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ABSTRACT Analysis is based on the state-space approach. Section
: i i tai i
A high-frequency 1link series-parallel resonant 4 will present design curves obtained using the

converter with capacitive output filter is proposed and
analysed using state-space approach. Analysis shows
that the converter enters into three different modes.
The normalized 1load current and other component
stresses are plotted against the converter gain.
Detailed experimental results are presented to verify
the theory.
1. INTRODUCTION

There are a number of possible high-frequency
resonant converter configurations possible (1-61. It
has been shown by a number of authors that the series-
parallel resonant converter (also called as ‘“converter
using LCC-type commutation" or as "LCC-type parallel
resonant converter" or as "hybrid converter") (2, 5-13,
16,171 has a number of desirable features compared to
series resonant or parallel resonant converter. Due to
this reason, recently, there has been a considerable
interest in this converter configuration [5-22]. It has
been found suitable for a number of applications (§-
13,17,18,21,22]. This type of converter uses inductive
output filter similar to a conventional parallel
resonant converter (PRC). Analysis of such converter
has been presented by a number of authors ([7-18).
Analysis presented in ({7,10] uses Fourier series
approach. A similar approach using complex circuit
analysis is presented in (5,12,16,17). State-space
approach (or combined with state-plane diagrams) has
been wused for the analysis in [9, 13-15,18]. 1In all

these papers, continuous capacitor voltage mode is
assumed. However, recently it has been observed (18]
that the series-parallel resonant converter also

operates in discontinuous capacitor voltage mode which

is similar to a conventional PRC [24].

It was first suggested by Steigerwald (23] that a
conventional PRC can be operated with a capacitive
output filter replacing the large filter inductor. This
was further analysed in detail by Johnson and Erickson
[24]. It is shown in this paper that a series-parallel
resonant  converter can also be operated with a
capacitive output filter. It is shown that the analysis
of such converter becomes extremely complex due to the
presence of a number of modes and three intervals of
operation. Analysis is presented for operation in both
below (leading pf) as well as above resonance (lagging
pf) mode. However, due to the advantages of operation
above resonance, all the results and experiments will
be concentrated for operation above resonance.

The objectives of this paper are to propose a LCC-
type PRC with capacitive output filter, to present its
different operating modes and to analyse the converter
for these modes, to obtain design curves based on the
analysis, then to present a simple design procedure for
the proposed converter and finally to provide
experimental results. These objectives are achieved in
different sections of the paper as outlined below
Section 2 presents the basic operating principle of the
converter and its different operating modes. The
analysis of the proposed converter for different
operating modes is presented in section 3 of the paper.

analysis presented in section 3. In the design curves,
variable of interest is plotted against the normalized
load current which simplifies the design. A simple
design procedure is illustrated with a design example.
Experimental results obtained with an experimental
converter are presented in section 5.

2. OPERATING PRINCIPLE, OPERATING MODES AND MODELLING

Fig. 1 shows the basic circuit diagram of a series-
parallel resonant converter (half-bridge version shown)
with a capacitive output filter. It was observed that
this converter enters into three different modes as the
load current or switching frequency varies. Fig. 3
shows typical steady-state operating waveforms for the
three different modes entered by the converter for
operation above resonance. Similar modes exist for
operation below resonance (with signs of 1 and Veto
reversed). Each mode of operation is characterlzed gy

different intervals of operation. Equivalent circuits
during these different intervals are used for the
analysis. For example, Fig. 2 shows the equivalent

circuits for the three intervals of mode-1 operation.

Operation of the circuit in mode 1 «can be
understood by referring to the Figs. 1, 2 and 3(a) and
is explained for the half-period when D1, S1 pair is
active. During interval 1, the voltage across C is
clamped to the output voltage-V /n (referred to the
primary-side). At the end of interval 1, resonating
inductor current goes to zero and the rectifier diodes
turn-off. This results in a resonating circuit
comprising of L o C and C_ (Fig. 2(b)) and the voltage
reverseq from 6 /n to V /n.

across C At the end of
interval "2, when v trifs to infrease above V /n,
rectifier diodes begin to conduct clamping the voltage

across €, to V /n. This is represented by the
equivalent”™ circuit of Fig. 2(c) for the interval 3.
Note that energy is supplied to the output only during

the clamping intervals 1 and 2.

Mode 2 is an intermediate mode between the modes 1
and 3. There are only two intervals of operation for
this mode (Fig. 3(b)). Models shown in Figs. 2(a) and

(b) are applicable during these intervals.

Operation of mode 3 can be explained by referring
to the waveforms shown in Fig. 3(c). In this case,
operation begins with the eguivalent circuit of Fig.
2(b) and then follows the sequence Fig. 2(a), and Fig.
2(b) again.

Analysis of the converter for the identifed modes
and different intervals using the equivalent circuit
models obtained is presented in the next section.

3. ANALYSIS

Detailed analysis of the converter
space approach for the three modes of operation
explained above is presented in this section.
Assumptions wused in the analysis are stated in section
3.1. Analysis for modes 1, 2, and 3 are presented in
sections 3.2, 3.3, and 3.4, respectively.

using state-
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3.1 Assumptions Used : The following assumptions are

used in the analysis. v
o
(1) All the switches, diodes, inductors, capacitors and _
the hf transformer used are ideal. 0“,ZF ol I,
(2) The output filter capacitor is large enough to
assume that the load voltage is ripple-free. i
rect.in é
3.2 Mode-1: Yo TR
<,
3.2.1 General Solutions: Typical operating waveforms ” D“@ZSDHIZS Y
for this mode are shown 1in Fig. 3(a). Using the
equivalent circuit models for the three intervals shown
in Fig. 2, and choosing the inductor current i, and
capacitor voltages v__ and v ,,as the state variables, lint———+
the state-space reptesentaglon of the converter for [ e i miﬁg?ﬁﬁ’ Ao
this mode of operation is given by High (requency
avecter
[x] = (A)Ix] + [B}{u} (1) Fig. 1 Basic circuit diagram of LCC-type parallel
resonant (Series-Parallel resonant) converter
where [x] = (i, v__ v ]T (2) with a capacitive output filter, suitable for
b ocs et opération above resonance. (Switches S1 and S2
0 -(1/L)y 0 are high-frequency switches with gate or base
turn-off capability)
[A] = (l/cs) 0 0| for intervals 1 and 3, (3) s cs ~v /n iL s

o—;L_JOUM
0 0 0 N

. g0
vctTrICCszég“ +Ct sw_%co%'\_

0 -(1/L)  -(1/L (a) (b)
(Al 2 0 |for interval2. (4) oS e
= s or interval 2. (KX]_% tl_ Jj %
1/c 0 0
t (c)
[B){u] = [E+V0/n 0 UJT for interval 1, (5) Fig. 2 Equivalent circuits during different intervals
T of operation for mode-1 operation.
= (B-V /n 0 @ for interval 3, (6) (a) Interval 1. (b) Interval 2. (c) Interval 3.
- T ; = = =
= [E/L 0 0] for interval 2. (7) es WSTS, 61 wStl, 62 wst2 {14)
Based on this state-space model, the normalized general cle =W tl’ BZe = wet2 (15)

solutions are obtained for the three different
intervals and are given in Appendix 1. The following T = 1/(2ft), £

s = switching frequency,
base quantities are used for the normalization:

t

M=V /n (16)

A A T W R NN (8) °
Also, it must be noted that for operation above

3.2.2 Steady-State Solutions : Using the general resonance,
solutions obtained in section 3.2.1, steady-state Beto © 7 M (17)
solutions have been obtained by matching the boundary
conditions of state variables at the end of each In order to evaluate the initial conditions, it is
interval and using the condition that the values of necessary to calculate the duration of different
state variables at the end of third interval are equal intervals. For this purpose, the following constraints

to, but, with opposite sign to those at t = 0. The are used (refer to Fig. 3(a)):
normalized initial inductor current and the initial

voltage across C_ thus obtained are given by le =0, My, =M (18)
j = (2sin(®.){-M(C,/C ) + cos(®&.}} + The resulting equations are given below, which are
1.0 3 t e 1 solved numerically.
2(c,/c) M ?sin(6, )cos(8)). (M(C,/C) + cos(6,)}1/0R .
(9) cos(®,) = M(C /C )1 + cos(&s-ez)cos(BZe) -
. ; V172, .
1+ M-m o= [-2+2sin(b))sin{8_ - (6,+6,)] (c,/e 51n(626)51n(05-62)]/[l-cos(BZE)I (19)
1/2 . . : B B 1/2_, . ~
+ 2(Ce/Cs) 51n(61)51n(628)cos[es—(el+52)] sln(el)ll + cos(BS 62) (Ce/CS) sln(ﬁzE)sm(e5 62)]
1/2_, i A 1/2_, B
~2M(Ct/Ce)(cos[és—(61+62)]— (c /e 51n(8 sxn(e ?151/DR + cos(el)( 51n(es 62) (Ce/cs) sm(OZe)cos(es 02)]
oL 1/2 . . s : _ B 1/2_.
where DR = -1 -cos(8_-8,) + (C_/C_) bln(628)51n(?$l?2) M€ /C ) {sin(6_-8,) - (C /C )" "sin(6, )] (20)
L
= t,=T -t -t
Ce Csct/(cs + Ct) (12) 3 3 1 2 (21)
w_o= 1/(L_C )1/2, w = 1/(L C )1/2 (13) Once the duration of different intervals are known,
s 5s € 5 € the wvalues of inductor current and capacitor volatges
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at the end of different intervals can be obtained using
the general solutions of Appendix 1.

3.2.3 Converter Gain on the Output Plane:
Under steady-state conditions, the average current

through the output filter capacitor must be zero.
Hence, since i (t) flows to the output during intervals

1 and 3, the primary reflected load current can be
written as
L] Fz
nl = (1/Ts)[‘;iL(t)dt +§1L(t")dt"] (22)

Using the equations (Al.l) and (Al.7), and simplifying,
the normalized load current reflected to the primary
side is given by

J = [2M(Ct/Ce){-l+cos(63)} + (jLo/sin(Gl)){Cos(el) -2+

_ 1/2_. .

cos(63) (c/c) sln(GZe)SLn(63)]/(65) (23)
This equation has been used to obtain the curves of

gain M versus load current J for mode 1. These curves

are drawn after the-analysis of modes 2 and 3.
3.2.4 Peak Component Stresses

stresses
voltages)

The expressions for the peak
(peak inductor current and peak
are derived below.

component
capacitor

The time at which the inductor current reaches its
peak value is dependent on it slope. It can be shown
that the normalized inductor peak current is given by
Jo_=3 u. - -

Lp JLO p.u (mcSo M)}<1 (24)

= (C_/C )1/2{1+M—m } pou. -(m_ -M)>1 (25)

e'’s csl ! cs0 '
The voltage across C_ reaches its peak when i is

zero. This occurs at the end of interval 1 and the
value of normalized peak capacitor voltage is given by

Megp © (1+M) -(1+N'mc50).cos(61) + jLO.sin(Olb p.u.(26)
The peak voltage across Ct is given by
= .u. 217
mctp M p.u (27)

However, in practice, due to the diode drops and ripple
in the load voltage, m will be higher than the value
s ctp

given by (27).

3.3 Mode-2

Fig. 3(b) shows typical operating waveforms for
this mode of opeartion. This mode enters as the
switching frequency is increased (or decreased - for
below resonance) to regulate the output voltage. There
are only two intervals for this mode of operation. The
general solutions are presented in Appendix 2 and

steady-state solutions have been obtained for this mode
also. Mode 2 is an intermediate mode between the modes
1 and 3 and the solutions can also be obtained as a
paticular case of mode 1.

In this mode since iL(t) flows to the output only
during interval 2, the primary reflected normalized
load current can be obtained from (23) with 63 = 0.

stresses
voltages)

The expressions for the peak
(peak inductor current and peak
are obtained as given for mode 1.

component
capacitor
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Fig. 3 Typical operating waveforms for three modes of
operation.
(a) Mode-1. (b) Mode-2. (c) Mode-3.
3.4 Mode-3
Fig. 3(c) shows typical operating waveforms for

this mode of operation. There are three intervals of
operation. Using the equivalent circuit models shown in
Figs. 2{a) and (b), state-space representation was
obtained as done in section 3.2.1. The general
solutions for this mode have been derived and they are
presented in Appendix 3. Using the technique explained
for mode 1, the following expressions are obtained for
steady-state operation.

o 1/2 _
Ipe T Z(CE/CS) (cos(wetl).cos(wstz)

1/2_, ; .
(Ce/cs) 51n(wet1].51n(wst2)}.sxn(wet3)/DR3 8)
where DR3 =1 + cos[wstz)cos(we(Ts-tZ)) -

1/2_. . _
(CE/CS) sm(wstz)sm(we(’l‘S tz)) (29)
1—mcso—mcto = 2(1 - {sln(wetl).cos(wstz) +

1/2 . X
(CE/CS) cos(wetl)51n(wst2)}SLn(wet3)]/DR3 (30}
The value of m 0 can be obtained using the condition
m =-m_, . %Eerefore, m can be evaluated.
cs3 ct0 cs0

To evaluate the above equations, the durations of three
intervals must be calculated. Using the conditions L
= - M (value of m_, at the end of interval 1) and J =
0 (value of j atCEhe end of interval 2), the following

two equations are obtained. These two equations are
solved numerically to obtain the values of 61 and 62.
Then t3 is given by (21).



(Ce/Ct)l(l—mC -n )Il-cos(ele)-(cos(éle)cos(ez) -

t0 “cs0

(c,/c ) %sin(e )sin(6,)) (1-cost0, 1)1 + 3 1(c /c,).
(c e Psince, ) + ticsc )M %sin(e, )cos(,) +
cos(ele)sin(ez)}(l - cos(63e)} - 2mctl =0 (31)
Fy = cos(Ole)sin(ez) + (Ce/cs)l/zsin(ele)cos(ez) -

(c,/c )M since, ) = 0. (32)
The normalized load current can be obtained from
J = - [(Ce/Cs)l/z(l—mC50~mct0)sin(wetl) +

jLocos(wetl](l-cos(wstz)/[(wSTS)sin(wstz)] (33)

'ne peak component stresses are calculated
the same procedure as given in section 3.2.4.

using

It was found that mode-1 is the predominant mode.
Modes 2 and 3 occur for higher frequencies of operation
required to requlate the output voltage at light loads.

4. DESIGN
The analysis presented in section 3 is wused to
obtain the design curves for operation above resonance

in  this section. Fig. 4(a) shows the converter gain
versus normalized load current for various values of y

(=21Tft/w ) with a capacitor ratio of C_/C_ = 1.
Variation” of normalized peak inductor current and the
normalized peak voltage across C_ for wvariation in
converter gain for various values of y are shown in
Figs. 4(b) and (c) respectively. It was observed that
for a giveny, and ify < (1+Cr/Ct)l/2, then the
converter enters into below resonafce mode as the load
current is reduced below certain value. For values of

Yy, greater than the above value, converter is always in
the above resonance mode and enters mode 3 at 1light
loads. For a given y and for a given load current,
output load voltage and component stresses can be
directly read from the graphs of Fig. 4. Note that
in Fig. 4(a), points on the M axis correspond to open
circuit condition, whereas, points on the J axis
represent load short circuit operation.

Design procedure is illustrated below by a design

example.
The converter has the following specifications.

Power output, P = 500 W,

Minimum input v8ltage, (2E) = 200 V,
Output voltage, V_ = 100 v,

Maximum load current = 5 A,

Switching frequency, f, = 100 kHz.
Calculations show that the peak inductor current
decreases for higher values of M and for switching

frequencies near series resonance. The value chosen for

the above example was M = 1.2 and y = 1.1.
Corresponding to this point, the values of J, J _ and
mCsp are read from Fig. 4. The values obtained are
J = 3.15 p.u., JLp = 5.63 p.u., and mcsp = 5,76 p.u.

. 1/2 2

= = MJE"/P 34

Using ZS (LS/CS) MJE"/ o (34)
value of Z_can be obtained. Also,
y = 2mE /v (35)
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1.

_ 1/2
where L 1/(LSCS) . (36)
Hence the above two equations can be solved for L_ and
-CS and the values obtained in this case are s

LS = 132.5 pH and Cs = 0.023 pF.

Therefore, C_ = 0.023 pF.

t

The component stresses obtained are:
Peak inductor current, ILp = 7.435 A,

Peak voltage across C_, V =
s’ ‘csp

vctp

576 V,

Peak voltage across C 100 V.

tl
5. EXPERIMENTAL RESULTS

Typical waveforms
converter’

obtained from an experimental
(operating above resonance) are presented in
Figs. 5 and 6 for variations in the load resistance
from R, = 27 ohms to R, Z 232 ohms. Details of the
experimental converter are given in Fig. 5. A bridge
rectifier was directly connected across Ct without a hf
transformer.

In all the waveforms, switching frequency was
adjusted to regulate the load voltage at approximately
93 V with variations in the load. It can be observed
that mode-1 is the predominant mode as observed in
Figs. 5 and 6(a). Mode-2 operation is illustrated in
Fig. 6(b). Fig. 6(c) shows the waveforms for mode-3.
These results confirm the theory and show that modes 2
and 3 occur for less than 25% load current. It is also
observed that the inductor peak current, peak capacitor
voltage across C_, and the efficiency at different load
conditions were~ comparable to those obtained with an
inductive output filter. The peak capacitor voltage
across Ct is less in the proposed converter.

6. CONCLUSIONS

A series-parallel resonant converter using, a
capacitive output filter has been proposed and analysed
using state-space approach. BAnalysis shows that the
converter operates in three modes. Steady-state
solutions have been obtained for the different modes of
operation based on the general solutions. Mode 1 was
the predominant mode with operation in mode 3 occuring
at light loads and higher switching frequencies. Design
curves have been obtained based on the analysis and
they have been used to illustrate the design procedure.
Experimental results have been presented to verify the
different modes of operation. A comparison of the
proposed converter with a converter of same rating, but

with inductive output filter shows that the peak
inductor current and the peak voltage across C_ are
almost the same for both. The peak voltage Stress
across Ct is much smaller in the new converter.
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APPENDIX 1.
GENERAL SOLUTIONS OF MODE-1.

The normalized general solutions obtained for mode-
1 during different intervals are (note that j
represents the normalized inductor current, m E
represent the normalized voltages across the capacitogé
CS and Ct’ respectively):

Interval 1, 0<t(tl

LG (l—mcto—mcso)sin(wst) + ]

LOcos(wst)

Interval 2, 0<t'<t

)

3
n

Cs

1

ct ©

where

(1-m

Z 232 Ohms.

=m
op

m
op

(1-m

(Ct/CS)(mct -m

(€ /€ (1m

m

ctl

cto

-m
csl ctl

(Ce/CS)(1~m

Same as Fig. 5]

)-(l1-m_, .-m

ct0 Mes0 ) COS Mg I

051n(wst)

Reto

- M for above resonance,
M for below resonance.

2
y(c_/C )1/zsin(w th)
e’ s e

- _ vy
ct1 Mesp ) (1TCOS (W TN 4 m oy

)+

ctl mcsl

ctl-mcsl)(l~c°5(wet.) * Tet1

= -M for operation above resonance,
= M for operation below resonance.

(A1.2)

(Al1.3)

(Al.4)
(A1.5)
(Al.5a)

(Al.6)




Interval 3, 0<t''<t

3
jL = (l-mctz-mcsz)sin(wst") + jchos(wSt") (A1.7)
= - - - - Ll % i (R
mcs (1 mth) (1 mth mcsz)cos(vst ) +JL251n(wit )
(Al.8)
m.y = mOp (Al.9)
where mop = mct2

M for operation above resonance,

-M for operation below resonance.
APPENDIX 2.

GENERAL SOLUTIONS OF MODE 2.

There are only two intervals, 1 and 2, for this
mode of operation. The general solutions given for the
first two intervals of mode 1 are valid for this mode
also.

APPENDIX 3.
GENERAL SOLUTIONS OF MODE 3.

The normalized general solutions of mode 3 (Fig.
3(c)) are presented below.

Interval 1, 0<t<t

1
j, = (C /C )1/2(1— - )sin(w t)+3j, ,cos(w t) (A3.1)
R AR AN Peto Meso e Lo e :
mCS = (Ce/cs)(1-mct0-mcso)(l-cos(wet)) +
72, _.

(Ce/Cs) JLoaln(Wet) * Moo (A3.2)

My = (Ce/ct)(l‘mcto-mcso)(1—cos(wet)) +
1/2, .

(CS/Ct)(Ce/CS) JLUSIH(Vet) + LI (A3.3)
Interval 2, 0<t'(t2
. _ _ . ' . .
i, = (1 L) mct1)51n(wst )+ )Llcos(wst ) (A3.4)

- - - - - L} < H L

M= (1 mctl) (1 L mcsl)cos(wst )+3Lls1n(wst ) (A3.5)
Moy = Moy (A3.6)
where mctl = -M for operation above resonance,

M for operation below resonance.

Interval 3, 0<t''<t

3
. 12, _ . e
i, = (Ce/Cs) (1 Moo mcsz)sxn(wet ) (A3.7)
= - - - L}
mCs = (Ce/Cs)(l mct2 mcsZ)(l cos(wet ) + LI (A3.8)
L (Ce/Ct)[1—mct2—mcsz)(1-cos(wet") AL (A3.9)
where m ==M for operation above resonance,

ct2 = M for operation below resonance.
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