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Abstract

This paper presents an interleaved resonant converter with a parallel-series transformer connection in order to achieve ripple
current reduction at the output capacitor, zero voltage turn-on for the active switches, zero current turn-off for the rectifier diodes,
less voltage stress on the rectifier diodes, and less current stress on the transformer primary windings. The primary windings of
the two transformers are connected in parallel in order to share the input current and to reduce the root-mean-square (rms) current
on the primary windings. The secondary windings of the two transformers are connected in series in order to ensure that the
transformer primary currents are balanced. A full-wave diode rectifier is used at the output side to clamp the voltage stress of the
rectifier diode at the output voltage. Two circuit modules are operated with the interleaved PWM scheme so that the input and
output ripple currents are reduced. Based on the resonant behavior, all of the active switches are turned on under zero voltage
switching (ZVS), and the rectifier diodes are turned off under zero current switching (ZCS) if the operating switching frequency
is less than the series resonant frequency. Finally, experiments with a 1kW prototype are described to verify the effectiveness of

the proposed converter.
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I.  INTRODUCTION

To mitigate the environmental pollution and climate
changes resulting from fossil fuel based power generation,
soft switching power converters have been proposed recently
to meet the demand for high efficiency from organizations
such as the Environment Protection Agency (EPA) and the
Climate Saver Computing Initiative (CSCI). There are two
different kinds of control schemes related to the switching
frequency in soft switching converters. One is based on a
constant switching frequency with a variable duty cycle,
while the other is based on a constant duty cycle and a
variable switching frequency. Power converters with constant
switching frequency and zero voltage switching (ZVS)
techniques, such as active clamped ZVS converters [1]-[5],
asymmetric half-bridge converters [6]-[7] and phase-shift
pulse-width modulation (PWM) converters [8]-[9], have been
proposed for many years to reduce the switching losses of
MOSFETSs and to increase circuit efficiency. However, the
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ZVS effect of these techniques is limited to specific load
conditions. Thus it is difficult to design optimal converters
with wide load ranges. Power converters with a variable
switching frequency and the ZVS technique such as resonant
converters [10]-[15] have been proposed to achieve ZVS
turn-on or zero current switching (ZCS) turn-off for active
switches. In a conventional series resonant converter, the
output voltage cannot be properly regulated under the no-load
condition due to its limited voltage gain. In order to
overcome the drawbacks of conventional series resonant
converters, LLC series resonant converters [16]-[19] have
been presented that have the advantages of a high conversion
efficiency, a high power density and a high voltage gain. If
the switching frequency is less than the series resonant
frequency, the rectifier diodes at the secondary side can be
turned off under ZCS to overcome the reverse recovery
losses.

This paper presents an interleaved series resonant
converter to achieve ZVS turn-on for all of the active
switches, ZCS turn-off for the rectifier diodes, ripple current
reduction at the output capacitor and load current sharing.
Two converter modules connected in parallel are used in the
proposed circuit to share the load current and to reduce the
current stress of the active switches. The interleaved PWM
scheme is adopted to control the two circuit modules so that
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the ripple current at the output capacitors partially cancelled
each other out. For each circuit module, a series resonant
converter with two transformers and a full-wave diode
rectifier is adopted to realize soft switching for all of the
semiconductors. The input impedance of the resonant tank is
related to the operating switching frequency. Thus the output
voltage can be regulated by the variable switching frequency
for different input voltages and load conditions. Since the
input impedance of the resonant tank is operated at an
inductive load, the active switches can be turned on under
ZVS and the rectifier diodes can be turned off under ZCS if
the switching frequency is less than the series resonant
frequency. Thus the switching losses of the power switches
and the reverse recovery losses of the rectifier diodes can be
reduced. Two transformers are used in each circuit module to
reduce the size of the magnetic core and to lessen the current
stress on the primary windings. The secondary windings of
the two transformers are connected in series in order to
balance the transformer primary currents and to share the
input current. For high output voltage applications, a
full-wave diode rectifier is used in the secondary side to
clamp the voltage stress of the rectifier diodes at the output
voltage level. Compared to the conventional DC/DC
converters used in low input voltage and high output voltage
applications such as push-pull converters and symmetric
half-bridge converters, the proposed converter has better
circuit efficiency with a smaller size magnetic core and soft
switching. Finally, experiments conducted on a 1kW
prototype to verify the effectiveness of the proposed converter
are described.

II. CIRCUIT CONFIGURATION

The basic block of a renewable energy power conversion
system is given in Fig. 1(a). The front stage is a DC/DC
converter and the second stage is a DC/AC inverter.
Generally the input of the front stage comes from a PV based
or fuel cell based renewable energy source with a low voltage
input. The output of the DC/DC converter is a high DC
voltage. Then a single-phase or a three-phase inverter is used
to generate AC sinusoidal voltage. The circuit configuration
of the proposed DC/DC converter is given in Fig. 1(b). Since
the duty cycle for each of the active switches is equal to 0.5,
the variable frequency modulation is adopted to regulate the
output voltage. There are two circuit modules connected in
parallel to share the input and output currents. The two circuit
modules are operated with the interleaved scheme so that the
input and output currents are partially cancelled. Therefore,
the input and output ripple currents are reduced. Since the
adopted circuit is used for high input current applications, the
two transformers are connected in parallel in each of the
circuit modules to share the input current. The secondary
windings of the two transformers are connected in series in
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Fig. 1. Circuit configuration (a) renewable energy conversion
system (b) the proposed DC/DC converter.

order to balance the two primary currents. Vi,and V, are the
input and output terminal voltages. The input voltage Vi,
maybe a fuel cell voltage or a PV voltage from a solar panel.
The first circuit module includes Qi, Q,, Ci1, Ly, Ty, Ty,
D,~D, and C,. The primary windings of T, and T, are
connected in parallel to share the input inductor current i,,.
The secondary windings of T, and T, are connected in series
to balance the primary currents, iy =ir, =i 1/2. The

resonant tank in the first circuit module includes C,4, L1, L
and L.,. D;~D, are the rectifier diodes. C; and C, are the
output capacitances of Q, and Q,, respectively. C, is the
output capacitance. Full-wave diode rectifiers are adopted in
the secondary side in order to reduce the voltage stress on the
rectifier diodes for high output voltage applications. The
components of the second circuit module are Qs, Q4, Cy2, Ly,
Ts, T4, Ds~Dg and C,. The primary and secondary windings of
T; and T, are connected in parallel and series respectively to
share the input inductor current i, and to balance the two
primary currents iy ~ i, . The resonant tank in the second

circuit module includes C,,, L, Lys and L. Based on the
series resonant phenomenon, the active switches Q,~Q, are
turned on under ZVS if the resonant tank is operated as an
inductive load. Therefore, the switching losses on the active
switches are reduced to increase the circuit efficiency. On the
other hand, the rectifier diodes can be turned off under ZCS if
the switching frequency of the proposed converter is less than
the series resonant frequency under a full load and a
maximum input voltage. Thus the reverse recovery losses on
fast recovery diodes are reduced. The proposed converter can
be used for low input voltage and high output voltage
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Fig. 2. Key waveforms of the proposed converter.

applications such as the battery-based DC/DC converters, the
high power discharger systems and the DC/DC converters
used in renewable energy systems.

I11. OPERATION PRINCIPLE AND SYSTEM ANALYSIS

Each switch in the proposed converter is turned on with a
50% duty ratio. Therefore the output voltage regulation is
controlled by a frequency modulation technique. The
components of the two circuit modules are identical. The four
transformers have the same turns ratio (n=ny/ns) and the same
magnetizing inductance L, All of the active switches are
ideal and have the same output capacitance
(C1=C,=C3=C,=C,). Fig. 2 shows the key waveforms during
a switching cycle. There are twelve operating modes in the
proposed converter for each switching period. The equivalent
circuits for each of the operating modes are shown in Fig. 3.
Before time t,, Qs, D,, D3, Ds and Dg conduct. C, is charged
and C, is discharged.

Mode 1 [to<t<t;]: At time t,, C, is discharged to zero voltage.
Since ig,<0, the anti-parallel diode of Q, conducts. Switch Q,
can be turned on at this moment to achieve ZVS. Since
im<iLmt, 112<iLm2, I13>iLm3 and its>i n4, diodes D,, D3, Ds and
Dg conduct in this mode so that v ,;=v m=-nV,/2 and
Vims=Vima=nVo/2. The magnetizing currents i, and i
decrease linearly with a slope of -nV./(2L,) and the
magnetizing currents i s and i, increase linearly with a
slope of nV,/(2L). C,; and L,, are resonant with the applied

voltage nV,/2 in circuit module 1, while C,, and L., are
resonant with the applied voltage V;,-nV,/2 in circuit module
2. i and v, decrease, and iy, and v, increase in this mode.
The resonant inductor currents i, and i.,, and the capacitor
voltages vc,1 and Ve, in this mode are expressed as:

Vo /2—-Ven (t)

iLrl(t)=Zismwr(t—t0)+iLr1(t0)cosaJ,(t—to)(1)
. Vin =NV, 12—V (L) .
i, (t) =1 g €220 sinw, (t—t,)
Lr2 Zr r 0 (2)

+ia(to) cosa, (t—tp)
VCrl(t) = nVo /2_[nvo /2_VCr1(tO)]COS Wy (t —to)

: : ®)
+ip(to)Z, sinaw, (t-to)
VCrZ(t):Vin _nvolz_[vin —nV0/2—vCr2(t0)]>< @)
cosw, (t—ty) +i, o (tg)Z, sine, (t—ty)
where Z, =,/L,/C, and o, =1/,/L,C, . Power is

transferred from the input terminal voltage V;, to the output
load through Qs, C,,, Ly», T3, T4, D5 and Dg. This mode ends at
time t; when i y3=it3 and i, na=i7s. Then diodes D5 and Dg are
off.

Mode 2 [t;<t<#,]: This mode starts at t; when i n3=i; and
iLma=its. Then diodes Ds and Dg are off in circuit module 2.
Since Qg still conducts in this mode, C,,, Ly, Lyns and L, are
resonant in circuit module 2. On the other hand, C,4, L, and
L4 are also resonant with the input voltage V;,/2. i.,, and v¢,,
are obtained as:

. Vi, — t) . .
'er(t)=%ﬂ(l)sma)p(t—tl)+|Lr2(tl)c05a)p(t—t1) (5)
P
Ver2 (t) :Vin - [Vin —Ver (tl)]COSa)p (t _tl)
+i )2 b sin a)p(t—tl)

where Z = /"f*c—"mlz and @, =1/,J(L, +L,/2)C, .
r

The operation of circuit module 1 in this mode is the same as
the operation in mode 1.

Mode 3 [t,<t<ts]: At time t,, Qs is turned off and diodes Dg
and D, conduct. Thus V3=V ma=-NVy/2 and i m3 and i
decrease in this mode. Since i »(t,)>0, C; is charged and C, is
discharged. If the energy stored in L,, at time t; is greater than
the energy stored in C; and C,, then C, can be discharged to
zero voltage at time t;. The capacitor voltages vqz and vg, are
expressed as:

Ves(t) i ()t —1,)/(2C,) (M)
Vea(t) ® Vip =i ()t —1,)/(2C) 8)
The operation behavior of circuit module 1 is the same as the
circuit operation in mode 2.
Mode 4 [ts<t<t,]: At time t;, C, is discharged to zero voltage

so that the anti-parallel diode of Q, conducts. Before ig,
becomes positive, Q, is turned on under ZVS. Since D,, Dj,

(6)
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D¢ and D, conduct in this mode, the magnetizing voltages
Vimt=Vim2=Vim3s=Vim= -NV/2. Thus i m~ima decrease in this
mode. C,; and L, are resonant in circuit module 1, while C,,
and L, are resonant in circuit module 2.

Mode 5 [t,<t<ts]: At time ty, i m=it1 and i g=it, in circuit
module 1 such that diodes D;~D, are reverse biased. Since Q,
still conducts, C,4, L1, Ly and L, are resonant in this mode.
The operation behavior of circuit module 2 is the same as the
circuit operation in mode 4.

Mode 6 [ts<t<tg]: At time ts, Q, turns off and diodes D, and
D, conduct so that v, =V m=nV,/2. Therefore, i, and i
increase in this mode. Since i ,(ts)<0, C, is discharged and
C, is charged. If the energy stored in L,, at time ts is greater
than the energy stored in C, and C,, then C, can be
discharged to zero voltage at time ts. The operation behavior
of circuit module 2 in this mode is the same as the operation
in mode 5.

Mode 7 [ts<¢t<t;]: At time tg, C; is discharged to zero voltage.
Since ig;<0, the anti-parallel diode of Q, conducts. Therefore,
Q; can be turned on at this moment to achieve ZVS. Since D,,
D,, Dg and D; conduct in this mode, V=V mp=nV,/2 and
Vim3=Vima=-NV,/2 so that i, and i, increase, while i3 and
iLms decrease. L, and C,, are resonant with the applied
voltage V;,-nV,/2 in circuit module 1, while L,, and C,, are
resonant with the applied voltage nV,/2 in circuit module 2.
Mode 8 [t;<t<tg]: At time t;, i,=it3 and i n=is SO that
diodes Ds~Dyg are off. Since Q, still conducts, C,,, L,,, Lz and
L4 are resonant in module 2. The circuit operation of circuit
module 1 is the same as the circuit operation in mode 7.

Mode 9 [tg<t<to]: At time tg, Q4 is turned off and diodes Ds
and Dg conduct. Therefore, Vv ns=Vima=nV,/2 and the
magnetizing currents i,z and i, increase in this mode.
Since i ,(tg)<0, C, is charged and C; is discharged. If the
energy stored in L, at time tg is greater than the energy stored
in C; and C,, then C; can be discharged to zero voltage at
time tg. The operation behavior of circuit module 1 in this
mode is the same as the circuit operation in mode 8.
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Mode 10 [tg<t<t;o]: At time ty, capacitor C; is discharged to
zero voltage. Since i ,(tg)<0, the anti-parallel diode of Qs
conducts. Thus Qs can be turned on at this moment to achieve
ZVS. Diodes D;, D4, Ds and Dg conduct in this mode so that
Vim=Vime=Vims=Vims=NVo/2.  The  magnetizing currents
iLmi~iLma increase in this mode. Input power is delivered to the
output load through Qy, Cy, Ly, Ty, T,, Dy and Dy in circuit
module 1 and through Qs, C,,, Ly,, T3, T4, Ds and Dy in circuit
module 2. Therefore, i1, iir2, Vs and Vg, increase.

Mode 11 [t;p<¢<t;1]: At time tyo, i =ity and i y=it, SO that
diodes D,~D, are all off in circuit module 1. Since Q, still
conducts, C,4, L1, Ly and L, are resonant with the applied
voltage V;,. The operation behavior of circuit module 2 in this
mode is the same as the circuit operation in mode 10.

Mode 12 [t;,<t<T+t,]: At time t;,, Q, is turned off and diodes
D, and D5 conduct. Thus V5=V m=-NV,/2. The magnetizing
currents i, and i, decrease in this mode. Since i 1(t;1)>0,
C, is charged and C, is discharged. If the energy stored in L,
at time t;, is greater than the energy stored in C; and C,, then
C, can be discharged to zero voltage at time T+t,. Then the
anti-parallel diode of Q, conducts. This is the last operating
mode of the proposed converter during one switching period.

The power flow through the resonant tank is related to the
switching frequency. All of the harmonics of the switching
frequency are neglected in the following analysis. Fig. 4
shows an equivalent circuit of circuit module 1. The duty
ratios of switches Q; and Q, are equal to 0.5. The input
voltage of the resonant tank is a square waveform between 0
and Vj,. The DC value and the fundamental root-mean-square

(rms) value of the input voltage vc, are V;,/2 and \/Evin I/,

respectively. The output side of circuit module 1 is driven by
a quasi-sinusoidal current. When inductor current iy>i g, Dy
and D, conduct and v 1= Vi mp=nV/2. If it1<i 1, then D, and
D; conduct and v 3= Vi ma=-NV,/2. Thus the fundamental rms
value of the magnetizing voltage is expressed as

Vi mtrms =\/EnV0/7z. Since the output current of circuit
module 1 is equal to 1,/2, the rms value of the secondary
winding current is equal t0 ity s = A, /(44/2) . Thus the

load resistance R, reflected to the transformer primary side is
given as:
2
Ract = Rac2 = M = n C)
r1s,rms In x
The AC resonant tank (L,; and C,), shown in Fig. 5, is
excited by an effectively sinusoidal input voltage vc,; and it
drives the effective resistive loads R,y and R, in circuit
module 1. The AC voltage gain of circuit module 1, based on
Fig. 5, is expressed in (10).

2RO

Crl Lrl

|| N
+ = —
Vert I

Vet Lm1

Racl I—m2 Racz

Fig. 5. AC resonant tank of circuit module 1 with fundamental
switching frequency.

TABLE |
Key CIrRcuIT PARAMETERS OF THE PROTOTYPE CIRCUIT
Input voltage Vi, 42 V~52V
Output voltage V, / Current |, 400V/25 A
Series resonant frequency f, 100 kHz
Switches Q;~Q, IRFP064
Diodes D;~Dg 30ETHO06
Turns ratio of T,~T, Np:n=6:42
Resonant inductances L, Ly» 0.633uH
Magnetizing inductances Lyi~Lna 7.6uH
Resonant capacitances C,, C,, 4uF
Output capacitor C, 1320uF/450V
f2., o f f.
| Gac () |=l/\/[1+ I<(1—#)] +Q (f—s—f—r) (10)
s r S

Where fl’ :1/(27[»\’ LrICrl) f Q = —\’ LI']./CI"l /(Racl/Z) ,

k=2L,,/L.,; and f, is the switching frequency. The AC voltage
gain is related to the switching frequency in (10). Therefore,
the output voltage V, can be regulated by the variation of the
switching frequency f;. Under the no load condition, R, is
infinite and the quality factor Q equals zero. Then the AC
voltage gain under the no load condition is expressed as:

2
G lgmo= UL+ kA —].

S

If the design minimum DC voltage gain at the maximum
input voltage and the maximum switching frequency is
greater than the AC voltage gain under the no load condition,
then the output voltage V, can be controlled.

nEv, +2v 2
G = 2 skt
in,max s,max (11)
=| Gac ( f ) |Q:0,f5vmax

where V; is the voltage drop across diodes D;~D, and f,pax iS
the maximum switching frequency generated by the voltage
controlled oscillator.

IV. EXPERIMENTAL RESULTS
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Fig. 6. results of gate voltages of Q;~Q, at full load and input
voltage (a) V=42V (b)) V;;=48V (¢) V;:=52V
[VQl,gSNVQ4,gS: 10V/d|V] .

Experimental results based on a laboratory prototype have
been provided to demonstrate the performance of the
proposed converter. The circuit parameters of the prototype
circuit are shown in Table 1. The variable switching
frequency is adopted to generate the gate signals. The
flip-flop circuits are used to generate the interleaved PWM
signals. First, an LLC control IC based on a L6599 is used to
generate two PWM signals. Then, two D-type flip-flop ICs

(b)
Fig. 7. Measured gate voltage and drain voltage at V;,=48V
and full load condition (a) Q; and Q, (b) Qs and Q,
[Vo1,gs~Voa,gs: 10V/iV; Vo1 gs~Vaa g5:50V/diV].

Wiin=iQ1Hiqa:

Fig. 8. Measured results of gate voltages, Vo1gs and Vosgs,
switch currents, io; and igs, and the DC input current i;, at
Vin=48V and full load condition [Vgy g, Vasgs-10V/div; igy, igs
iin:50A/div].

are used to generate four PWM signals. Fig. 6 gives the
experimental results for the gate voltages of Q,~Q, at
different input voltages and the full load condition. It can be
observed that the gate voltage vqs 4 lags the gate voltage Vg g
by one fourth of a switching period, and that the low input
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voltage has less switching frequency. The measured gate
voltage and the drain voltage of Q;~Q, at an input voltage of
Vi,=48V and the full load condition are given in Fig. 7.
Before Q;~Q, are turned on, the drain voltages have been
decreased to zero voltage. Therefore switches Q,~Q, are
turned on under ZVS from 20% to 100% load conditions. Fig.
8 gives the measured waveforms of the gate voltages, Vg gs
and Vqs s, the switch currents, i and igs, and the DC input
current i;, at V;,=48V and the full load condition. Since the
currents ig; and g3 are phase-shifted by one-fourth of a
switching period, the input current i;, has less current ripple.
Fig. 9 shows the measured resonant inductor currents, i, and
iLo, and the resonant capacitor voltages, ve; and ve,, at the
full load condition. Fig. 10 gives the measured waveforms of
i1, ip and ip, for converter module 1 and iy,,, i3 and iy, for
converter module 2 at the full load condition. The measured
transformer primary currents are balanced so that
iT1=ir=i /2 and =it /2. Fig. 11 shows the measured
waveforms of the gate voltages, Vg gs and Vos 4, and the diode
currents ipy, ips, ips and ip; at V;,=48V and the full load
condition. Before switches Q,~Q, are turned off, the rectifier
diode currents are decreased to zero. Thus diodes D;~Dg are
all turned off under ZCS. Therefore, the reverse recovery
losses of the rectifier diodes are reduced. Fig. 12 gives the
measured results of the output currents ip;+ipz and ips+ip, of
the two circuit modules, the resultant output current
ip1+ips+ips+ipy and the load voltage at the full load condition.
The current ip+ipstipstip; has less ripple current when
compared to the ripple currents of ip,+ips and ips+ip;. The
measured switching frequencies with different input voltages
and different load conditions are shown in Fig. 13. The high
input voltage requires a low DC voltage gain. Therefore, the
operating switching frequency increases if the input terminal
voltage V;, increases. A lower switching frequency is
necessary if the load power is increased at the constant input
terminal voltage. The measured efficiencies of the proposed
converter under different load conditions are given in Fig. 14.

Fig. 9. Measured resonant inductor currents, i, and i, and
resonant capacitor voltages, v, and vy, at full load condition
[iLre, iLr:50V/divV; iy, B 0:50A/iV].

E T 1
E T 1

S NEA g W gV

S
Y

(b)

Fig. 10. Measured waveforms at nominal input voltage and full
load (@) Vou,gs i1, i1 and iy, for converter module 1 (b) Vosgs,
iLr2, i3 and iy, for converter module 2 [Vo gs, Vosgs: 10V/div; i,
iLr2, i1, IT2, I73, IT4:50A/diV].

2>

Fig. 11. Measured waveforms of the gate voltages, Vo4 and
Vosgsr and diode currents ips, ipg, ips and ip7 at Vi,=48V and full
load condition [Voi gs, Vs gs: 10V/diV; ipy, ips, ips, ip7:2A/diV].
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Fig. 12. Measured results of output currents ip;+ip3 and ips+ip;
of two circuit modules, the resultant output current
ip1tipstipstipy and output voltage V, at full load condition
[ip1tips, ipstip, ip1+ipstipstip7:5A/iv; V,:200V/div].
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Fig. 13. Measured switching frequencies with different input
voltages and load conditions.
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Fig. 14. Measured efficiencies of the proposed converter with
different input voltages and load conditions.

V. CONCLUSION

This paper presents an interleaved series resonant
converter to achieve ZVS turn-on for active switches and
ZCS turn-off for rectifier diodes. Thus the switching losses
and the reverse recovery losses of the power semiconductors
are reduced and the ripple current at the output capacitor is

also reduced. In each circuit module, two transformers are
used to reduce the power rating of each magnetic core. The
primary windings of the two transformers are connected in
parallel and the secondary windings are connected in series
in order to reduce and balance the current rating on each
transformer. Thus the small size of the magnetic cores and
reduced winding turns are adopted in each transformer. A
full-wave diode rectifier is used in the high voltage side to
clamp the voltage stress of the diodes at the output terminal
voltage instead of at two times the output voltage as in a
conventional center-tapped rectifier. The proposed converter
can be used for low input voltage and high output voltage
applications such as battery stack power conversion systems
and renewable energy conversion systems. Finally
experimental results are provided to verify the performance
of the proposed converter.
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