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New Interleaved Current-Fed Resonant Converter

With Significantly Reduced High Current Side
Output Filter for EV and HEV Applications

Dongok Moon, Junsung Park, Student Member, IEEE, and Sewan Choi, Senior Member, IEEE

Abstract—This paper proposes a new interleaved current-fed
resonant converter with significantly reduced high current side
output filter. The proposed interleaved converter has theoretically
zero output filter capacitance, low-input current ripple, ZCS turn-
on and turn-off for all switches and diodes, and zero di/df at turn-off
of diodes when operated at load independent points. A two-stage
power conversion technique is applied to the interleaved converter
for high efficiency under wide voltage range operation. A 2-kW
prototype of the proposed low-voltage dc/dc converter for EV and
HEYV applications is built and tested to verify the validity of the
proposed operation.

Index Terms—Current-fed resonant converter, electric vehi-
cle (EV), interleaved, low-voltage dc/dc converter (LDC), soft
switched.

I. INTRODUCTION

ECENTLY, eco-friendly cars such as an electric vehicles
R (EVs), hybrid electric vehicles (HEVs) and plug in hy-
brid electric vehicles (PHEVs) are attracting increasing atten-
tion as a solution of environmental pollution, global warming,
and exhaustion of fossil fuels. Configurations of several types
of HEV and PHEV power train systems are described in [1],
and block diagram of an EV power train is shown in Fig. 1.
The low- voltage dc/dc converter (LDC) provides power to 12-
V loads such as the head lamps, wiper blade motor, electronic
power steering, radio system, etc., and charges a 12-V auxiliary
battery from a high-voltage battery (200400 V) [2]. This ap-
plication requires an efficient (usually, higher than 90%), com-
pact, and light-weight dc/dc converter. Also, due to safety and
high step down conversion ratio galvanic isolation is generally
required.

The phase shift full-bridge (PSFB) converter [3]-[8] is widely
used as the dc/dc converter because of its small RMS current
and inherent zero voltage switching (ZVS) characteristic. Dis-
advantages of the PSFB converter are that turn-off current of
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Fig. 1. Block diagram of an EV power train.

switches is large and turn-off losses associated with the diode
reverse recovery are considerable. Also, the PSFB converter re-
quires snubber circuits in the rectifier side to reduce the voltage
spikes generated at turn-off.

In order to reduce the turn-off losses of switches and diodes
resonant converters with ZVS or zero current switching (ZCS)
capabilities, such as SRC and LLC could be considered as can-
didates for the LDC [9]-[13]. The switching frequency of the
resonant converter can further be increased due to reduced turn-
off losses, which results in reduced size of passive components.
In general, the resonant converter requires output capacitor for
suppression of output ripple voltage, while the PSFB converter
requires output inductor for suppression of output ripple cur-
rent. The volume of the output filter inductor or capacitor is
considerable in the low-voltage high-current application. In or-
der to reduce the volume of the output filter, interleaved tech-
niques can be applied to the resonant and PSFB converters
[14]-[16].

However, the effect of volume reduction by means of inter-
leaving of the conventional resonant and PSFB converters is
limited, especially in the low-voltage high-current application
such as LDC. Also, these converters are hard to achieve high ef-
ficiency in whole range of wide input and output voltage applica-
tion such as LDC. Therefore, two-stage power conversion tech-
niques are used in this wide voltage range application [17]-[19].

This paper proposes a new interleaved current fed resonant
converter with significantly reduced high current side output
filter, which is suitable for EV and HEV applications. The pro-
posed interleaved resonant converter has the following features:
1) theoretically zero output capacitance, resulting in signifi-
cantly reduced output capacitor; 2) low input current ripple;
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Fig. 2. Proposed current-fed resonant converter.

3) ZCS turn-on and off for all switches and diodes without re-
gard to voltage and load variation; 4) zero di/dt at turn-off of
diodes, resulting in negligible turn-off losses associated with the
diode reverse recovery. A method of two-stage power conver-
sion technique is employed to achieve high efficiency in whole
range of wide input and output operating voltage. A 2-kW pro-
totype of the proposed two-stage interleaved converter has been
built and tested to verify the validity of the proposed operation.

II. PROPOSED CURRENT-FED RESONANT CONVERTER

Fig. 2 shows the circuit diagram of the proposed current-fed
resonant converter. The proposed converter consists of an input
filter inductor, four switches, a resonant tank, a transformer, a
diode rectifier, and an output filter capacitor. The output voltage
of the proposed converter is regulated by fixed duty and variable
switching frequency.

A. Operating Principles

The operating modes and key waveforms of the proposed
converter at switching frequency of f; = 0.5f, are shown in
Figs. 3 and 4, respectively.

Mode I [ty ~ t1]: This mode begins with L, — C. resonance
when switches S7 and Sy are turned ON at . The equivalent
circuit of this mode is shown in Fig. 5. The resonant voltage and
current are determined, respectively, as follows:

ir, (t) = I;(1 — cosw,t) (D)

N
vor (t) = ZI; sinw, t + —V, 2)
Ny
where Z is the characteristic impedance, and w, is the angu-
lar resonant frequency. They can be expressed, respectively, as
follows:

L,
Z = \|= 3
c 3)
- @)
Wy = —.
Vv L,.C,
Input current I; is determined as follows:
NV,
I; : 5
N (5)

where R is the load resistance. This mode ends when switches
S1 and Sy are turned OFF at ;.
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Fig. 3. Key waveforms of the proposed converter at fs = 0.5f,.
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Fig. 6. Voltage and current waveforms of switches and diodes of the pro-
posed converter. (a) Below resonance (fs < 0.5f,). (b) Above resonance

(fs > 0.5f).

Mode II [t, ~ t5]: During this mode, the power is not trans-
ferred to the load and the output filter capacitor supplies

The other half of a cycle is repeated in the same fashion.
Note that all switches and diodes are turned ON and OFF under
ZCS condition. The voltage and current waveforms of switches
and diodes of the proposed converter at switching frequencies
of f; < 0.5f, (below resonance) and f; > 0.5f, (above reso-
nance) are shown in Fig. 6 (a) and (b), respectively. Note that
the proposed converter achieves ZVS turn-on at both below res-
onance and above resonance operations unlike the conventional
resonant converter such as SRC [20].

B. Voltage Gain Expression

Assuming that Mode II, which corresponds to dead time, is
neglected, the average voltage across the resonant capacitor that
is equal to the input voltage can be expressed as

Ts
2 [ . N,
Vvi = VCr.aV = i/o (ZIZ Sll’lu},,-t + ]\;)V;> dt . (6)

From (6), the voltage gain of the proposed converter is deter-
mined by
Vv (mNpwr ) (1 — cos 2=m) N,

M=-=2=
Vi (T Npw;)(1 = cos Z=m) N, + Qu

(N

where Q is the quality factor, which determines the slope of the
voltage gain curve and can be determined as follows:
wy Ly
R, °
The higher the Q, the higher is the slope of the gain curve.
The voltage gain curves of the proposed converter are as shown

Q

®)
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Fig. 8.  Comparison of key waveforms of the proposed converter and SRC at

load independent point.

in Fig. 7. Note that the load independent points of the proposed
converter are multiple in the below resonance region and are
determined as follows:

fr:

where k is the natural number. It should also be noted that the
voltage gain of the proposed converter converges to 1, while that
of the SRC converges to 0 as the switching frequency decreases
in the below resonance region. In the above resonance region,
the slopes of the voltage gain curves according to Q of the
proposed converter have similar values with those of the SRC.

2k fs €)

C. Comparison of the Proposed Converter and SRC

Fig. 8 shows comparison of key waveforms of the proposed
converter and the SRC. Note that the resonant frequency of the
proposed converter is two times that of the SRC. During 0 < 1 <
0.5 T, the resonant current of the SRC is expressed as

inrsre(t) = 1.57sin % t. (10)
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TABLE I
COMPARISON OF CHARACTERISTICS OF THE PROPOSED CONVERTER AND SRC
AT LOAD INDEPENDENT POINT

SRC Proposed converter
Input current ripple Large Small
Vok Vi Vi+ Z1I;
Switches rms 0.7851; 0.8661;

ZCS turn-on and off
Small
1.14

ZCS turn-on and off

Switching characteristics

Reverse recovery of diodes Negligible

0.707%;

Ripple current of C',.

The time ¢, at which the resonant currents of the two convert-
ers are identical can be obtained using (1) and (10) by

2.24

Wy

ty, = (11

This means that the turn-off current of the proposed converter
is lower than that of the SRC, when the switching frequency of
the proposed converter is used as follows:

fr
1.402

The diode di/dt at turn-off of the proposed converter is
theoretically 0, while that of the SRC is large, as shown in
Fig. 8. Therefore, turn-off losses associated with diode re-
verse recovery of the proposed converter are negligible, while
those of SRC cannot be neglected as the switching frequency
increases.

The comparison of characteristics of the proposed converter
and SRC at a load independent point is summarized in Table I.
The proposed converter is the current-fed converter and, there-
fore, has much smaller input current ripple compared to the SRC
which is the voltage-fed converter. The voltage and current rat-
ings of switches of the proposed converter are higher than those
of the SRC. The peak value of switch voltage of the proposed
converter is affected by characteristic impedance Z and can be
limited by choosing proper value of Z. It should be noted that
the ripple current of the resonant capacitor of the proposed con-
verter is 40% smaller than that of the SRC, which significantly
reduces cost and volume of the resonant capacitor.

< f, < 1.402f,. (12)

D. Proposed Interleaved Technique

The circuit diagram and key waveforms of the conven-
tional two-phase interleaved series resonant converter (SRC)
are shown in Fig. 9. The two SRC are operated at switching
frequency, which is the same as the resonant frequency and are
phase shifted by 7/2. The output currents of each phase are the
secondary winding current rectified by the diode bridge and can
be expressed, respectively, as follows:

. 1
10,1 = i"‘

7

00
Z-0,2: %+Z

m=1

o0 Ig
2« (14 2m)(1 - 2m)

cos ( 2mwt) (13)

(1+2m§21—2m)cos (2m (Wtf g))

(14)
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Fig. 9. Conventional two-phase interleaved series resonant converter. (a) Cir-
cuit diagram. (b) Key waveforms at f; = f,.

The output current of the conventional interleaved SRC is
obtained by

Z'0,1 + Z'0,2

(o)
IO+Z

m=1

1y =

21,
(1+4m)(1—4m)

cos (dmwt). (15)

It is seen from (15) that there exist multiples of fourth-order
harmonic component in the output current. In general, the output
current of the conventional N-phase interleaved SRC has ripple
contents of multiples of second-order harmonic component as
shown in the following equation:

io,l + iu,? + io,3 +--+ io,N

k=1m=1

1y =

21,
k(1 + 2m)(1 — 2m)

2(m — 1)77) -

N (16)

X COS (2mwt —

Using (16), the ripple current of output capacitor of the con-
ventional N-phase interleaved SRC is determined by (17) as
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shown at the bottom of the page, where %, i, and 4, 1,.xCan be
expressed, respectively, as follows:

o Do ﬁ: sin (m) (18)
Z(),lIlln - 2‘/0N S~ N
N
. Po m . (2m — 1)7‘(
iomax = 3777 2 sm( N > (19)

Fig. 10(a) shows the circuit diagram of two-phase interleaved
version of the proposed converter. The key waveforms of the pro-
posed two-phase interleaved converter are shown in Fig. 10(b).
Each converter is interleaved with phase shift of 7 /2. Note that
the resonant frequency is selected to be twice of the switching
frequency. The output currents of each phase are the secondary
winding current rectified by the diode bridge and can be obtained
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by
) 1
lo1 = 510(1 — cos (wyt)) (20)
. 1
lo2 = 510(1 + cos (w;t)). 21)

The output current of the proposed interleaved converter is
obtained by

Lo = To1 + %02

1
= 710(1 -

1
7 cos (wyt)) + 510(1 + cos (w,t)) = 1I,.

(22)

It should be noted that ac ripple components of the output cur-
rent are completely eliminated and the output current is ripple
free, meaning that required output capacitance C,, is theoreti-
cally zero. The proposed interleaving technique is very effec-
tive especially in the low voltage and high-current applications,
where the output filter significantly affects the efficiency and
size of the whole system. The concept of interleaving of the
proposed current-fed resonant converter can be extended to N-
phase system. The output current of the N-phase interleaved
current-fed resonant converter can be obtained by

7:01‘i’i()Q“i""‘}’ioN

T (R U=

m=1

1o =

~

(23)

The two-stage power conversion technique is applied to the
proposed interleaved current-fed resonant converter to maxi-
mize the advantage of the proposed concept in wide voltage
range application. Figs. 11 and 12 show the concept of the

1 T
ICo,rms = \/ / {(LLmin - Io) + (I(Lmax - Io.min) Sin(Nwrt)}Q d(Nwrt)
T Jo

A7)
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conventional and proposed two-stage converters using a buck
converter as a nonisolated converter, respectively. It is seen from
Fig. 11 that filter capacitor C of the nonisolated converter and
input capacitor C; of the conventional resonant converter are
combined into single capacitor Cy, in the two-stage converter
that is comparatively large since the voltage ripple of the capac-
itor should be small. In the meanwhile, it is seen from Fig. 12
that filter capacitor C'y of the nonisolated converter is eliminated,
and filter inductor L of the nonisolated converter and input in-
ductor L; of the proposed resonant converter are combined into
single inductor L in the two-stage converter. Note that resonant
capacitor C). in the proposed two-stage converter does not need
to be large since it is used only as a resonant capacitor. Figs.
13 and 14 show the proposed interleaved two-stage converters
with parallel input and parallel output (PIPO) structure and se-
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Fig. 15. Photograph of a 2-kW prototype of the proposed converter.

ries input and parallel output (SIPO) structure, respectively.The
PIPO interleaved converter is better suited to relatively low-
input voltage application, while SIPO interleaved converter is
better suited to relatively high-input voltage application. The
PIPO converter is more vulnerable to current unbalance caused
by resonant component tolerances, parasitic component of each
converter. Instead, the current unbalance can be alleviated by
controlling each of the nonisolated stage of the PIPO converter.
On the other hand, the SIPO converter is immune to current
unbalance caused by resonant component tolerances due to in-
herent charging balance of two resonant capacitors [21], [22].

III. EXPERIMENTAL RESULTS

A 2-kW prototype of the proposed interleaved converter has
been built and tested to verify the operating principle, and the
experimental results are provided. The system specification used
in the experiment is as follows: P, = 2 kW, V; = 200-400 V,
Vo =12V, N, : Ny =7:1, fs_buek = 20 kHz, f, = 133 kHz,
DTy =100 ns, Ly 2 =560 pH, L, = 3uH, C, = 0.47 uF,
and C, = 110 uF.

Switches in nonisolated are implemented with IXKH47N60C
(600 V, 47 A, and 65 m2) MOSFET, and switches in isolated
stages are implemented with IRFP4668 (200 V, 130 A, and
9.7 m{2) MOSFET, and diodes in the isolated stage are im-
plemented with IXFN520NO75T2 (75 V, 200 A, and 1.9 m(2)
MOSFET for synchronous rectification. Filter inductors of each
phase are implemented with powered cores CH571125 from
Changsung. Transformers of each phase are implemented with
ferrite cores PQ50/50 from TDK. Required output capacitance
and ripple current of the output capacitor of the proposed con-
verter were obtained to be 78 uF and 4 A, respectively, by
simulation considering dead time of the switches and tolerance
of the resonant components. Considering proper margin, film
capacitor FFB54D0117KJC with capacitance of 110 pF and
ripple current of 10 A was chosen from AVX. Calculated output
capacitance and ripple current of the output capacitor of the in-
terleaved SRC are 250 uF and 25.2 A, respectively. Considering
margin, two film capacitors FFB34D0137K with capacitance of
130 pF and ripple current of 22 A, each can be chosen from
AVX for comparison. This means that the output capacitor vol-
ume of the proposed converter is only 1/5 compared to that of
the interleaved SRC. The photograph of the prototype of the pro-
posed converter is shown in Fig. 15. It is seen from Fig. 15 that
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volume of the output capacitor is very small. Fig. 16 shows key
experimental waveforms of the proposed converter at full load.
Fig. 16(a) shows waveforms of the switch and diode voltages
and the filter inductor current of the nonisolate stage. Fig. 16(b)
shows waveforms of each inductor current and interleaved in-
ductor current of the nonisolated stage. Fig. 16(c) and (d) shows
waveforms of the switch voltage and resonant current and the
diode voltage and output current of a phase, respectively, of the
isolated stage. It is seen that all switches and diodes are turned
ON and OFF under ZCS condition. Fig. 16(e) shows waveforms
of the output currents of each phase and the interleaved output
current. Fig. 16(f) shows the ripple current of the output ca-
pacitor, which is only 4.3A in rms value. The ripple current
of the output capacitor of the proposed converter should not
exists in theory, but in practice small amount of ripple current
exists due to dead time of the switches and tolerance of the
resonant components. Fig. 17 shows the measured efficiency
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using YOKOGAWA WT3000. The maximum efficiency is
95.9% at 0.9kW and full load efficiency is 94.3%, respectively,
when input voltage is 200 V.
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IV. CONCLUSION

This paper proposes a new two-stage interleaved current-fed
resonant converter. The current-fed resonant converter achieves
ZCS turn-on and turn-off for all switches and diodes, and has
zero di/dt at turn-off of diodes when operated at load indepen-
dent points. Interleaved operation of the current-fed resonant
converter has theoretically zero output filter capacitance, result-
ing in significantly reduced volume of the output capacitor. A
two-stage power conversion technique is applied to the inter-
leaved converter for high efficiency under wide voltage range
operation. A 2-kW prototype of the proposed converter has been
built and tested to verify the validity of the proposed operation.
The maximum efficiency is 95.9% at 0.9 kW and full load effi-
ciency is 94.3%, respectively, when input voltage is 200 V. The
proposed converter could be a possible option for the LDC of
EV and HEV.
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