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ABSTRACT

The load parameter, &, and the ratio of the switching frequency to
the resonant frequency, F;/Fg, characterize the operation of resonant
converters. An accurate dc analysis of the series and parallel reéonant
converters is given in terms of these paramelers whereby the conversion
ratio, peak stresses, and diode conduction time are determined. An exact
and systematic method of small-signal analysis is given whereby the
control-to-output transfer function, audio susceptibility, and input
impedance are determined at a given operating point. In addition, simple

and approximate transfer functions are obtained under high-@ assumption.
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CHAPTER 1

INTRODUCTION

In the past two decades resonant converters have pgained
importance owing to certain advantages of switching sinusoidal voltages and
currents. The principal motivation behind the development of these
converters has been their ability, when operating properly, to provide
natural turn-off for the switching devices. This minimizes turn-off losses
and facilitates the implementation of thyristor switches which are
indispensable at power levels greater than 50kW. Operation at higher
frequencies is another desirable feature in power-processing circuits
because smaller filters can be used and consequently higher power densities
can be attained. When field-effect or bipolar transistors are used at lower
or moderate power levels, resonant converters can operate at higher
frequencies with greater ease than PWM square-wave converters.

Although, undoubtedly, the turn-on and turn-off switching stresses
are far less in rescnant converters than in PWM converters, the total
switching losses may nof necessarily be less in comparison, because the
ratio of peak resonant current to the average input current is generally
higher in resonant converters than in PWM converters. It is nof possible to
compare the efficiencies of rescnant and PWM converters in general, and if
such comparisons are made, they should be interpreted with caution.
Therefore, to help the engineer understand and design these converters, an

accurate analysis of their operation must be given. Whereas for PWM



converters numerous methods of analysis exist, to date only limited dc
analysis of resonant converters has been given while their small-signal
analysis has not even been touched The purpose of this thesis is to
provide an accurate analysis of resonant converters and characterize their
operation in terms of two simple and relevant{ parameters: the load
parameter & and the control parameter £/ F, which is the ratio of
switching frequency to the resonant frequency. A block diagram that
follows from this characterization is shown in Fig. 1.1a.

In Chapters 2 and 3 the dc analysis of the series and the parallel
resonant converters is given. The conversion ratic characteristics, peak
stress levels, output-network switching time, and diode conduction time are
determined in terms of & and Fy/Fy A systematic method of small-signal
analysis of resonant converters is outlined in detail in Chapter 4. In this
analysis the system equations are linearized at the operating point,
determined from dc analysis, assuming small-signal perturbations in the
switching frequency and the input voltage. A block diagram representing
the small-signal perturbations is shown in Fig. 1.1b. The results of the
analysis are determined numerically because of the occurrence of
exponential matrices which are difficult to determine in expression form.
In Chapter 5 simple and approximate transfer functions are obtained for

high-& approximation.
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Fig. 1.1 a) Block diagram of resonant converters and b) perturbations in
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CHAPTER 2

DC ANALYSIS OF THE PARALIEL, RESONANT CONVERTER

2.1 Introduction

In this chapter the steady-state operation and the dc analysis of
the parallel resonant converter are discussed. The basic operation is
reviewed in Sec. 2.2. The dc analysis is presented in Sec. 2.3 where first a
thorough treatment of the conversion ratic characteristics is given in terms
of the normalized load and control parameters. Other steady-state
quantities such as diode conduction time, output-network switching time,
and the initial state variables at the beginning of the switching interval are
determined. Maximum stress levels such as the peak capacitor voltage and
the peak inductor current are determined as well. Proper selection of the
the range of the normalized load and contrecl parameters for optimum
operation is discussed. In Sec. 2.4, the efficiency and the conversion ratio
are discussed in the presence of such nonidealities as parasitic resistances
and semiconductor voltage drops. Experimental results given in Sec. .5

are in good agreement with the theoretical predictions.



2.2 Operation

The parallel resonant converter with two different methods of
voltage excitation is shown in Fig. 2.1a and b. In Fig. 2.1a the capacitors
C. serve as voltage dividers and are assumed to be much larger than the
resonant capacitor, Cp, ie, C.>»>C,; The parallel combination of the
transistors and the diodes forms bidirectional switches which operate at
fifty percent duty ratio to generate a symmetrical square voltage waveform
Vr across the resonant circuit. For the converter in Fig. 2.ia the peak
value, V¥, of the square wave is equal to half the input voltage whereas for
the converter in Fig. .1b the peak value is equal to the input voltage. The
ideal circuit is shown in Fig. 2.1c. The switching times 7' and 7, are

shown in Fig. 2.1 and are defined as follows
Ty' = Switching interval
Fy = 1/ 7' = Switching frequency
s = 7'/2
The resonant frequency is defined as

1

Fo = erm——
7 envioC, (2.2)

The voltage across the resonant capacitor is rectified and applied
to a low-pass filter from which the output voltage is obtained. By analogy
to linear circuits it is clear that the output voltage can be controlled by
changing the ratio of the switching frequency to the resonant frequency.

This is shown in Fig. 2.2 where the converter is represented by a block



a)

b)
+ !
e v Yo
Vg --_ CO Lo ‘ S‘ VT\
il 0
+ - + iR
P VR S2
Ve T- Y I : _ v,
C) T+
L, o T —
Lf +
c,_[_ %3 R

Fig, 2.1 The parallel resonant converter with two different methods of
excitation a) and b), and ideal equivalent circuit c).



diagram with an input voltage V,, an output voltage V, across a load R,
and a control parameter F;/F,; In the following section the conversion
ratio characteristics, M=Vy/V,, will be determined for continuous

conduction mode operation and for the range of the control parameter

Fu/Fy> 5.
[ 1
v Parallel +v M= Vo
. 5 M==2
9 T Resonant Converter _ Vg
_ R
Qp* wolo

Fig. 2.2 Block diagram of the parallel resonant converter.

2.3 Analysis

The basic operation of the parallel resonant converter is discussed
in [1,2,3]. The analysis given in [3] is strictly an iterative computational
method whereby the circuit equations are solved numerically cycle by cycle
until the initial conditions converge. No attempt is made in [3] to
determine neither the initial conditions nor the conversion ratio for a given
load K and control parameter Fy/Fy. The analysis given in this section
begins with the determination of the conversion ratic characteristics and
the initial conditions for a given Fy/Fy and normalized load parameter, &

defined by



_ R
% = wolig (2.2)

The waveforms during a complete switching interval are shown in
Fig. 2.3. BSince the operation of the circuit is symmetrical over an entire
switching interval Tg', the analysis is performed over half the switching
interval 7s. It is assumed that the output filter inductor, L, is much
larger than the resonant inductor, Lg, so that the output filter section can
be represented by a current source Ip=Vy/FK. Because of the output
rectifiers, as the voltage across the resonant capacitor changes sign at
t =7, the output network, or the current source Iy, switches polarity. This
results in two switched networks over half the switching interval, Ty, as
shown in Fig. 2.4.

According to Fig. 2.4a, the equations for the resonant capacitor
voltage, Vz(t), and the resonant inductor current, /g(f), for the time

interval 0<{ <7, are given by

Vo 1 rV -V inwgt — ——
= | — + et R t
Ip(t) [1? Ip(0)|coswet + wolo |9 (0)]31 0 J7] (2.3a)

v
Ve(t) = —-[%-—VR(D)]coswgt + wOLO[R_O +1p(0)|sinwet + ¥}

(2.3b)
According to Fig. 2.4b, the equations for 7, <t < T are
Vo ¥ Vo
- ( - - g i - —
Ir(t) = |Ip{Ty) 7 coswg(t —T,) + ol sinwg(t —T,) + R (2.4a)
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|4
[R(Ta)__o

= sinwg(t —Tg) + Vg

Va(t) = —Vgcoswo(t —T,) + wolg (2.4b)

When Egs. (2.3) and Egs. (2.4) are matched at £ =7, and cyclic
stability required, i.e., Ip(T;)=~Iz(0) and Vp(Ty)=-Vz(0), the following two

equations are obtained

Ve(0) Ir(0)F
7 sinwg Tycos(y—tgTy) @V,

[1 +coswg Tgcos(y—twg Ty )

- Qﬁ [1 + cos(y—wp T, Y{coswy Ty ——2)] =sinwy Ty cos{y—we T, ) + sin(y—tg Ty )
o :
(2.5a)

I(O)R
Ve &b

Vz(0)
Ve

coswy Ty sin(y—wg Ty)

sinewg Tesin{y—we Ty ) — 1] -

- [coswo Ty — 2] sin(y—wgT,) =1 +sinwg Tysin{y—we T, ) —cos(y—wg Ty)

& (2.5b)
The requirement V3(T,)=0 in Eq. (2.3a) gives
Vz(0) Ip(D)R M

coswplyg + sinweTy + ——sinwgT; = coswpTe — 1
I/g (VEN:1 I/ng 0ia Qp Cia [VEX (2’5c)
where
- Fo
TETE (2.6)

Egs. (2.5) are three equations in which the three unknowns /z(0), Vz(0),

and M can be solved for :
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1+ cosy —Rcos(y—wy Ty ) + Reoswy Ty [cos{y—tweTy) —1]

Ip(0) = wolpsiny

sin(y—RwoTy) + sinwp Ty —sin{y—wq Ty )

& (O) = siny

_ cos(y—woTy) +coswT, —1 —cosy
B siny

&

(2.7a)

(2.7b)

(R.7c)

The unknown time 7, in Egs. (2.7) is determined by equating input

and output powers. The input power is given by
-1 rh
Py = fj; V,Ip(t) dt
and the output power is given by
Prt = 2/ Va(t)Ia(t) at
wt = 7y Vet Ia(t)

where

(2.8)

(2.9)

(2.10)

When the integration is performed and Fy, is set equal to P,y an implicit

equation of the form Gp(y.Qp,Ta)=O is obtained from which the time 7, can

be determined for a given &, and v :
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Go(7.@.Ta) = cos(y—ona){sinzona + cos2w0Ta]
+sinwg Ty | siny — sin(y—Rtyg Ta)] +(y =By Ty )siny —Rcoswy Ty

+ Qp'y{l + cosy —coswy Ty —cos('y—ona)] =0 (2.11)

Once 7, is determined, the conversion ratio # and the initial
conditions are determined from Egs. (2.7). A plot of M vs. Fy/Fy for
different values of ¢, is shown in Fig. 5.

It can be seen from Fig 2.5 that for a given €, the maximum
value of the conversion ratioc Mp.; and the control parameter {Fy/ Fo)mex at
which the maximum occurs depend on the value of &, A plot of
(Fs/ Fo)max 80d Mmax vs. & is shown in Fig. 2.6. The maximum value of ¥

for large @, is approximately given by
Mpex ™ & (R.1R)

Figure 2.5 reveals that in order to achieve significant control over
the conversion ratio # with a reasonable change in the control parameter,
&, should be selected larger than two or three. For instance, if €, =1,
then even a large variation of Fy/Fy produces very little change in M,
which clearly is not suitable for control purposes. Also, according to Fig.
2.5, when g is selected large and the converter is operated away from the
resonant peaks, the conversion ratio characteristics are less sensitive to
changes in the load K. Therefore, only when operating away from the
resonant peaks with &, larger than two or three , can the parallel resonant

converter be somewhat considered as a voltage-fed converter.
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Fig. 2.5 Conversion ratio characteristics of the parallel resonant converter
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in confinuous conduction mode.
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For a given design application, the range of the control parameter
F,/Fy can be selected either above or below (F,/Fg)max It is
advantageous, however, to operate this converter below (F,/ Fg)max because
the transistor steps conducting as the resonant current, or the collector
current, passes through zero. This eliminates problems of turn-off and
makes it very attractive for SCR applications. Actually, for a given &, the
critical value of the control parameter (Fy/ Fp),. below which this natural
turn-off occurs is slightly less than (Fy/ Fg)mex and is plotted in Fig. 2.6.
This is illustrated in Fig. 27 where it is shown how the shape of the
resonant_ current changes as Fy/Fy is swept through (Fy/Fy),.. When the
converter is operating below (Fy/Fy),., as shown in Fig R.7a, the transistor
conducts first because the resonant current at the beginning of the
switching interval is positive, i.e., /p(0)>0. As the collector current passes
through zero the parallel diode begins to conduct for a duration Tp. When
using SCRs, it is important to know this diode conduction time 73 in order
to allow sufficient turn-off time for the SCR. When operating exactly at the
critical value (Fy/ Fy),., the transistors turn on and off at zero current and
the parallel diodes never conduct. When operating above (Fg/Fyp),., as
shown in Fig. R2.7c, the diodes conduct first because [z(0) is negative. As
the diode current passes through zero, the transistor in parallel with it
_starts to conduct and is switched off while still in conduction. Therefore,
this range of operation is not suitable for SCR applications. (Fy/ Fyg)y is
determined numerically by requiring /3(0) = 0 for a given Q-

The diode conduction time 75 shown in Fig. 2.7a, is now
determined. The resonant current passes through zero at t =7, in the

interval T, <t <7y as shown in Fig. 2.7a. Therefore, Eq. (2.4a) is set equal
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to zero for f{ =7, and is written here as Eq. (2.13) after multiplying it out

by &)oLg/ Vy
wolo M . M
In(T,) — =—|coswo(T, ~T,) + sinwy(7, —T,) + — =10
R\ig % Qp O\ f2 [+4 O\iz a) Qp (2'13)
The angle woat is defined as follows
- wolo _ M
tan(ﬁ)oa) - [R(Ta) Vg Qp (214)
which when manipulated further gives
tan(woo) = 14 cosy—Rcoswy T,
an{tgX; = sin‘y (215)

Substitution of Eq. (2.15) in Eq. (2.13) gives

M : =
) cos(woa) + sinwg(T, —Tg +) = 0 (2.16)
From Eq. (2.18) the diode conduction time Tp =T, -7, is obtained
woTp =7 —m + wola—T,) — sin™}( icos(woa))
¢ @ (2.17)

Therefore, for a given &, and 7, the time 7p is determined from Eq. (2.17)
where T,, M and o are determined from Egs. (R.11), (2.7¢) and (2.15)
respectively. The normalized conduction time or the conduction angle vs.
Fs/ Fy is plotted in Fig 2.8 for different values of &,. It can be seen from
Figs. 2.6 and 2.8 that if g, is selected small, the useful range of the control
parameter .5<Fy/Fo<(Fy/Fp),. gets smaller. For all practical purposes

then it is desirable to design the parallel converter with a minimum &, no
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weTp/m

Fig. 2.8 Diode conduction angle characteristics of the parallel resonant
converter,
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less than two or three. The condition at (Fy/ Fy),, corresponds to wgTp=0.

A review of the linear parallel resonant circuit shown in Fig. 2.9a
will now be given to show its similarity to the corresponding resonant
converter. The transfer function characteristics of the linear circuit for
different values of ¢}, are shown in Fig. 2.9b. A comparison of these
transfer function characteristics and the conversion ratio characteristics of
the parallel converter shown in Fig. 2.5 shows that the peak of the
characteristics and its position in both cases depend on & . Furthermore,
for large &,. the peak is approximately equal to &, and occurs
approximately at resonance. For the parallel converter this is shown in
Fig. 2.6 where it can be seen that (F,/ Fg)max approaches unity for large &
and Mp.y is approximately equal to &.

The critical value of the control parameter (Fy/Fy),. for the
parallel converter can be likened to the critical value wg/ wg=m of
the linear resonant circuit for which the input impedance is real. For the
linear circuit when the input impedance is real, the input voltage and the
input current are in phase. Figures 2.9c and d show the similarity of the
voltage and current relationship of the linear circuit at w./wy and the
converter at (Fy/ Fop)w; in both cases the voltage and current are of the
same sign. For large values of &, both w;/wp of the linear circuit and
(Fs/ Fg), of the parallel converter tend to unity.

For proper component selection, the peak stress levels must be
determined. First, the peak capacitor voltage and its dependence on &,
and Fg/Fg is determined. The variation of the capacitor voltage with

Fs/ Fy is shown in Fig. 2.10. TFor a given &,, as the control parameter is
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current relationships for the linear circuit at w./wg=
and d) for the converter at Fy/Fo=(Fs/ Fo)s.
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swept through (Fy/ Fo)max. the peak of the capacitor voltage shifts from the
interval T, <t <T; to the interval 0<f <7,. Therefore, depending on which
range Fg/ Fy falls in, the peak capacitor voltage is determined either from
Eq. (2.3b) or Eq. (2.4b). First, the range Fy/Fo<(Fs/ Fg)max is considered
where the peak capacitor voltage occurs in the interval T, <t <7;. The
capacitor voltage in the interval 7, <t <7; is given by Eq. (2.4b) which after

some manipulation is rewritten here as Eq. (2.18)

Ve(t) tolog M|,
= —coswg(t —Tg) + |Ip(Ty) —— — ——|sinwg(t =T7,) +1
Substitution of Eq. (2.14) in Eq. (2.18) gives
Va(t) _
v, - 1 —sec{won) coswp(t — Ty +ax) (2.19)

From Eg. (2.19) it is clear that the peak capacitor voltage Vpear 18 given by

Vpeak
L = 1 ¢+ Iseclwa F. / Fa<(F /F
2 ! ( 0 )l s o ( s O)ma.x (2'20)

When the converter is operating in the range of the control parameter
Fyo/ Fo>(Fy/ Fg)mex, the peak occurs in the interval 0<t <7, in which case
the capacitor voltage is given by Eq. (2.3b) which, after multiplying out by

wolo/ Vg, is rewritten here as Eq. (2.21)

Ve(t) _ [ v&(0) [ m Iz(0) ]
= —1|coswat + |— +plin—— t +1
V I Vg o8k lQp Pofo Ty T SINR0 (2.21)

The angle wof is defined as
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Fig. 210 Fzxplanation of the shift in the peak capacitor voltage from a)
the dinterval T,<t<T, to b) to the interval 0<t<T,, as the
control parameter is swept through (Fy/ Fp)mex-
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M/ @y + woLolr(0)/ V,
VR(0)/ 7, - 1 (2.22)

tan(wgB) =

where Ir(0) and Vgp(0) are given by Egs. (2.7a) and (2.7b) respectively.
When Eq. (2.22) is substituted in Egq. (2.21), the following equation is

obtained

[
'V;] = sec(cooﬁ)[ VP'VE’O) -1

coswg(t —8) + 1

(R.23)

Since the capacitor voltage in this interval is negative, it can be seen from

Eq. (R.23) that Vpeax is given by

V. Va(0)
peak P R
= =1+ sec(w -1 Fs/ Fo>(Fs/ F
Vg ( Gﬁ) T/;, ] s 0 ( s O)max (2’24)
The results are summarized in the following equation
14 |sec{woa) | s P/ Fo<{Fs/ Fo)mex
v})ea}c -
7 Ve (0
§ —1+ |sec(wgf) RV( ) —1] i Fo/ Fo> (Fs/ Fo)mex
g (2.25)

A plot of the normalized peak resonant capacitor voltage vs. Fy/ Fy
for different values of &, is shown in Fig. 2.11. These characteristics are
very similar to the conversion ratio characteristics because the output
voltage is equal to the average rectified resonant capacitor voltage.

The variation of the resonant inductor current, Ip(t), with the
control parameter is slightly different from that of the capacitor voltage,
Ve(t). The peak of Iz(¢), shown in Fig. 2.12a, occurs in the time interval

T, <t <Ty and is given by the maximum value of Eq. (2.4a). As the control
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Fig. 2.11 Normalized peak resonant capacitor wvoltage characteristics of
the parallel resonenl converter
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Fig. 2.12 Explanation of the change in the peak resonant current as
Fo/Fg  is swept  through  (Fy/ Fp)i. a) and b) For
Fo/ Fo<(Fy/ Fo)y, the peak is given by the mazimum value of
the resonant current in the interval T,<t<T, and c) for
Fo/ Fo>(Fy/ Fo)y the peak is given by Ip(T.).
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parameter is swept through some critical value (Fy/Fp),, the maximum
value of Eq. (2.4a) does not occur because the time interval 7, <t <7, is
not long enough. Consequently, when the converter is operating above
(Fs/ Fo)ie, as shown in Fig. 2.12b, the peak is given by the value of the
resonant current at the end of the switching time 7T,, ie.,
Ipeak =Ir(T5) =—Ip(0). First, operation in the range F,/Fo<(Fy/Fp), is
considered for which the peak inductor current is determined from Egq.
(R.4a) which, after multiplying out by wglo/V,, is rewritten here as Eq.

(2.28)

wolg | tolo M . M
Ip(t = |Ip{T, — —— |coswg(f =T,) +sinwa(t =T, ) + =—
R( ) vVg RA a) I/g QP 0( !l) 0( G) Qp (2.28)

Substitution of Eq. (2.14) in Eq. (R.28) gives

woplo M .
py 20 = M t—
Ip(t) 7 % sec(woa)sinwo(t — T +a) (2.29)
The maximum value of Iz(t) in Eq. (2.29) is
Tpeak wolo =M + | secwoat | Fo/ Fo<(Fs/ Fo)ic
Vi, & (2.30)

As explained earlier, for Fy/F¢>(F,/Fg)i. the peak is given by
Ip(T,)=—Ip(0). The normalized peak resonant current can be summarized

by the following equation
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M
— + |sec{wgx
L ke _ |G Iosctena)
peak V b
g

Fs/ Fo<(F3/ Fo)ic

—Ix(0) (Eq. (2.72)) Fo/Fo>(Fs/ Fo)ic (2.31)

The normalized peak resonant inductor current vs. Fg/Fy for
different values of &, is plotted in Fig. 2.13. According to Fig. 2.13, an
interesting feature of the peak resonant current is that, in a certain range
below resonance depending on &, it decreases with increasing &,. This of
course is expected because, as explained earlier, in this range of operation
the converter behaves like a voltage-fed converter. Conseguently, as the
output power decreases the peak current decreases while on the other
hand the peak capacitor voltage, like the output voltage, remains mostly
unaffected. Also, a comparison of the peak current below and above
resonance shows that, for the same conversion ratio, the peak current
below resonance is less than the peak current above resonance.

The critical control parameter {Fs/Fp); is determined numerically
and is plotted in Fig. 2.14. A comparison of Figs. 2.14 and 2.6 reveals the

following important relation
(Fs/FD)zc < (FS/FO)max < (Fs/FO)i.c (2'32)

According to the inequality in Eq. (2.32), when the converter is operating in
the more useful range of the control parameter, .5<Fs/ Fo<{(Fs/Fp)sc,
where natural turn-off of the transistors occur, the peak capacitor voltage

and peak inductor current can be summarized by the following equation
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V;

Bk — 1+ |sec{wpa)]

Ve
1/R= Fs/ Fp< (Fs/FO)zc
wol, M

Tpear [IJ, = Q_"' |sec(wat) |
‘ g P (2.33a-b)

2.4 Nonidealities

In Sec. 2.3 the analysis was carried out with the assumption that
all the active and passive devices were ideal. Nonidealities, such as
parasitic resistances of the resonant inductor and capacitor and the output
filter inductor, as well as the voltage drops in the active components, are
considered in this section. These parasitics introduce losses which
deteriorate the efficiency of the converter. The losses due to parasitic
resistances and voltage drops in the semiconductors are considered
separately to show the contribution of each loss mechanism to the
efficiency. Since these parasitics are small and do not affect the main
operation of the converter, the results of the analysis given in Sec. 2.3 are
modified slightly in this section by introduction of fudge factors.

The first nonideality to be considered is the voltage drop Vgp in
the output rectifiers. The two different methods of output rectification are
shown in Fig. 2.15 where the isolation transformer is assumed to be ideal
and of unity turns ratio. In Fig. 2.16a the output network is reflected to
the primary side of the transformer and the voltage drop in the rectifiers
is separated and represented by a voltage source Vpp in series with an
ideal diode. The voltage source, Vpp, is either equal to one diode voltage

drop, Vp, or two diode voltage drops, 2Vp, depending on the ‘method of
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Fig. 2,15 Two methods of implementing the isolation transformer in the
parallel resonant converter. a) center-lapped and b) full-
bridge.
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C
All diodes I
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Pig. 216 a) Nonideal circuit with woltage drop Vgp in the oufput
rectifiers and b) ideal circuit that delivers the same power Py’
as the mnonideal circuit in a).
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rectification

Vb center-tapped

Vap =
RVp full-bridge

The power flow is shown in Fig. 2.16a where P,y represents losses in the
diode voltage drops and F,, represents the power delivered to the load.

The input power is given by
Pm' = Pout +PLost (234)

Py,' is given by Eq. (2.9) and rewritten here as Eq. (2.35)
= Lt t)dt
P! = ?s'f; Va(t)Ip(t) (2.35)

It is clear that in the absence of losses P,'=P,y. Equation (2.11) was
obtained by equating input and output powers., In the absence of rectifier
losses, the power delivered at the terminals of the resonant capacitor is
equal to the output power. In the presence of these losses the power, P’
delivered at the terminals of the resonant capacitor must be correctly
accounted for. In what follows, an ideal circuit, such as the one shown in
Fig. 2.18b, will be determined which has the same power, P,,', delivered at
the terminals of the resonant capacitor as the nonideal circuit in Fig.
R.16a, and to which the same analysis given in Sec. 2.3 can be applied.
First, the power P,' in Fig. 2.16a is considered which is equal to the sum

of the power lost in the rectifiers and the power delivered to the load
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, V
Pip'= Vgplo + Vily ; fo=7?0" (2.36)

According to Fig. R.18a the output voltage Vp is equal to the average

rectified capacitor voltage <|Vz(t)|> less Vgp
Vo = <|Va(t)[> = Vap (R.37)
where

<| Vp(t)|> = -%;—fonl Va(t)| dt (2.38)

substitution of Eq. (2.37) in Eq. (2.38) gives

P = <| Vg(t)[>? rl— Vap |
i R <| Va(t)]> | (2.39)
Now let

V' = <|VR()]> (2.40)

b= Y
M= A (2.41)

R =—2E

| VD

m, (2.42)

Pin’ = R (2'43)

Equations (2.40) through (R.43) are satisfied by the ideal circuit shown in
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Fig. 2.16b which has a conversion ratio #' and a load R' According to Eg.
(2.42) the normalized load parameter, &,', of this ideal circuit is related to
the original g, of the nonideal circuit by

2

Vap
", (2.44)

g =

1-

The results of the analysis given in Sec. 2.3 will now be applied to the ideal
circuit in Fig. 2.16b. First, the conversion ratio M' is considered which
according to Eq. (R.7¢) is given by

" = cos(y—weTy) +cosweT, —1 —cosy o
- siny P (R.45)

Substitution of Eq. (2.44) in Eq. (R.45) gives

cos(y—woTy) + coswgTy —1 —cosy 0.+ Vap
siny L (R.48)

M =

Next, the implicit Equation (2.11), from which w¢7, is determined, is
modified. The last line in Eq. (2.11) can be seen to be equal to —M7ysiny.
Now, when M is substituted by M' a new implicit equation G,'(7.&.T;) is

obtained which is related to G,(7.&p,7Ts) by the following equation

. Ve
! T = N2 - —=

Gp (7-Qp a) Gp (7 Qp Ta) sy Vg 0 (2’47)

Once woT, is determined from Eq. (2.47) for a given &, and v, the

conversion ratio M' can be determined from Eq. (2.48). The actual

conversion ratio M, of the nonideal circuit can now be obtained from Egq.

(.37) as follows



_ Ve _ ., Ve
A 7 (2.48)

According to Egs. (2.46) and (2.48), the conversion ratio of the nonideal
circuit M, is still given by Eq. (2.7c), but the angle w7, is now determined
from the modified implicit equation given by Eq. (2.47).

The efficiency of the converter due to losses in the output
rectifiers is considered next. This efficiency 7, due to rectifier losses is

easily seen to be given by

1

Vap
v, 1 (2.49)

Nrp =

The first thing to note from Eq. (2.49) is that, just as in the case of PWM
converters, the efficiency deteriorates for lower output voltages. According
to Eq. (R.4B), substitution of Vy in Eq. (2.49) gives another expression for

the efficiency 7p

e ", (2.50)
The actual gain can now be written as
My = npM’ (2.51)

The efliciency myp vs. Fs/ Fp is plotted in Fig. 2.17 for two different
values of Vpp/V;. The efficiency is seen to be higher near resonance where
the conversion ratio is higher. These curves do not suggest that the
converter should be operated near the resonant peak; all they show is the

behavior of 7, in open loop operation. For a closed loop regulator with a
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fixed output voltage, 75 is given by Eq. (2.49).

The losses in the switches are now considered briefly. These switches
can be realized by implementing BITs, FETs [1,2], or SCRs [3]. In all these
cases the voltage drop during forward conduction, Vgg, is different from the

voltage drop during reverse conduction, Vpg. The losses in the switches are

given by

1 T, T /
Py = f{Vpsfo [p(E)]dt + Vs [ " |1(t) | dt (2.52)

where T, is the zero-crossing time of /z(¢). In Eq. (2.52), the resonant current,
Ip(t), must be determined taking into account the voltage drops Vrs and Vgs.
Such an analysis would be rather complicated, however, if Vms and Vzs are
small compared to Vg, which is generally the case for most applications, Ip(t)
in Eq. (2.52) can be determined assuming ideal switches. Therefore, for
thermal design, the losses can be estimated according to Eq. (2.562), in which
Ip(t) is determined assuming ideal switches. Experimental results given in
Sec. 2.5 are in good agreement with the predicted results assuming ideal
switches.

The losses in the parasitic resistances are considered next. The
losses in the esr of the output filter capacitor are not considered because in
the dc analysis given in Sec. 2.3 the current in the output filter inductor was

assumed to be free of ripple. The input power is given by

where J; is the average input current shown in Fig. 2.1a and b. The
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output power, in the presence of parasitics, is given by

Pout =7]me = Vo[o (254)

According to Eq. (2.53) and (2.34), the efficiency due to the parasities is

given by

= Vi T (2.55)

It will be assumed now that in the presence of these parasitics, the current
conversion ratio I/ /p remains unaffected and is still given by the ideal
voltage conversion ratio. Therefore, the actual conversion ratio,
My =Vy/ Vin, of the converter in Fig. 2.1a, according to Eq. (2.55) is now

given by

Mo = 1p (2.56a)
and for the converter in Fig. 2.1b, M, is given by
My =, M (2.56b)

The results given in Egs. (2.56) hold for PWM converters as well. The actual
conversion ratio for PWM converters in the presence of parasitics is derived
by the method of state-space averaging [4]. It was shown in [4] that the
current conversion ratio remains unaffected in the presence of parasitic
resistances and that the actual conversion ratio is given by the product of
the efficiency and the ideal conversion ratio. Since for resonant converters
the steady-state results are not as easily obtained, rather than deriving it,

the current conversion ratio is assumed to remain unchanged. The power
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lost in the parasitic resistances is given by
Prost = ILPry, +I%rc, + IgPry, (2.57)

where Tr, T, and T[, are the parasitic resistances of the resonant

inductor, resonant capacitor and output filter inductor respectively. The
currents /. and /I, are the rms values of the resonant inductor and

capacitor currents determined in Appendix A. The efficiency is now given

by

1
LT, I*Tg 7L

+ +
I R I R E (2.58)

M =

1+

As before, it will be assumed that the ratios f./ Iy and I,/ Iy remain
unchanged in the presence of parasitics. Consequently, the rms values are
determined from the expressions derived in Sec. 2.3. The following

normalized loss parameters are defined

_ ngg

Q=

) Qc = wOLD i Qf = QOLO
TLu Tco TLf (259)

The efficiency due to the parasitics can be written now as

1
T =
g‘—;— &, B + =41
M Ql Qc Qpr (260)

The constants B, and B, are determined in Appendix A, According to Eg.

(2.60) it can be seen that the efficiency due to the parasitics in the
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resonant capacitor and inductor depend on the operating point whereas the
efficiency due to the parasitic resistance in the output filter inductor does
not. In Fig. 2.18 the efficiency vs. F;/ Fy is plotted for two different values

of &, &, and & assuming 'rL!=O. It can be seen that the efficiency

deteriorates for increasing &, and Fg/Fy  Clearly the efficiency
deteriorates for small @, and large &; as can be seen by comparing Fig.
2.19a and b. It can also be seen that the efficiency is higher in the
important range of the control parameter .5<Fg/ Fo<(Fy/ Fp),c determined

earlier in Sec. 2.3.

2.5 Experimental Results

The experimental circuit used to verify the conversion ratio

characteristics is shown in Fig. 2.19. The circuit values are
Lg=49uH Co=.1uF Vg =1V (2.61)

The experimental and predicted results are shown in Fig. 2.20. The
predicted characteristics are obtained considering only the diode voltage
drops using Egs. (R.46) through (2.48). The experimental and the predicted
results are in good agreement except near the peaks. This discrepancy
owes to the fact that the analysis for the nonideal circuit is not exact. An
exact analysis with all the parasitic losses (including core losses) would
result in better agreement near the peaks, but since it is desirable to
operate the converter away from the peaks, such a tedious analysis would

be unnecessary.



43

D44H10
42uF
-
o 2:
Vo —~ 0 =
in e S
42uF
?r
_ D45H10
1.35mH
All diodes
UES1303
32uF
L]
=" 3r
Ve VCo Buffer Fq

——#»— Intersil

8038

|

DS0026

Fig. 2.19 FEzperimental circuit for the parallel resonant _converter



44

A21=% arr=%  Hrigy=07
‘133.L80U0T JUDUOSBL 19770400 Yy fo SOUJSILE]ODLDYI
01DL  UOLSLENU03 8y} Jo symsas pejoipaud pup juswasdzry 028 Buf

61 /! €1 ¢'1 1°1 0°1 6" 8* L’ 9°

T T 1 T L ] T 1 T

H



45

/ 10V

Fig. 221 FErperimentally measured waveforms, lgft, and predicted
waveforms, vight, of the parallel vesonant converter. a)
Resonant capacitor voltage Vp(t) and excitation voltage Vy, and
b) resonant inductor current Ip(t). Lo=49uH, Cy=.1uF,
@ =R.95, F;/ Fp=.75, and V, =15V.
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Figure 2.21 shows experimental and predicted voltage and current

waveforms for the following circuit values
& =R95 F/Fo=.75 Cp=.1uF Ly=49uH V,=15V
The following table summarizes the results relevant to Fig. 2.23

Predicted Measured
Voeak 41.4V 40V
Losak 1.57A 1.BA
Tp R.58usec  R.5usec

. 1.14usec  1.8usec

2.6 Conclusion

In this chapter the parallel resonant converter is first described as
a black box with a control signal F,/Fy input voliage source V;, and an
output connected across a lcad R. The output voltage is controlled by
changing the ratio of switching frequency to the resonant frequency, Fs/ F.
The conversion ratio characteristics are determined for continuous
conduction mode in terms of the normalized load parameter, &, and
control parameter, Fy/F, Only the range of the control parameter
Fs/Fg>5 is considered. The peak resonant voltage and current
- characteristics are determined likewise in terms of & and F / Fy.

The critical value of the control parameter (Fy/Fg),.. below which
natural turn-off of the switches occurs, is determined in terms of & Itis
shown that (Fy/Fy), tends to unity for large & . The diode conduction

time, 7p, in the range 5<F,/Fo<(Fs/ Fp),., which is an important design



47

parameter when SCRs are used, is determined in terms of &, and Fy/ Fy,
The efficiency in the presence of parasitic resistances is discussed
and it is shown that the efficiency decreases for increasing Fg/ Fy,.
According to the conversion ratio, diode conduction time and
efficiency characteristics it is shown that it is best to operate this
converter below resonance and away from the peak with a &, no less ‘than
two or three. This will insure higher efficiency and minimum sensitivity of

the conversion ratio to variations in the load.
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CHAPTER 3

DC ANALYSIS OF THE SERIES RESONANT CONVERTER

3.1 Introduction

This chapter discusses the steady-state operation and the dc
analysis of the series resonant converter. After a brief review of the basic
operation in Sec. 3.2, the analysis is presented in Sec. 3.3 and Sec. 3.4. In
Sec. 3.3 the analysis in the range F;/Fp>=1/2 is given, and in Sec. 3.4 a
general analysis is given in the entire range 0<Fy/Fpy<ew The various
modes of operation in discontinuous and continuous conduction are
identified, and the conversion ratic for each mode of operation is
determined in terms of the normalized load parameter, &, and the control
parameter F,/ F;. The boundaries between the various modes of operation
are determined in terms of & and Fg/Fy as well. I is shown that certain
types of discontinuous conduction modes should be avoided because the
conversion ratio for such modes is insensitive to the control parameter.
For example, in the range 1/2<F;/ Fp<1 a simple equation is given for the
praoper selection of & in order to avoid the occurrence of dem. Other
steady-state quantities such as peak stress levels and diode conduction
time are determined as well. Nonidealities due to the parasitic resistances
and rectifier voltage drops are considered in Sec. 3.5. - The experimental

results given in Sec. 3.6 are in good agreement with the predictions.
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3.2 Operation

The series resonant converter was first introduced by Schwarz [5].
The major drawback of the converter described in [5] is that its conversion
ratio is fixed. The converter shown in Fig. 3.1a, which has an adjustable
conversion ratio, was introduced later by Schwarz [6]. The reason for the
drawback of the converter described in [5] is the absence of the diodes D1
and DR shown in Fig. 3.1a. It is shown in the next section that in the
absence of D1 and DR, the converter is forced to operate in a certain
discontinuous conduction mode for which the conversion ratio is
uncontrollable and fixed at unity. Other methods of exciting this converter
are shown in Fig. 3.1b-d. All these converters are equivalent to the ideal
circuit shown in Fig. 3.1e. Switches S1 and SR operate at fifty percent
duty ratio and generate a symmetrical square waveform, Vy, of amplitude

Vy across the resonant circuit. For the converters in Fig. 3.la-c, Vy is

g
equal to V;,/ R, whereas for the converter in Fig. 3.1d Vg is equal to V,.
In Fig. 3.1a the capacitors Cy/ 2 serve as resonant capacitors as well as
voltage dividers whereas in Fig. 3.1b the capacitors C, serve only as voltage

dividers and are much larger than the Cj, ie., C.» C,. ' The switching

times 7; and 7', shown Figs. 3.1, are defined as before
7y' = Switching interval

1
7'

F, = = Switching frequency
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T '
Ty = 23
The resonant frequency is defined as
P 1
) = ——————
2TV LQCQ (31)

The normalized load parameter is given by

_ wolg
&= % (3.2)
The constant K is defined as
Gy
K== (3.3)
where
_ .
YETER (3.4)

The resonant current, /p(t), is rectified and applied to a low-pass
filter from which the output voltage is obtained. It is then clear, by
analogy to linear circuits, that the output voltage can be regulated by
controlling the ratio of the switching frequency to the resonant frequency,
Fs/7 Fy. The same block diagram given for the parallel converter is

repeated here for the series resonant converter in Fig. 3.2.
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v + Series + Vo
T RS Vo M=—
9 - Resonant Converter %_0 Vg
wol
Q = Lo

TFs/Fo

Fig. 3.2 Block diagram of the series resonant converter.

3.3 Analysis: F,/ Fy, = 1/2

The analysis of the series resonant converter for the range of the
control parameter Fg/Fg=>1/R2 is divided into two parts; below resonance,
1/R<Fs/Fo=<1, and above resonance, F,/Fg=1. First the range

1/2=<F,/ Fp=<1 is discussed.

33.1 1/2<F,/Fy<1

According to Fig. 3.2 the analysis in this section begins by the
determination of the conversion ratio, M, in terms of @ and F,/Fp in
continuous and discontinuous conduction modes. The analyses given in [6]
and [7] have considered the operation of this converter in terms of the
diode conduction angle, wyTp and have not explicitly determined the
conversion ratio nor the occurrence of discontinuous conduction mode

(dem) in the range 1/2<F,/ Fy<1.
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The voltage and current waveforms in continuous conduction mode
(ccm) are shown in Fig. 3.3. In this range, the resonant current at the
beginning of the switching interval is always positive, i.e., /(0)=0. This
means that the transistor always conducts first and thereafter, as the
collector current passes through zero, the parallel diode begins to conduct
for a duration wg7p. This natural turn-off is very attractive for SCR
applications. For the parallel converter it was shown that the range of the
control parameter in which natural turn-off occurs is load dependent. In
the case of the series resonant converter this range is given by
1/2<F,/ Fg<1 and is independent of the load.

As in the case of the parallel converter, owing to the symmetry of
operation over an entire switching interval, the analysis is carried out over
half the switching interval, 7T;. It is assumed that the output flter
capacitor, C;, is much larger than Cy so that the output section can be
represented by a voltage source V. As the resonant current changes sign
at t=T,, the output section, or the voltage source V,, switches polarity
because of the output rectifier bridge. This results in two switched
networks over the interval 75 as shown in Fig. 3.4.

According to Fig. 3.4a, the equations for Ip(t) and Vg(¢£) in the

interval 0<t <7, are given by

Ip{t) = Igr(0)coswet + QOCO{I{,,-—VO—VR(O) sinwpl (3.5a)
N ‘P4 Ip(0) _
Ve(t) = —{Vo = Vo= Ve(Q)cosunt + lm sinwet + % = Vo 5oy

According to Fig. 3.4b, the equations in the interval T,<t <7, are
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Fig. 3.3 Volitage and current waveforms aof the series resonant converter
when operaling in conlinucus conduclion mode and in the range
1/ =Fg/Fy<1.
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[R(t) = WQCU[Vg + VO_VR(Ta)] Sinwo(t —Ta) (363)
VR(t) = -—{Vg+V0—VR(Ta)] coswo(t —=T,) + V; + Vp (3.6b)

For the series resonant converter, the initial conditions Vz(0) and
Ip(0) can be easily determined by the following simple approach which is

also given in [6]. The input power to the the circuit is given by

(4, -4p)

;3|ns<

Py = ;'L[ foT“IR(wdt + fT:’fR(“dt (3.7)

where A; and Az are the areas under the resonant current waveform shown

in Fig. 3.3. The output power is given by

_ Vgr T T, _ Vo
Py = flfo Ip(t)dt —fTa Ip(t)dt | = T (A; +4z) (3.8)
The requirement P, =Py, gives
Vi A -
M = _.0_= 1 Ag
V, A +Ag (3.9)

Since A; and Ap are positive, it follows immediately that # cannot exceed

unity
M=<1 (3.10)

According to Fig. 8.3, the peak-to-peak capacitor voltage is given by

2ot = V(1) = 7 (A1 +42) B.11)

Also, the output voltage is given by the average rectified resonant current
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multiplied by the load R

1 %
Vo= Rof "|Ipt)|dt = £ (4, +45)
7. Jo T,

(3.12)
Substitution of Eq. (3.12) in Eq. (3.11) gives
- - LV _
VelTa) = Vouwr = 57— = MKV, (3.13)

where K is given by Eq. (3.3). The initial capacitor voltage Vz(0) can be

expressed as

Vi (O) = Vynas = 2 fy Ip(Tu)E = Tpuge = B 610
which after some manipulation, gives
Ve(0) = —MPKV, (3.15)
The requirement /z(7;) =0 in Eq. (3.5a) gives
Ip(0) = —woCoIg{l —M + MPK |tanwy T, (3.16)

When cyclic stability conditions are required, ie., I(0)=—-Ix(7;) and

Ve(0) = —VR(Ty), the following two equations are obtained

1+ M -MK

tnnte = T M MK

Sin(?""wOTa) (3_17)

1+M -M*K

cos(y —woTy) = 1+ M —MK : (3.18)

In Appendix B.1 Egs. (3.17) and (3.18) are solved simultaneously and an
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implicit equation of the form G;(M.&.7)=0 is obtained from which ¥ can

pbe determined for a given &, and Fy/ Fy This is given by

_1-M+MPK
Go(M.Qy) = M(K+1)-1 cosy
_ N -WA UK -2)UK .
MK +1)—1 7
1+ M -MPK _ 0
1+M(1-K) (3.19)
Also, the angle wg7, is shown to be given by
_ 1-M+M*K
coswola = TR A1) (3.20)

A plot of the conversion ratio characteristics in cem is shown in
Fig. 3.5. These characteristics are obtained by solving G (M.&.y)=0
numerically for each &; and for values of F;/F, ranging from 1/2 to 1.
As expected, according to (3.10), the maximum value of ¥ for any &, does
not exceed unity. The characteristics for €, =4/m are seen to extend over
the entire range 1/2<F,/ F¢<1 while those corresponding to & <4/m are
restricted to a narrower range of Fg/F, For example, for & =3/ 7 the
characteristics for cem are restricted to the range 1/2<F / Fy<3/4. This
means that for § =3/7 the real solutions of Eq. (3.19) are restricted to
this range and that no real roots exist in the range 3/4<F,/Fy<1. This
restricted range of Fy/ Fy will now be determined analylically and it will be

shown that outside this range the converter operates in dem.
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| Fs/Fom3/4

fig. 3.6 Conversion ratic characteristics of the series resonant converter
when operating in continuous conduction mode and in the range
1/2 <sF,/Fg=<1.
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Since M =< !, an examination of the radical in Eq. (3.19) reveals

that
MK =2 (3.21)
which can be written as
Fs . MG
Fom 4 (3.22)

According to (3.22), the range of F,/Fy in which Eq. (3.19) admits a real

solution is given by

e

- MO
Fo 4 (3.23)

1e
2

Since the maximum value of M is unity, the upper bound in (3.23) can be

written as

Qs
4 (3.24)

<

NIH
A
EE

A comparison of (3.24) to 1/2<F,/Fy<i shows that for @ >4/
Eq. (3.19) has a real root M in the entire range 1/2< F,/ Fy=1, whereas for
&=4/7m this range is restricted to (3.24). This then explains the
characteristics shown in Fig. 3.5. For the example of @, =3/, (3.24) gives
1/2<F,/ Fy<3/4.

In order to complete Fig. 5, the characteristics for @ =4/
outside the range given in (3.24) is now determined. From the preceding
discussion and Fig 3.5, M reaches unity for @i <4/m below resonance at

Fy/Fo=@sn/4. According to Eq. (3.9) unity gain implies A, =0. The only
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Fig. 3.6 Voltage and current woveforms of series rtesonant converter
when operating in discontinuous conduction mode and in the
range 1/2 <F;/Fy<1. Note that during T, -nTy/2, the voltage
at the input side of the bridge, Vg, is less. than the output
voltage.
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CCM «——» dcm

.8t Fg/Fo=QsT/4

4L 2/m € Qg < 4/m

.5 6 7 8 .9 1.0
Fg/Fq

Fig. 3.7 A typical conversion ratio characteristics curve of the series

resonanl converter for 2/n<@;<4/m when operating in the
range 1/2 <F;/Fo<1. For such wvalues of @, the operating
mode changes  from  continuous  to discontinuous  at
Fs/Fo=6sm/4.
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way this can happen below resonance is for the current in the interval
T,<t<Ts to be zero as shown in Fig. 3.6. This means that for such values
of @ the converter enters dem at Fy/Fy=@,n/4. As F./Fy is increased
beyond &s7/4, the converter remains in dem with M fixed at unity.> This is
illustrated in Fig 3.7. The combined characteristics in contiriﬁous and
discontinuous conduction modes are shown in Fig. 3.8. These
characteristics show that this converter is not well suited for applications
that require very large load changes. This has been a known fact since the
introduction of this converter, because of its apparent current fed nature.
It is shown now that this is true only under certain conditions. A plot of
the normalized output current, which is given by lowelg/ V. vs. Fg/ Fy for
different values of &, is shown in Fig. 3.9, These characteristics are
obtained by multiplying ¥ by &. Now, it can be seen from Fig. 3.9 that
only for & greater than three or four and away from resonance does the
convertér behave like a current fed converter. For a given g, the modes of

operation in the range 1/2<F,/ Fpg<1 can be summarized as follows

4 . 1 Fs
> = — e
Q= - cmin o= pes<l (3.25a)
. 1 Fs G
e <
Q ) . ccm in o = Fo 4
i< F
T 1 dem in QZ” = Fs =1
0 (3.25b-c)
2 o Lo Fs
Q= domin o= pmsd (3.25d)

Condition (3.25d) follows immediately from (3.24) whence it can be seen
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Fig. 3.8 Combined conversion ratio characteristics of the series resonant
converter in conlinuous and discontinuous conduction modes and
in the range 1/2 <F,/Fy<1. : :



11

10

66

LQg=4/m
Qg=3.5/m
Qs=3/ﬂ
QS=2.5/W

.6

1

.0

Fig. 3.9 Normalized average output current characteristics of the series

resonant converfer in continuous and discontinuous conduction
modes and in the range 1/2 <F,/Fy<1,
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that for & =2/ the upper and lower bounds of ccm coincide. Alternately,
the boundary between dem and ccm as a function of @ for a given F,/Fy

in the range 1/8<F,/Fy<1, can be given as follows

F,
g < fr_Fs dem
0
/RB=F/Fp=l
4 Fs
& > m Fo cecm

(3.26a-b)

It is quite clear that dem should be avoided if a controllable output is
desired. This completes the discussion on the determination of # in both
modes o.f operation. In what follows a physical reason for the occurrence
of dem is given.

According to Fig. 3.6 and Egs. (3.5) and (3.6), the voltages and the

currents in dem are given by
Ip(t) ==woCoVr(0) sinwot  Ve(t)=Vr(0)coswet O<t<T, (3.27)
Ip(t)=0 Vr{t)=-V5(0) T,<t<T, (3.28)

The output voltage, which in this case is equal to the input voltage, is given

by
_ _ 1 % _ _ R Fs
o =% = Byfy lr(b)dt = - 2 TVa(0) (3.29)

In the time interval 7,<t=<T7, the net voltage at the input side of the

bridge, Vjp, is given by
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&m Fo o
2 F (3.30)

Ve = Ve(Ts) -V = Vo[

The range of Fy/ Fg in which dem occurs is given by (3.25¢) from which it

can be easily shown that

2 F, (3.31)

which according to Eq. (3.30), implies that the voltage at the input side of
the bridge is less than the output voltage. This means that in the interval
T,<it=<Ts the bridge becomes reverse biased and the diodes D1 and D2 do
not conduct. The occurrence of this discontinuous conduction was never
explained in [6] or [7] where it was assumed that the diodes D1 and D2
always remain in conduction. It should be clear now that if these diodes
are removed the converter will always be forced to operate in dcm with M
fixed at unity as in the case of the converter described in [5].

For proper component selection, the peak stress levels must be
determined. According to Fig. 3.3 the peak of the resonant current occurs
in the interval 0<t <7, during which the resonant current is given by Eq.
(3.5a). When Vg(0) and Ip(0), given by Egs. (3.15) and (3.16) respectively,
are substituted in Eq. (3.5a), the following is obtained

1-M+ MK

i t T
coswy Ty sinawo( a)

IR(t) = ﬁ’ocnvb (332)

Substitution of coswe?, from Eq. (3.20) in Eq. (3.32) gives (after taking the

positive value |1-M(K+1)|=M(K+1)-1)
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Fig. 3.10 Normalized peak resonant capacitor voltage characteristics of

the series resonanl converfer in continuous and discontinuous
conduction modes and in the range 1/2 sl /Fg<1.
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Qs=8

— /’Qs=4/'n.
L. — QS=3.5/1T
Qg=3/m
\~QS=2 S/m

Fig. 3.11 Normalized peak resonant inductor current characteristics of

the series resonant converter in continuous ond discontinuous
conduction modes and in the range 1/2 <F,/Fy<1.
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Tosat. = @aCo¥; [M (K +1)~1] (3.33)
Voo = MKVg (3.34)

where the peak capacitor voltage, given earlier in Eq. (3.13), is repeated
here in Eq. (3.34).
For completeness, the peak stress levels in dem are given now.

From Egs. (3.27) and (3.29) these are easily given by
Ipeulc = C«)oCQK-Vg (335)
Voewr = KV (3.36)

It can be seen that the peak stress levels in dem can be obtained from
their corresponding expressions in ccm by letting M=1 in Egs. (3.33) and
(3.34). This, of course, is expected because at the boundary between dem
and ccm both expressions should match. Plots of Voear @nd Iygge in
continuous and discontinuous conduction mode are shown in Figs. 3.10 and
3.11 respectively.

When SCRs are used, it is important to know the diode conduction
time, Tp, shown in Fig. 3.3, in order to allow sufficient time for the SCR to
turn off. This angle according to Eq. (3.1B) is given by

_1‘ 1+ M- MK

wolp = y—wTy = cos TYHI-K) (3.57)

This is plotted in Fig 3.12. The characteristics for @ <4/ terminate at
Fs/Fo=@Q.,m/4 because, as explained earlier, for such values of & the

converter operates in dem in the range @n/4<F,/ Fg<1,
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wOTD/ T

Fig. 3.12 Diode conduction angle characteristics of the series resonant
converter in the range 1/8 <F,/Fg<1. Note that Jor Q. =<4/m
the curves terminale al Fy/Fy=@n/4 os the converter enters
discontinuous conduction mode,
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33.2 F./Fp=1

The voltage and current waveforms in the range F,/Fy=1 are
shown in Fig. 3.13. In this range the diode D1 conducts first because
Iz(0) is always negative. As the resonant current passes through zero at
t =7, the transistor enters conduction and is switched off at £ =T, while
still in conduction. Therefore, this range of operation is not very suitable
for SCR applications since natural turn-off does not occur. It is clear that
discontinuous conduction cannot occur in this range because 7,<7Ty/R.

The analysis is similar to the analysis given earlier for the range
1/2<F;/Fg=<1. In this section only the final results are given. The details
of the analysis are given in Appendix B.2. The implicit equation from which

M is obtained is given by

1+ M+ MPK
G (M. Q) = M(K+1)51 O

V(1 —M*) (MK +2) MK

T HE YD 1 sy
_1-M-MPK _ .
1-M(1-K) (3.38)

The conversion ratio characteristics are shown in Fig. 3.14 along with the
characteristics in the range 1/2<F,/Fpg<l. It was shown earlier for
;<4/m that the converter operates in dem in the range @n/4<Fy/ Fg<1.
For such values of @, the converter once again enters ccm when excited

above resonance.
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Fig. 3.13 Voltage and current waveforms of the series resonant conuverler
when operating in the range Fj/Fg=1.
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Fig. 3.14 Conversion ratio characteristics of the series resonani converter
in the range Fg/Fo=1/2.



76

The output-network switching time, or the diode conduction time,

is given by

1+ M+ MK
M(K+1)+1

coswg?y =
The voltages and currents for 0<£{ <7, are given by
Ip(t) = woCoV, {1 +M(K+ 1)] sinwp(t ~Tg)
Va(t) = ~ Vg |14 MUK+ 1)] cosw(t = Ta)+ V5 (3 +1)
and for Tp<t<T; are given by
In(t) = @oCo¥ |1~ M + MK |sinw(t ~T,)
Va(t) = ~Vy [L~H + MK |cosn(t ~Ta) + (1~ H)

The initial values /z{0) and Vg(0) are given by

Vr(0) = —M*KV,

Ip(0) = —woCoV, V(1 ~M?)MK(MK +2)
The peak stress levels are given by
Vpeak = MKV_;,

&)gCng{l -M+ MK

Ipealc =

C 1-M+MPK <0

(3.39)

(3.40a)

(3.40b)

(3.41a)

(3.41b)

(3.42)

(3.43)

(3.44)

woCoVu V{1 —MA)MK(MK +2) ; 1-M+MPK =0 (3.45a-b)

The peak value value of the resonant current is either given by the

maximum value of Iz(t) or by Ir(7s) depending on whether this maximum
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Fig. 3.16 Ezxplanation of the change in the peak resonant current when
the series resonant converter 1is operating in the range
Fs/Fo=1. a) when y—woT,>n/2, Iy 15 given by the
maximum value of Ip(t) in the interval T, <t <Ts,. &) When
v—woTy<n/8, the mazimum wvalue of Ip(t) cannot occur and

]peak = ]R( Ts)'

.5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5

Fig. 3.16 Normalized peak resonant inductor current characteristics of
the series resonant converfer in the range F,/ Fo=1/2.
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Fig. 3.17 Normalized peak resonant capacitor wvoltage characteristics of
the series resonant converter in the range Fy/Fo=1/R2.
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can occur or not in the interval 7,<t<7; as shown in Fig. 3.15. The
boundary between these two cases, according to Fig. 3.15, is determined by
y—wpTg =7/2. From Appendix B.2 we have

1 —M —M*K

cos(y—~wpTy) = 1T-H(I-K) (3.48)

If y—weTy=n/2, then the numerator in Eq. (3.48) is negative (since the
denominator is always positive) and the peak is given by Egq. (3.45a),
otherwise it is given by Eq (3.45b). The peak current and voltage

characteristics are plotted in Figs. 3.16 and 3.17 respectively.

3.4 General Analysis

In this section the operation of the series resonant converter is
given in the entire range 0<Fs/Fy<= The general discontinuous and
continuous conduction modes are identified, and the conversion ratio for
each mode of operation is determined. The various modes of conduction
are discussed first before the details of the analysis are given.

In Fig. 3.1e the switches S1 and S2 operate alternately at fifty
percent duty ratio and for a duration 7;. In the following analysis, first, it
is assumned that at no time S1 and S2 open simultaneously. Later, this
restriction is removed in Sec. 3.4.7. Assume then that a turn-on pulse of
duration 7y is applied to @1 and simultaneously a similar turn-off pulse is
applied to @2 as shown in Fig. 3.1. Depending upon the duration of T, and
load conditions, @1 and D1 may conduct alternately for the entire duration
of the turn-on pulse, T;, as may be the case for cem, or only during a

portion of T, as may be the case for dem. For example, in Sec. 3.3.1 it
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was shown that when the converter operates in ccm in the range
1/R<Fy/ Fpg=<1, @1 and D1 each conduct once in sequence during 7%, but
in dem only &1 conducts for a duration T;/2 while during the remaining
time, 75 —To/2, D1 does not conduct. In the range F,/Fy<1/2 since T,
may be many times larger than Ty/R8 @1 and D1 may conduct several
times during 7;. This will be investigated presently.

There are two general types of dem. These are shown in Fig. 3.1Ba
and 3.18b whence it can be seen that the resonant current, /p(¢), ceases to
flow after completing n complele half-cycles each of duration Ty/R.
During the ‘remaining time, T,—nTg/2, neither D1 nor @1 conduct even
though @1 is still on. The reason for this discontinuity in the resonant
current is that, under certain load conditions, the output bridge becomes
reversed biased during the time interval Ty—nTy/R2. In the previous section
this was explained for the particular type of dem that occurs in the range
1/R<Fy/ Fy=1.

The two different types of dem are shown in Figs. 3.18a and 3.18b.
Each type corresponds to whether the number of conduction cycles, n, is
even or odd, and is appropriately called odd or even type m dem. The
reason for this distinction becomes clear when the conversion ratio for
each type of dem is determined in the next section. Clearly, when n is
Specified explicitly, the words even or odd become redundant, ie., type 3
dem instead of odd fype 3 dem.

From Fig. 3.1Ba or b it can be easily seen that if the converter is

operating in type n dem (odd or even), then
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nTo F‘s 1
L= == or 0=g-=i- (3.47)

The range of the control parameter given in (3.47) is only a sufficient
condition for the occurrence of type n dem. For a given &;, a necessary

and sufficient condition for the occurrence of type n dem is given by

0 < Co{@.n) < 'F—'s“ﬁ Ci(&s.n) <
Fy

.’3|*—'

(3.48)

where C,(&;,n) and Cp(&.n) are determined in Sec. 3.4.3.

In continuous conduction mode the resonant current never ceases
to flow. According to Fig. 3.19a and b there are two different types of cem
depending on whether Ip(0) is positive or negative at the beginning of the
switching cycle when S'1 is closed. In Fig. 3.19a since /5(0)>0, @1 conducts
first for a duration 7, after which D1 and @1 conduct alternately for n
complete half-cycles, each of duration Ty/2, and after which D1 conducts
for a duration Tp=Ty—nTe/2~T; until S1 is opened and SR2 is closed.
Cyclic stability requires that if @1 conducts first then D1 conducts last,
which implies that the number of half-cycles n, denoted by 4,(f) through
i(t) in Fig. 3.19, must either be even or zero. This type of cem is
therefore appropriately called +iype n cem, where the positive sign refers
to the fact that /p(0) is positive, and n refers to the conducted number of
complete half-cycles. It can be seen from Fig. 3.19a that n=0 corresponds
to the case of cem in the range 1/2<F,/Fo<1 discussed in Sec. 3.3.1.

According to Fig. 3.20a if the converter is operating in +type n ccm, then
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Tc nTg 1 Fs 1
——< —_— e < < —=
g =Lim =Ty or o= 5= (3.49)

The range of the control parameter given in (3.49) is only a sufficient
condition for the occurrence of +type n ccm. For a given & a necessary

and sufficient condition for the occurrence of this type of cem is given by

1 Fy 1
ntz = 7, = Pl@n) = 7 (3.50)

where F,(&s.n) is determined in Sec. 3.4.6.

The other type of cem, which is called ~fype n ccm, is shown in
Fig. 3.19b. In this case it can be seen that /p(0) is negative so that D1
conducts first for a duration 7,, after which &1 and D! conduct
alternately for n complete half-cycles and after which @1 conducts for a
duration Tp=T;—nTp/R—T, until 51 is opened and S® is closed. At t =T,
when &1 is switched off and &2 is switched on, D2 conducts first and the
current is diverted from @1 to D2. As before, n can only be even or zero.
It can be easily seen that n=0 corresponds to the case of cem in the range
Fs/ Fo=1 discussed previously. According to Fig. 3.20b, it can be seen that

if the converter is operating in this type of cem then

!

S

0

IlTo < To 1
2 2 n+1

()S Ts_

<L
n

!

(3.51)

As before, the range of the control parameter in (3.51) is only a sufficient
condition for the occurrence for this type of cem. A necessary and

sufficient condition for the occurrence of —type n cem is given by
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1 F

=<

n+1 Fo

1

where Bz(gs.n) is determined in Sec. 3.4.6.

The results of the previous discussion are summarized in the

following table.

Mode Conduction Sequence Frequency Interval
even type n dem Q1D1..Q1D1 0 <Ca(Qs,n)s[€“—sCl(Q,,n)s-:1— n even
A e et 0

n complete half-cycles

T F.
odd type n dem QL1 D! .. Q1D1QL o<cz(Q,,,n)s———Fs scl(Q,.n)S;ll— n odd
0
+type n ccm Q1 D1 QL ... D1 QL D1 L5 gyt
PO A n+2  Fp, v n+1

n complete half-cycles n=0,2,4,...even

e
—type n cem D1 Q1 D!..Q1D1Q! 1o FLSBE(Q,,n)s

3.4.1 Even Type n dcm

The voltage and current waveforms for even type n dem are shown

in Fig. 3.18a. The current iy(t) is easily determined
'I:m(t) = Q)oCo lVg +(_1)mV0*'V;;m Sint‘dot (353)

In Eq. (3.53) V. is the value of Vz(t) at the beginning of each complete

half-cycle, and the time reference is taken at the begifming of each cycle,
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im(t). The area, Ap, under the current in(t) is given by
T2
Ap = j; l[im(t)|dt = BCy {V; +(_1)mV0—ch] (—1)m+1

The average output current can be expressed in terms of A,
Ip= —= 1—fT’IJR(t)|dt = 1—2/1
K s Yo L2 ™™

which gives

n
ZAm = ZCQVQK
m=1

The input and output powers are given by

T, Y,
A [ Ip(t)Vydt = Y A (1)
TS 0 TS m=1
1 Ts VO n
7o VRO Vedt = 73 An

Substitution of Bq. (3.56) in (3.58) and the requirement P, = P, gives

iAm(_l)mH
M = m=]
B VoK

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

According to Fig. 3.18a the peak-to-peak capacitor voltage, 2Vpew. is given

by
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—ZVPWJCCQ = _A2+A3_A4+ R _An_A1+(A1 —A1>

$ Ap(—1)™1 24,
m=1

(3.60)
and Vz(0), or V,, is given by
Vot = Voo — Al = — EA( 1)+l = —MKV,
I S SO 20 m 0 (3.61)

In Eq. (3.61) the last equality is obtained by using Eq. (3.59). In Eq. (3.54)

Vem is unknown except for m=1, however, by successive application of

= —qymIZm7

a recursive expression for A is obtained in Appendix B.3 given by

Am = RCoVy {l —(Rm—-1)M + M?K (3.63)
When Eq. (3.63) is substituted in (3.59), the summation for even n gives
(Appendix B.3)

=
M=% Qm Fy (3.64)

which is a linear function of the load F and the control parameter.
Equation (3.64) also gives for the normalized average output current

wolg
Ve

=l
Iy —Zﬂ_

(3.65)

|

which is independent of the load F. Therefore, when the series resonant

converter is operating in an even type dem, it acts as a frue current—fed



90

converter.

The peak stress levels, determined in Appendix B.3, are given by

_ _n , n®
Vpoat VQ[Z KK (3.66)
] CV[ n, o
e = 90CoTy |1~ e (3.:67)

342 0dd type n dem

The only difference here is that n is odd in Eq. (3.59). In

Appendix B.3 it is shown that for n odd M is given by

_ 1
M= (3.68)

which implies that when the converter is operating in an odd type dcm the
conversion ratio is insensifive to Fs/ Fy and K. The special case for n=1
was discussed earlier. Clearly this mode of operation should be avoided
since the output in this mode is uncontrollable.

The peak stress levels are given by

4 K
Voear = Vg |R——+ =~
J CoV, [1 + K
= _ 4+ —
peak 0“0 gl ng (3‘70)
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3.4.3 Boundary between two Discontinuous Conduction Modes

Assume that the converter is operating in even type m dcm. The

conversion ratio according to Eq. (3.64) is given by

y=lm s

s Fo (3.71)
and is plotted in Fig. 3.21 for three different cases. These are straight lines
through the origin with slope 2m/n&;. The conversion ratios for odd type
(m—1) and odd type (m+1) dem, given by Eq. (3.68), are also plotted in Fig.
3.21. Since a sufficient condition for type m dem to occur is that
Fs/Fo<1/m, Eq. (3.71) is valid in a region to the left of Fy/Fp=1/m on
the M vs. Fg/ Fg plot. In case I, as the switching frequency is increased, M
increases linearly until the converter enters odd type (m-1) dem at
(Fs/ Fo).. 1f Fs/ Fy is increased further , say up to (Fg/Fp)g, M will stay at
a fixed value of 1/(m~-1) because of operation in odd type (m—-1) dem. (To
complete the discussion for all Fy/Fo=(Fs/ Fyp)., we need to know results
from operation in cem given in the next section, but for the present
discussion we need only consider the results obtained for dem). If Fg/Fy
on the other hand is decreased, M will decrease linearly until the converter
enters odd type (m+1) dem at (Fs/ Fo)p. If Fs/Fy is decreased further, say
down to (Fs/Fg)e, M will remain at a fixed value of 1/(m+1). Therefore,
Case 1 represents an even type m dem that is bounded between odd type
(m~1) and type (m+1) dem. Case I on the other hand, which corresponds
to a larger value of &; than case I, represents an even type m dcm that is
bounded between odd type (m+1) decm and +type (m-R) cecm. To

understand this, we simply determine which of the two general types of
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Fig. 3.21 DBoundaries of even ftype n discontinuous conduction mode.
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