SOURCE REACTANCE LOSSLESS SWITCH (SRLS) FOR SOFT-SWITCHING
CONVERTERS WITH CONSTANT SWITCHING FREQUENCY
YAN-FE1 LIU, STUDENT MEMBER, IEEE AND PARESH C. SEN, FELLOW, IEEE
Power Electronics and Drives Laboratory
Department of Electrical Engineering
Queen's University
Kingston, Ontario, Canada K7L 3N6

In this paper, the mechanism of zero current switching and zero voltage switching is analyzed. Based on the analysis, two lossless switches,
named as Source Reactance Lossless Switch (SRLS) according to their
composition, are proposed in section 11. One lossless switch operates at
zero current switching and the other operates at zero voltage switching.
Two basic resonant converters which are synthesized using the SRLS
technique, namely, Parallel-SRLS and Series-SRLS resonant converters
are proposed in Section 111. Their output voltage can be controlled at
constant switching frequency and the low switching loss characteristic is
maintained from no load to full load. Their steady-state characteristics
are analyzed in Section IV, which show that the added inductor or
capacitor not only guarantees the zero current switching or zero voltage
switching, respectively, but also is beneficial for the control characteristic of these converters. Several other topologies are proposed in Section
V. In section VI, two prototypes, Parallel-SRLS converter and SeriesSRLS converter, are built to show the feasibility of the proposed technique and the validity of the analysis. Conclusions are made in section
VI1.

Absfmcf-The mechanism of zero current switching and zero voltage switching is analyzed. The concept of Source Reactance Lossless
Switch (SRLS) is proposed. The switch can be implemented in SRLS
voltage rectifier and SRLS current rectifier. Using SRLS technique,
several DC-to-DC resonant converters with constant switching frequency control are proposed, in which zero current switching andlor
zero voltage switching can be maintained from full load to no load.
Steady-state analysis is presented for two basic topologies, ParallelSRLS converter and Series-SRJS converter. Experimental results are
presented to verify the analysis.

I. INTRODUCTION
High switching frequency is needed to reduce the size of the power
supply. Unfortunately, in Pulse Width Modulation (PWM) converters,
high frequency switching is accompanied by high switching loss. The
resonant converters are suitable to operate at high switching frequency
since the switching loss is very low as compared with the PWM converters.

11. CONCEPT OF SOURCE REACTANCE
LOSSLESS SWITCH (SRLS)

For the conventional resonant converters, 11-12], i.e. Parallel, Series,
Series-Parallel, etc., the switching loss is small because zero current
switching (ZCS) or zero voltage switching (ZVS) can be maintained over
a very wide range. The main limitation for these converters is that they
use the frequency modulation (FM) technique to control the output
voltage. By frequency modulation, the switching frequency has to be
varied over a wide range to accommodate the worst combination of load
current and line voltage. For operation below resonance, the filter components are large because they are designed at the lowest possible switching frequency. For the operation above resonance, electronic switches
with smaller transition time are needed to maintain control at the upper
frequency range. The consequence is the poor utilization of the switching
speed of the devices and filter component. It is, therefore, desirable to
keep the switching frequency constant.

Consider the switch arrangement shown in Fig.1. At turn on, the
current i, can only rise slowly because of L,. Zero current turn on is
achieved. To turn off the switch at zero current, the energy stored in L,
must be, at first, transferred. One way to do so is to oscillate Ls with a
resonant capacitor C, during the on state of the switch. This is what the
Zero Current Switching Quasi-resonant Converter did [20]. However, the
penalty for this is that large resonant current flows through the switch,
which brings about large conduction loss.

Fig. 1 Zero current switching

The PWM controlled resonant converters have been proposed to keep
the switching frequency constant 113-191. A dead time is introduced
during which the resonant tank is short circuited. The output voltage is
regulated by changing the dead time. Unfortunately, the desirable characteristic of low switching loss in PWM controlled Series resonant converter can only be maintained at very limited line voltage and load current range 1171. In PWM controlled Parallel- and Series-Parallel resonant
converters [ 15,18,19], switching losses for at least two electronic
switches are present which are dominant at high switching frequency.
Two of the full bridge switches experience high dildt and dvldt switching
stresses and fast recovery diodes are needed.

An alternative and more efficient way to transfer the energy stored
in L, is to apply a negative voltage across the terminals "a" and
"b"(Fig. 1). When the energy in L, is completely absorbed by the negative source, the current in the switch becomes zero. Therefore, zero
current turn off is achieved. Suppose that when T is conducting, the
current is I, at t=b. The energy stored in L, is WL,= iL,Iz. At t=t,,, a
negative voltage, -v(t), is applied across terminals "a" and "b". The
current i, is governed by the following equation:

It is, therefore, desirable to synthesize new resonant converter topologies that are controlled by constant switching frequency for the
optimal design of filter and full use of the switching speed and, at the
same time, are able to maintain zero current switching andlor zero
voltage switching over the entire line voltage and load current variation
range to minimize the switching loss.
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In order that the energy stored in the inductor L, be completely transferred so as to make the inductor current reduce to zero at t,, the amplitude and the duration of the negative voltage should be large enough such
that:
(3)
The physical meaning of (3) is that the volt-second area of the negative
voltage, shown as the shaded area in Fig.2, should be equal to or larger
than the flux linkage of inductor L,.The negative voltage can have any
shape, as long as it satisfies (3).

Fig.3 Zero voltage switching

Fig.2 Typical waveform at turn off for Fig. 1

Fig.4 Typical waveform at turn on for Fig.3
A . SRLS Voltage RectiJer

By applying the duality principle, we consider the switching mechanism of the circuit shown in Fig.3, The presence of the capacitor C,
makes the switch voltage v? rise slowly when the switch T is turned off.
Thus, zero voltage turn off is achieved. In order to turn on the switch at
zero voltage, the energy stored in C, should at first be discharged before
T is triggered on. One way to do this is to oscillate the C, with a resonant inductor L, during the off state of the switch. The oscillation makes
the voltage across C, decay to zero and then clamped at zero by the
antiparallel diode. This is what the Zero-Voltage-Switching Quasi-Resonant-Converter did [21]. However, the penalty for this is high resonant
voltage that appears across the switch.

The zero current switch configuration of Fig. 1 can be used in a controlled voltage rectifier, as shown in Fig.5: The inductances, L,, and L,,,
along with the alternative input voltage source, will provide zero current
switching for TI and T2.The energy stored in L,, is absorbed by the
negative part of the alternating source, while the positive part of v,
serves as the "negative" voltage needed to achieve zero current turn off
for T2.The output voltage V., can be controlled by controlling the turnon instant of the switches with respect to the input voltage source. The
detailed operation is discussed in Section 111.
The inductances, b,and L,, in the circuit shown in Fig.5, play an
important role in the operation. They are introduced intentionally to
achieve zero current switching for the rectifier switches. The value of the
inductance might be comparatively large to improve the characteristics
of SRLS converters as shown in section IV. On the other hand, in the
conventional singlephase semi-converter [22,23], the leakage inductances
affect the operation of the circuit and have to be made as small as possible. The circuit in F i g 5 is, therefore, given the name SRLS voltage
rectifier to emphasize the zero current switching characteristic of TIand

An alternative and better method to discharge the parallel capacitor

C, is to apply a negative current through the branch "ab" before T is
triggered on. If C, is completely discharged by the negative current, T
is turned on at zero voltage. Assume that before T is turned on, the
voltage across C, is V,. The energy stored in C, is 'Yep = f C p c . At
t=t,,, a negative current, -i(t), is applied through branch "ab". The
relation between i(t) and vT(t) is:

c

dv
-T
dt

=

-t(r),

with vT(to) =

v,

(4)

T,.

The solution is:

In order to completely discharge the capacitor C, so as to make the
capacitor voltage reduce to zero at t,, the magnitude and the duration of
the negative current should be large enough so that the following condition is met:

[ l i ( r ) d t t C,V,

(6)
LSI= Ls2 = L,

Equation (6) means that the Amp-Second area of the negative current,
shown as the shaded area in Fig.4, should be equal to or larger than the
charges stored in capacitor C, in order to achieve zero voltage turn on.
Again, the shape of the negative current can be arbitrary, as long as it
satisfies (6).

FigS. SRLS voltage rectifier

B. SRLS Current RectGer

In the above two cases, the zero current switching and zero voltage
switching are achieved by a negative source (voltage or current) and a
reactive element (inductor or capacitor). This kind of switch is, therefore, named as Source Reactance Lossless Switch (SRLS).This type of
lossless switch is different from the present technique where zero current
switching and zero voltage switching are achieved by resonance between
inductor and capacitor.

A controlled current rectifier can be obtained when the switch configuration of Fig. 3 is used, as shown in Fig.6. It is the dual circuit of
Fig.5 and is called SRLS current rectifier. When diodes D, and D, or D,
and D, conduct, the input current is rectified and flows through load.
The voltage across the current source is the output voltage with the
711

I

5I,

Cd

,

4

TI 4 Cp, Cm 4

c,,

t

0'

=

TZ

c,, = c,

Fig.7 Parallel-SRLS converter

Fig.6 SRLS current rectifier

polarity determined by whether D,and D, or D, and D, conduct. When
the switch pair T, and D, or T, and D, conducts, the current source is
short circuited and its voltage is zero. The output current is also zero at
this interval. Therefore, by changing the conduction time of T, and T,,
the output voltage can be regulated.

The presence of C,, and Cn ensures the zero voltage turn off of T,
and T,. The energy stored in Cpl is transferred to the negative part of the
current source to realize zero voltage turn on of TI. The positive part of
4, is used to discharge the capacitor Cn. Therefore, zero voltage switching is achieved by the alternating current source and the capacitor. It
is noted that the waveform of i,can be arbitrary. Its operation will be
discussed in more detail in the next section.
Fig.8 Key waveforms for Parallel-SRLS converter

The SRLS current rectifier is the dual circuit of the SRLS voltage
rectifier and is a new topology. Zero voltage switching is achieved for
the rectifier switches. The self turn-off devices must be used. It is also
noted that the diode D,and D, are reverse biased by T, and T,, respectively. Thus, the problem caused by the reverse recovery of diode is
eliminated and low speed diode can be used. This characteristic is desirable when MOSFET is employed as switches since it makes full use of
the antiparallel diode and the junction capacitor constitutes part of C,.

U
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111. BASIC CONVERTER TOPOLOGIES
USING SRLS TECHNIQUE
As described above, the switches in the SRLS voltage rectifier operates at zero current switching mode, while the switches in the SRLS
current rectifier operates at zero voltage switching mode. The switching
loss is, therefore, very small. The requirement to achieve this desirable
characteristic is an alternating voltage or current that can absorb the
energy stored in the inductor or capacitor.

Fig.9 Equivalent circuit of Parallel-SRLS
converter at each half cycle

identified in the figure. The voltage vc forces i, changes from -1, to
zero. The current in T, also falls. At t = t , , i, reaches zero and T, is
turned off at zero current. In order to achieve zero current turn off for
T,, T, can not be triggered until r = t, .

A . Parallel-SRLS Convener

When the SRLS voltage rectifier is fed by a high frequency Parallel
resonant inverter, as shown in Fig.7, zero current switching is obtained
in the rectifier. It is called Parallel-SRLS converter. The inductances L,,
and L,, in series with each rectifier switch are substituted by a single
inductor L, and put at the input of the rectifier (Fig.7). There are several
benefits in doing so: (1) the number of components is reduced, (2) it is
easier to implement L, as there is no DC component for L, and (3) when
isolation transformer is used, its leakage inductance will be a part of L,.

Sfate 2 [t,, tJ: Neither T, nor T4 conducts and is is zero. The output
current freewheels through D,, as shown in Fig.9(b).
Sture 3 [t2, t,]: At t =r2, i.e., at turn on delay angle a, T, is triggered
on. The relation between and a is:
rz = 2Y T,
(7)
360
The current is, as well as the current in T,, rises through T, and D,, as
shown in Fig.9(c).

When the switching frequency f, is larger than the resonant frequency f,, f, = 1 p X
the key waveforms are given in Fig.8, where V,,
is the voltage across point "a" and "b" in Fig.7. The waveform of vc is
quasi-sinusoidal. The starting time is selected at vc = 0 . There is a time
shift tQ between vc and V,,, as shown in Fig.8. Four operating states
exist in each half cycle. Before the capacitor voltage vc changes polarity,
T, and D, conduct and i, = - I o .

m),

Stare 4 [h, T,/2]: At r = r 3 , is reaches the output current and D, is turned
off. The power is delivered to the load via T, and D,. The equivalent
circuit is given in Fig.9(d). The first half cycle ends when vc falls to
zero again. The next half cycle repeats the similar procedure.
The above analysis shows that as long as the amplitude of the
capacitor voltage vc is high enough, which is usually the case, the energy
stored in L, when T, or T4 conducts can be absorbed and zero current
switching for T, and T4 can be obtained from full load to no load. The

Srafe 1 [0, t,]: D,, T, and D, conduct. The equivalent circuit is shown
in Fig. 9(a), where the V,, is the voltage between point "a" and "b" in
Fig.7. The conducting devices for the SRLS voltage rectifier are also
712

inductor L, is used to shape the current waveform so as to achieve zero
current switching for T, and T, and is effective only during the transition
intervals of T, and T,. The switching condition of T, and T, is determined by the relative quantity off, and f,. When the converter operates
at below resonance, i.e. f, < A , T, and T, operate at zero current turn
off. If the converter operates at above resonance, i.e., f, >f,, zero voltage turn on for T, and Tz is obtained. In both cases, T, and T, operate
at zero current switching. By changing the turn on time of T, and T,
with respect to vc, the output voltage can be controlled.

c,, = cp2= cp
FiglO. Series-SRLS converter

B. Series-SRLS Converter
Fig. 10 gives the topology of Series-SRLS DC-to-DC resonant converter, where Series resonant inverter is used. As the output of the Series
resonant inverter is a current, the SRLS current rectifier is employed. In
the case of switching frequency f, higher than the resonant frequency fr,
r, = 1 / ( 2 x , / I 7 ) , key waveforms are given in Fig.11, where Vsl is the
voltage across point "a" and "b" in Fig. 10. The waveform of i, is quasisinusoidal. The starting point is chosen at i, = 0 . There is a time shift tR
between i, and Vsl as shown in the figure. In the steady state, there are
four operating states during each half cycle. Just before the inductor current i, changes polarity, D, and D, conducts and T, is supplied with gate
signal. The power is delivered to the load and v,, = - V,.

I

I

State I (0, t,]: T, is turned on at zero voltage. The current i, flows
through T, and C, to discharge C,. The equivalent circuit is given in
Fig. 12(a), where V,, is the voltage between point "a" and "b" in Fig. 10.
The conducting devices for the SRLS current rectifier are also shown in
the figure. The voltage v, changes from V, and reaches zero at t = r,
At the same time the voltage across T, falls from V, to zero. In order to
obtain zero voltage turn on for T,, T, should not be turned off until

-

I

I

Fig. 11 Key waveforms for Seris-SRLS converter

.

f =?,.

State 2 [t,, tJ: The resonant current circulates through T, and D, and the
output current is zero, as shown in Fig. 12@).
State 3 [h, tJ: At f =r2, i.e., at turn off delay angle 0, T, is turned off.
The relation between and 0 is defined by:

rz

=

P T,

[ts,ta]

fC)

(8)

360
The inductor current 1 flows through C,, and D, and the voltage v,, i.e.
v,, rises slowly. The equivalent circuit is given in Fig.lZ(c).

D4

( d ) [ts,T,/2]0 4 . 4

conducts

Conduct

Fig.12 Equivalent circuit of Series-SRLS
converter at each half cycle

State 4 It, T,/2]: At t = t 3 , v, equals to the value of the output voltage
V, and D, and D, conduct. The inductor current flows to the load. The
power is transferred to the output at this state, as shown in Fig. 12(d).
The first half cycle ends when i, falls to zero again. The next half cycle
is similar.

(3) there is no loss in the circuit
(4) the effect of the snubber is neglected
(5) switching frequency is higher than the resonant frequency
Per unit system is employed so that the derived result is applicable
to general case. The base quantities are chosen as:
v, =
, ,z = JL,/c,,
Ih = vbore/zbore,

The above analysis shows that as long as the amplitude of the
inductor current is high enough to discharge capacitor C,, or C, completely, which is usually the case, zero voltage turn on can be achieved
for the rectifier switch T, and T, from no load to full load. The
capacitors, C,, and C,, are employed to shape the voltage waveforms of
T, and T, and are effective only during the transition periods of T, and
T,. The switching condition for T, and T, is determined by the relative
value of f, and f,. Zero voltage turn on is obtained when f, j,. While
zero current turn off is obtained when 1: j, . In bath cases, T, and T,
operate at zero voltage switching. By changing the turn off delay angle
0 with respect to i,, the output voltage can be regulated.

v,,

Oh

f-,
=,
0,/(2x)

=1 / p , ,

Lk =, z

I 0-

= L,,

c,

=A, r-

=l/fh>

= 1I (Zbcu0&J = c,

In the derivation that follows, all the quantities are in per unit.
A . Parallel-SRLS convener

The circuit for analysis and the related symbols are shown in'Fig.7,
the key waveforms are shown in Fig.8 and the equivalent circuit during
various states are shown in Fig.9. From the above discussion, the turn
on delay angle for T, is a degrees lagging the zero crossing point (from
negative to positive) of the capacitor voltage vc and the turn on signal for
T, is 180 degrees later. Only the first half cycle is considered because the
next half cycle is the same except the polarity. State 1 begins when vc=O
with the initial condition:
V,(O) = 0, i,(O) = I*.
i,(O) = - I ,
(9)

IV. STEADY-STATE ANALYSIS
The steady-state characteristics of the Parallel-SRLS converter and
Series-SRLS converter are analyzed in this section. The following
assumptions are made to simplify the analysis:
(1) the filter inductor and capacitor are large
(2) the switches are ideal
713

State I [O, t,]: The equivalent circuit is given in Fig.9(a). The voltage
applied to the resonant tank is Vsl. At first, TI or D, conducts and
= V
'
. At t = f a , T2 or D2 conducts and yl = - V,. Therefore,

LSVSl

v,

vs

0< I <

vc2 - Ls + Lr sin2*01(t-t2)
i,(t) = WlLr

tQ

5, =
tQ<tifTs

Ls + Lr

The state equations for State 1 are:
dv
c,-' = 2x(ir-is)
dt

cos2x o1( t - t 2 )
(18b)

Ls Lr
+

Ls + Lr

is(?) = [I - cos2x o1( t - t2)l 41, +
Ls Lr

(1 la)

Lr-di, = 2 x ( V , - v c )
dt

*

2 Z v,l(t- 4 ) +- I&,

(10)

-Vs

+

Ls Vsl
Ls + Lr sin2x o1( I - t 2 )
01's
(18~)

vc2 -

+

2 x y,(t-t2)
4 Lr
At t = z 3 , the current in
reaches the output current. The circuit
enters State 4 with the initial condition derived from (18):
(19)
is(t3) = I,
vc(t3) = Vc3, i,(t3) = I,,

(Ilb)

+

Ls-dis = 2XV
('lC)
dt
with the initial condition (9), the solution of (1 1) can be found as:

sin2x olt

(12a)

Ls Lr
+

i r ( t ) = Ls(40+10) cos2X01t
Ls Lr
~

L S b
+

+

2xv t
+>+Ls+ Lr
i8(t) =

State 4 [t3, Ts12]: Fig.9(d) shows the equivalent circuit for this state. The
power is delivered from the resonant branch to the load. The state equations are:

Sin2X O l t

"lLr(Ls+Lr)

(12b)

LrIm+LsIo

dvc

L (1, 1,)
Ls Lr
+

--!L-.--

(20a)

= 2x(i, - I , )
dt
di,
L,= 2x (v,l - vc)
dt

Cr-

Ls+ L,

+

2xv t

L I -LsIo

Ls+ Lr

Ls+ L,

+>+

rrO

Its solution is:
V J t ) = (I, - IJZrsin2xor(t-t3)

where
"1

=

4%

+

L') / (LSL,C,)

(13)

+

=

At t = tl, is(?) = 0 , T, stops conducting and the circuit enters
State 2 with the initial condition derived by (12):
(14)
ir(tl) =
vc(tl) = V,,,
is(?,) = 0

i,w

stare 2 [t,, tz]: The equivalent circuit for this state is shown in Fig.9@).
The state equations are:
dv
c,-' d t = 2x i,
(15a)
di,
4 - =2x(V,,-vc)
(15b)

=

(Vc3- Vs1)cos2xo,(t-t3)

+VSl

-vc3-yJIsin2xor(t-t3) + ( I , - I 0 ) c o ~ 2 a o r ( t - t 3 ) + I ,
zr

= I,

(21b)
(2 1c)

At steady-state operation, there is a particular tQ such that when
T,, v c ( t ) = o , and i , ( t ) = - I o ,

2

The output voltage V, can be calculated by averaging the capacitor
voltage vc(t) from t, to TJ2, (zla), and is derived as follows:
For rQ s r3 :

dt

dis
Ls- = o
dt
Its solution is:
vc(t) = I r , s i n 2 x o r ( t - t 1 ) + Vc1cos2xor(t-t1)
+

t , [ l - cos2n U,(?- t , ) ]

( W
(16b)

For

vo =

i,(r) = 0
(16c)
At t = t 2 , where t2 is the control variable defined by the turn off delay
angle a, (7), T3is triggered on and the circuit enters State 3 with the
initial conditions obtained from (16):
vc(t2) =Vc2, ir(t2) = Ir2. is(r2) = O
(17)

"ITS

+- VC30

+

or's

+

=

sin2a "&- t3)

2 Ts
[ ~ - C O S ~ Z rO( L

vs s i n 2 ~ 0( I T - f a ) +
r

2

(22b)

-tQ)]

2 Vs( 2ta - f Ts - t3)

s

TS

where

different. The solution with initial condition (17) is:
(v,---)cos2Xol(t-t2)
4 Vsl
Ls 4

[I - cos2x o&-t3)]

"7s

+- ('r30-'0)zr

[b, tJ: The equivalent circuit is shown in Fig.9(c). The state
equations are the same as those of State 1, but the initial conditions are
=

(Ir3
- I,)Zr
~

71 or''

Sfare 3

VJf)

tq't):

Ir30=Io+(Ir3-I,)cos2sror(tQ-t3)- vc3- vs sin2xor(tQ,- f3)

z

+

( l *a)

(23a)

VC3, = (Ir3
- I0)Zr~in2xor(tQ - t 3 )+ ( Vc3I - VJCOS~X
U,( fa - t 3 ) (23b)
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Fig.l3(c) gives the effect of the switching frequency f, on the output
voltage. When fs is close to the resonant frequency f,, the voltage gain
is high and it is sensitive to the variation of switching frequency. The
larger the f,, the smaller the variation range of a necessary to regulate
the output voltage from maximum to zero.

B. SERIES-SRLS CONVERTER
The circuit for analysis and the relevant symbols are given in Fig. 10.
The key waveforms are shown in Fig. 11 and the equivalent circuit during
various states are shown in Fig.12. From the above discussion, the turn
off delay angle for T, is 4 degrees lagging the zero crossing point of the
inductor current i, and the turn off signal for T, is 180 degrees later.
Only the first half cycle is analyzed since the next half cycle is the same
except the polarity. State 1 begins when i,(O) = O with the initial condition:
v c ( 0 ) = Vco, ir(0)= 0 , v p ( 0 ) = -Vo
(24)

TURN ON DELAY ANGLE ALFA (DEGREE)

(a) Effect of I.

0

50

100

Srure I [O,t,]: The equivalent circuit is given in Fig. 12(a). Switch T, is
turned on at zero voltage and the resonant current flows through T, to
discharge C
,
. The voltage applied to the resonant tank is Vsl. At first,
V, = V, when D, or T, conducts. After T, is turned off at t = tR , the
switch pair T2,D, conducts and V,, = - V, . Therefore,

150

TURN ON DELAY TIME ALFA (DEGREE)

(b) Effect of 4

The state equations for State 1 are:
di
L r L = 2x(V*,-vc-vp)
dt
dv
= 2xi,
dt
dv
C 2= h i ,
dt
The solution of (26) can be found as:

TURN ON DELAY ANGLE ALFA (DEGREE)

(c) Effect of fs
Fig. 13 Characteristics of the Parallel-SRLS converter

i,(t) =

“0

+

- vcn sin2xo1t
21

cQS2xo1t+ Cp V , Cr VW+ c p “o
Cp+Cr
CJV, - v, - v,>
c,
c p Vo - c, Vco
cos2xo,t +
VP(f) =
c p+cr
c p Cr

Based on the above equations, the characteristics of the Parallel-

Vc(O

SRLS converter can be analyzed. In the analysis, the input voltage is
taken as one per unit. Fig.l3(aj gives the output voltage versus turn on
delay angle a at different output current. It shows that by changing the
a, the output voltage can be kept constant when load current changes
while keeping the switching frequency fixed. It is noted that there is a
minimum a below which the desirable characteristic of zero current turn
off for T, and T, is lost. This is because of the presence of State 1 when
the current in one switch, such as T,, should, at first, decay to zero
before the other switch, such as T,, is able to conduct. This is a significant difference with the characteristic of the conventional controlled
rectifier.

=

C,(V,-V,-V,)

+

cp+Cr

v,

+

At t = tl ,Cn is completely discharged, v,(t,) = 0 . D, conducts. The
circuit enters State 2 with the initial conditions derived from (27):
vC(fl) = vc,, i,(tl) = I r l , vp(rr)= 0
(29)

The effect of L, on the output voltage is also studied and the result
is given in Fig.l3(b). For smaller L,, when a increases, the output
voltage increases at first and then decreases. The smaller the L, is, the

a:

State 2 [t,,
The equivalent circuit is shown in Fig.120). The state
equations are:
di
L,-L = 2x (V, - vc)
dt
dVC
12,= 2xi,
dt
dv

larger the difference between the peak output voltage and the initial value
when a = O L This
~ . is not desirable for the design of control circuit. For
larger L,, such as L, = 1.0,1.25(pu),one particular a corresponds to one
value of output voltage. Also, larger value of yields the smaller variation range of a necessary to regulate the output voltage from maximum
to zero. It can also be observed from Fig. 13(b) that there is a particular
La which corresponds to the highest attainable voltage gain. The introduction of the L, is essential to achieve zero current switching for T, and
T,. On the other hand, Fig. 130) illustrates that larger L, also plays the
beneficial role (every a corresponds to a single value of V,) for the control of output characteristic. It may be noted that in the conventional
semi-converter, the leakage inductances affect the output voltage and
normally is kept as small as possible.

c

P

=o

dt
Its solution is:
i , ( t ) = Ir1c0s2xo,(t - t l ) - vcl ~

v,sin2 x o r ( t - t l )

(314

Zr

v , ( t ) = IrlZ,sin2xw,(t-tl) + ( V , , - V , ) C O S ~o~r ( t - t l ) + V,

vp(t) = 0

(31b)
(31c)
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r

I

At r = r z , where t2 is the turn off delay time defined by (8), the
switch T, is turned off. The circuit enters State 3 with the initial conditions:
i r ( t 2 ) = I,,
v c ( t z ) = V,,, v p ( f z ) = 0
(32)

State 3 [b t,]: The equivalent circuit is given in Fig.l2(c). The state
equations are the same as those of State 1. However, the initial conditions are expressed by (32). The solution for State 3 is:
i,(t) = Ir2c0s2xo , ( t - tz)

-

v,,-v,
sin2x
Zl

O1(t-tz)

where:

(33a)

From the above equations, the characteristics of the Series-SRLS
converter can be obtained. The input voltage is taken as one per unit
value in the calculation. Fig.l4(a) shows the relationship between the
output current and the control input @ at different output voltage. By
changing p, the output voltage can be kept constant when the load
changes. It also shows that for a particular output voltage, there is a
minimum delay angle, Om,, below which the desirable zero voltage turn
on for T, and T4is lost. This is because of the presence of the State 1,
when the capacitor, such as Cp?, is discharged by the inductor current i
through one rectifier switch, such as T,. Only after the capacitor, e.g.
Cn, is completely discharged, the gate signal of the switch, e.g., T3 can
be removed. The higher the output voltage, the more charges stored in
the capacitor and, therefore, the larger the Om,.

where U , and Z, are defined by (28).
This state ends at t = ry when vp reaches the output voltage V, and
the diode D, is turned on. The initial conditions for the next state are:
ir(t3) = 4 3 ,
VC('3) = vc3.
VP(Q
= v,
(34)

State 4 [f, T , / 2 ] : The equivalent circuit for this state is shown in
Fig.lZ(d). The power is transferred to the load at this state via D5and
D,. The state equations are:
di
L r L = 2 x ( V s 1- V 0 - v c )
(354
dt
dv
c r 2= 2xir
dt
l

dv

-

2

dr

..............................

=o

TURN OFF DELAY ANGLE BETA (DEGREE)

(a) Effect of V,

Its solution is:
i ~ t =) 1,cos2no,(t-t,)

- v~3+v~-vs1

sm2x
.
ur(t-t3)

(36a)

c

Zr

L

v , ( t ) = ( V c . + V, - Vsl)cos2n or(?
- t,)

+I,3Zrsin2nor(t-t,)
vp(t) =

+

V, - Vo

v,

10 ......

2
c

(36b)
(36~)

2

......

.5

c
0
0

In steady-state operation, there is a particular tR such that when
t = ' 2T , , i(LT)=O
' 2 1
and v c ( i T r ) = - V c 0 .

0

50

100

150

TURN OFF DELAY ANGLE BETA (DEGREE)

(b) Effect of C,

The steady state output current can be calculated by averaging the
resonant current from t, to TJ2, (36a), and can be calculated as:

vc3

+

vo

+

vs

[ 1 - C O S ~ Xo , ( ~ T- t~, ) ]

n Zr Or Ts
TURN OFF DELAY ANGLE BETA (DEGREE)

(c) Effect of fs
Fig. 14 Characteristics of the Serie-SRLS converter
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Fig.14@) shows the effect of C, on the control characteristic of
Series-SRLS converter. When C, increases, the maximum attainable
output current also increases. However, when Cp becomes too large, the
current gain drops instead. For larger Cp, there is a unique vahe of
output current for each turn off delay angle @.iFromthe discussion above
and in section 111, it is shown clearly that on one hand, the capacitors C,,
and C, are essential for zero voltage switching of T, and T,, on the
other hand, the addition of these
jmrs also improves the control
characteristic of the converter.

Fig.15 Block diagram of DC-to-DC resonant
converter using SRLS technique

The effect of fs on the control characteristic is shown in Fig. 14(c).
Higher current gain can be obtained when the switching frequency f, is
close to the resonant frequency f,. However, when fs is close to the
current gain is more sensitiveto the drift of the switching frequency.

c,

V. OTHER CONVERTER TOWLOGIES

diagram of DC-to-DC resonant cbnverter
using SRLS technique.% the output of the inverter is an AC voltage,
SRLS voltage rectifier
the rectifier switches turn on and off
at zero current. When
current rectifier shod
changing the turn on delay, U , or turn&
fier.

delay,

6;of the SRLS recti-

Fig. 16 gives several other resonant converters that can be synthesized
by the Source Reactance tossless Switch technique. The output voltage
of these converters can k regulated by changing the turn on o r turn off
delay angle of SRLS rectifiet. Zen, current switching of m m voltage
switching can be maiwned when bad curreat changes from zero to
maximum and the input voltage changes from highest to lowest value.

the current fed Parallel4RLS converter. SRLS voltage rectifier is used.
Fig.l6(d) shows the current W Series-SRJA converter, where SRLS
current rectifier is empkk@d since
inverter is a current.
Another interesting topology is th
converttr, as shown
in Fig.l6(e), where the f3fpas-E
is &ed as the
inverter and SRLS current rectifgr is used. Zen, voltage switching for
all the switches can be achieved.

Fig. 16 Several dher maant convartsrs
using SRLS technique

Zero voltage switching is observed cleatly. Fig.l7(b) gives the
waveforms of the
voltage rectifier,
caused partly by
waveform of is is
identified. Fig. 17(c) showsthe current through T3pnd the voltage across
T,. Zero current turn off is clearly observed. Because of L,i, rises
slowly at turn on. Fig.17(4) dtoovs tbc o u ~ ~ o k a V,
g eand the rectified
voltage v,.

[m

In the foregoing circuit configuration, symmetrical rectifier is
assumed. When the inverter is capable of providing asymmetrical output,
asymmetrical rectifier can also be used. Fig.160 gives the topology of
asymmetrical Class-E-SRLS converter where only one switch is used in
the SRLS current rectifier. By changing the conduction time of T,, the
output voltage can be regulated.

VI. EXPERIMENTAL RESULTS
Two experimental prototypes, one is the Parallel-SRLS converter and
the other is the Series-SRLS converter, are breadboarded. The objective
is to illustrate the feasibility of the proposed technique and to verify the
analysis. The MOSFET is used as the switch in the experiment.

The testing circuit for Parallel-SRLS converter is shown in Fig.7.
The circuit parameters are: L,= 13.5pH, LS=7.2pH, Cr=O.34pF,
V,=lSV. The resonant frequency f, is calculated as 74.3KHz. The
switching frequency is chosen as 100KHz. The internal anti-parallel
diode of MOSFET is used for D,and D,. Fig.I7(a) gives the waveforms
of the gate voltage V,,, and the device voltage V, for MOSFET T,.

inductor, rectifier voltage drop, etc.. It demonstrates that by changing the
01, the output voltage can be effectively controlled.
A Series-SRLS converter is also breadboarded. The testing circuit is
shown in Fig.€O. The circuit parameters are: b=12pH, C,=0.099pF,
Cp=0.033pF. The resonant frequency, f,. is calculated as 146KHz.The
switching frequency is chosen as 200KHz. D,, D,, D, and D4consist of
the MOSFET's anti-parallel diode. Fig.l9(a) gives the measured
waveforms of V,, and V,, for MOSFET TI. Zero voltage turn on is
clearly observed. Fig. 19@) shows the waveforms of the inductor current
i, and the input voltage of the SRLS current rectifier, v,. Quasi-square
waveform of v, is clearly shown. Fig.l9(c) gives the waveform of Vau
and V,,, for T,. Zero voltage switching for the rectifier switch is
observed clearly. Fig. 19(d) shows the output voltage V,, and the rectified
current i.,.
Fig.20 gives the measured current gain versus the turn off delay
angle 8, where the output voltage V, is kept at IOV. The theoretical
value is also plotted in Fig.20. The current base, I,-, is calculated as
1.35A. The small difference is caused by non-ideality of the prototype.
It demonstrates that by changing the turn off delay angle 8, the output
voltage can be kept constant when load current changes.

Fig. 17 Measured
(a) upper trace: V,,
(b) upper trace: vc
(c) upper trace: V,
(d) upper trace: V,

waveforms for Parallel-SRLS converter
10Vldiv.
lower trace: V,,, IOVldiv
10Vldiv.
lower trace: is IAldiv
5V/div,
lower trace: i,
IAldiv
SVldiv,
lower. trace: vd IOVldiv
Horizontal: 2uSldiv

Fig. 19 Measured waveforms for Series-SRLS converter
(a) upper trace: V,,,: 10Vldiv
lower trace V,,, lOVldiv
(b) upper trace: vp: lOVldiv
lower trace i,: 2Aldiv
(c) upper trace: VGS3:10Vldiv
lower trace V,, SVldiv
(d) upper trace: V,: IOVldiv
lower trace: id: 2.5Aldiv
Horizontal: IpSldiv
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TURN OFF DELAY ANGLE BETA (DEGREE)

Fig.18 Measured voltage gain versus a at I, = I(A)

Fig.20 Measured current gain versus (3 at V, = 1O(V)
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VII. CONCLUSIONS

I

The basic concept of the Source Reactance Lossless Switch (SRLS)
has been presented. The mechanism of the zero current switching and
zero voltage switchingusing energy removal by source voltage or current
is analyzed.

191

In the SRLS voltage rectifier, the switches operate at zero current
switching condition, while in the SRLS current rectifier, the switches
operate at zero voltage switching condition.
When SRLS voltage rectifier or SRLS curcent rectifier is used in the
conventional resonant converter, new converter topologies are obtained.
Theoperations of the two basic SRLS converter, i.e., Parallel-SRLS converter and Series-SRLS converter are studied in detail. Their output voltage can be regulated by changing the turn on or turn off delay angle
while keeping the switching frequency constant. Zero current switching
and/or zero voltage switching characteristic is maintained from no load
to full load.

1141
1151

The steady-statecharacteristicsof the Parallel-SRLS and Series-SRLS
converters are analyzed. Control of output characteristics are given. The
effect of the series inductance, in the Parallel-SRLS converter, and
parallel capacitor, in the Series-SRLS converter, are also studied. Their
influence on the performance characteristics are also outlined.
Several other converter topologies using SRLS technique are also
proposed. Their output voltage can be controlled at fixed switching frequency and zero current switching andlor zero voltage switching can be
achiwed.
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Two experimental prototypes, Parallel-SRLS converter and Series-

SlUS converter, are breadboarded. The objective is to demonstrate the
feasibility of the proposed topologies. The results obtained verify the
analysis.
The study presented in this paper has revealed many good features
of Source Reactance Lossless Switch technique for application in resonant converters with fixed switching frequency. Further study on various
aspects of these converters, in particular, a comparative evaluation of the
various proposed topologies, will be the subject matter of future investigation.
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