

Interval4, t3 = 7^/2 - to ^t<t4: 

mc(t) = M+(1 -M)cos[o)o(t-t3)] 

jij(t) = -(l-M)sin[a)o(t-t3)] 

[mc<t)-M]2+jg(t) = (l-M)2 (CIO) 

(C.9) 

(C.8) 



Interval 5, u ^t<ts: 

nic(t) = 0 (C.11) 

jlj(t) = -Y1-2M +CI)oM(t-t4) (C.12) 

Interval 6,t5^t<t6 = Ts + to: 

ni<j(t) = 0 

Mt) = 0 

(C.13) 

(C.14) 

C.3 Output Equation and Phase Plane Diagram. 

The method of determining the output equation follows the same steps as given in 

Sect. 2.2.1, with the following result in normalized form: 

This forms a hyperbola in the output plane, i.e. the CSRC behaves as a constant power 

source whose output power is proportional to the switching frequency. 

The phase plane diagram is given in Fig. C.3. The circular arcs are described by 

Eqs. (C.3) and (C.10), and the vertical segments by Eqs. (C.4-C.5) and (C.11-C.12). 

The normalized peak current on the primary side is given by the radius of the arc in Interval 

1 or 4. The converter is symmetrical, hence the radius is the same for either interval, and 

the peak cuirents through Qi and Q2 are indentical. The radius of the arc is 1-M, hence the 

normalized peak currents are 

Equation (C.16) depends only on the normalized output voltage M, which is proportional 

to the voltage transformation ratio. Thus, for fixed input and output voltages, the peak 

currents in the CSRC are independent of the load current. 

(C.15) 

jQipk = JQjplc = 1-M (C.16) 
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1-M 

Figure CJ. Phase plane for CSRC. 
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APPENDIX D 
A CONSTANT FREQUENCY 

CLAMPED SERIES RESONANT CONVERTER 
WITH A SYMMETRICAL CURRENT WAVEFORM. 

D.O Introduction. 

The asymmetrical current waveform of the constant frequency clamped series 

resonant converter analyzed in this thesis presents some difficulties in both the analysis and 

operation of the converter. The asymmetry requires that the entire switching cycle be 

analyzed for both Modes I and 11. A converter with a symmetrical current waveform, such 

as the CSRC, has a much simpler analysis, as shown in Appendix C. Furthermore, the 

asymetrical wavefoim is the root of the existence of Mode n operation, and the cause of the 

transfonner volt-second imbalance and associated magnetizing inductance effects. Hence it 

would be desirable to design a constant frequency resonant converter with a synmietrical 

waveform. 

Such converters have been developed [IS], but these converters all require sensing of 

converter wavefomis and/or have strict switch timing requirements for proper ZCS or ZVS 

operation. That is, they require sensing of zero current and/or zero voltage crossings and 

the immediate operation of a switch. In the typical high-frequency applications proposed 

for resonant converters, it may be difficult, expensive, or even impossible to meet these 

timing requirements. Another converter has been proposed [16], but it requires a split input 

supply and requires conduction through three transistors for most of the switching cycle. 

The converter presented in the body of this thesis is naturally commutated and hence has no 

difficulties in this respect, but has the difficulties due to the assymmetrical current 

waveform (Sect. 4.1.3). 

In this appendix we propose a converter that has a simple method of control and a 

symmetrical waveform, shown in Fig. D.l. This converter is an improved version of that 
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in [15]. It requires four transistor switches, but only two clamping diodes. Note that the 

clamping diodes Di and D2 may be part of the MOSFETs Q3 and Q4. Qi and Q2 are driven 

by a 50% duty cycle square wave and Q3 and Q4 are driven by a pulse whose width 

controls the converter. The converter wavefomis are shown in Fig. D.2. 

% 
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Figure D.L Symmetrical CFCSRC. 

D.l Operation of the Symmetrical CFCSRC. 

The converter operates as follows: At the beginning of the switching cycle (t = to), 

Ql and Q4 turn on and Q2 and Q3 are off. Since Q4 is on, vc(t) is held at zero, and a 

voltage Vg-V/n is applied to the inductor. The inductor cuirent iL(t) thus increases linearly 

with a slope of (Vg-V/n)/L. After a delay of Ati, the control delay, Q4 is turned off, placing 

a capacitance of C in series with L. The inductor current continues to increase, but now 

sinusoidally with frequency CDQ set by L and C. The capacitor voltage vc(t) increases until it 

eventually reaches the input voltage, at which time Di turns on and clamps the capacitor 
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voltage at the input voltage Vg. This effectively removes C from the circuit and now the 

inductor sees a voltage of -V/n, so iL(t) thus decreases linearly with a slope of -V/nL. 

When iL(t) = 0, the output rectifier D3 turns off, removing the last excitation and nothing 

further happens until the beginning of the second half of the switching cycle. 

<12; 

vc 

2 

Figure D 2. Resonant waveforms for symmetrical CFCSRC. 

At halfway through the switching cycle, Qi turns off and Q2 and Q3 turn on. This 

applies a voltage -(Vg-V/n) across L, causing the inductor current to ramp down with slope 

-(Vg-V/n)/L. After a delay At2 = Ati, Q3 is turned off, placing C in series with L. The 

inductor cuirent and capacitor voltage resonate at (Dq until vc(t) reaches zero. At this time, 

D2 turns on, clamping the voltage at zero and effectively removing C from the circuit The 
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inductor now sees a voltage V/n and hence ramps up with slope V/nL until iL(t) = 0, 

where it stays until the beginning of the next switching cycle. 

The operation of the symmetrical CFCSRC has the following desirable 

characteristics. Qi and Q2 turn on and off at zero current Q3 and Q4 turn on at zero voltage 

and zero current, and turn off at zero voltage. Thus, all transistors have ZCS or ZVS, 

meaning low switching loss. The converter switches at a constant frequency, and control is 

achieved by modulating the pulse width on Q3 and Q4. The current waveform is 

symmetrical, hence the magnetizing current in the transformer returns to zero and the end of 

a switching cycle. Finally, it requires fewer pans than the CFCSRC presented in the body 

of the thesis. In fact, Di and D2 can be part of Q3 and Q4, as mentioned, it should be 

possible to replace the ^lit capacitor with a single capacitor. Finally, there is no Mode n 

operation for M ^ 0.5 (it may be possible for larger values). There may be other 

advantages as well, such as higher available output currents and greater design freedom. 

D.2 Analysis. 

The phase plane for the symmetrical CFCSRC is shown in Fig. D.3. The analysis is 

similar to that for the CFCSRC and the CSRC. In this section, only the analysis for the 

output equation is given. 

This converter has six intervals that carry charge, but due to the symmetry of the 

current waveform, the second three are the same as the first three. Hrst, the usual lossless 

converter assumption is made: 

VgIg = VI (D.l) 

The average input current Ig is simply the charge from the input of a switching cycle 

divided by the switching period, i.e. 

I _qi + q2-*-q5 _2qi+q2 
* ~ T T (D.2) 
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since qi = qs. Substitute Eq. (D.2) into (D.l) and solve the latter for the output current I 

to get 

T_Vg(2qi+q2) 
VT. (D.3) 

To compute qi, we need to find the area under the Interval 1 triangle in Fig. D.2. The base 

is Ati and the height is the slope (Vg-V/n)/L multiplied by Ati, so 

qi = ^At.f 
2L ^ " (D.4) 

The charge q2 is diat stored by a capacitor C with a potential equal to Ae input voltage Vg. 

<12 = ^^8^ (D.5) 

and then 

2qi+q2=2^A..F^V,C 

By substituting Eq. (D.6) into Eq. (D.3) and applying the same type of normalization as 

in Sect. 2.1.1, we derive the following normalized output equation: 

27tM ^ ^ (D.7) 

where a is deHned by Eq. (2.IS), although in this case it does not coirespond to an angle 

in the phase plane. Equation (D.7) is a shifted hyperbola, similar to Mode I of the 

CFCSRC in the thesis. 
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1-M 

Figure D J. Phase plane for symmetrical CFCSRC. 
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