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A Two-Stage Isolated/Bidirectional DC/DC Converter
With Current Ripple Reduction Technique

Jun-Young Lee, Yu-Seok Jeong, and Byung-Moon Han

Abstract—This letter suggests a two-stage isolated/bidirectional dc/dc
converter with three bridges. Two bridges are used for electrical isolation
and constant gain, and the bidirectional control is accomplished through
only a single bridge. RMS currents in the high-voltage source and link
capacitor can be alleviated by capacitor division and synchronizing oper-
ation of both stages. This structure provides a simple control scheme and
removes snubber circuitry, so a high efficiency can be obtained under a
high switching frequency regardless of operational modes.

Index Terms—Bidirectional converter, dc/dc converter, fuel cell.

I. INTRODUCTION

Fuel cell has a slow dynamic response, so the power supply from the
fuel cell cannot cope with the power demand during a transient load.
Thus, a secondary power source is required to compensate the power
difference between the fuel cell and the load, and a battery is generally
used to supply a transient power [1]-[4]. The power flow between the
fuel cell and the battery is managed by a bidirectional dc/dc converter.
Conventional isolated/bidirectional dc/dc converters for high-power
applications have a voltage-fed full-bridge (FB) (VF-FB) scheme in
the high-voltage (HV) side and various current-fed (CF) schemes in
the low-voltage (LV) side in general because voltage-fed half-bridge
(HB) and voltage-fed push—pull (PP) schemes have disadvantages of
high current stress and/or high voltage stress [5]. According to which
schemes are used in the LV side, they have several variations such as
VF-FB + two-inductor CF-HB, VF-FB + CF-FB, and VF-FB + CF-PP
with six or eight switches. These converters suffer from efficiency
decrease at a light-load condition and low efficiency at boost-mode
operation due to switching loss [6]. Also, they require a snubber circuit
such as an active-clamp circuit to alleviate turn-off voltage spikes in
the LV side, which increases the switch number by one or two as a
result [7]-[10].

In this letter, a two-stage isolated/bidirectional dc/dc converter
adopting a current ripple reduction technique is proposed. The reso-
nant converter with two bridges takes in charge of electrical isolation
and constant gain, and the bidirectional control is accomplished using
only the second stage with a single bridge. To reduce rms currents in
the HV source and link capacitor, capacitor division and synchronizing
operation of two stages are adopted. A 2-kW prototype converter has
been designed and verified based on design guidelines that are derived
from the circuit analysis.

II. PROPOSED CONVERTER

A. Description of the Proposed Converter

Figs. 1 and 2 show the proposed converter with key waveforms,
and its operational mode diagrams are shown in Fig. 3. The resonant
converter with a fixed frequency automatically forms bidirectional
power flow according to input/output conditions, and the bidirectional
control is accomplished using only M5 and Mjg. The bulk capacitors
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Fig. 1. Schematic of the proposed bidirectional converter.
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Fig. 2. Operational waveforms of the proposed converter.

Cy1 and C'yo provide resonant current paths to alleviate the current
ripple from the HV source. The voltage-doubler structure in the LV
side reduces the rms current of the link capacitor C}, by compensating
the discharge current, which helps to reduce the link capacitor size.
Before explanation, C'y; and C'o have the same value, and the
resonant frequency f,. is equal to the switching frequency f,. Also,
the second stage is modeled by a pulse current source with the
switching frequency synchronized with that of the first stage. Because
the resonant converter has a symmetric structure, buck and boost
modes have identical operation, and we will explain the operation
only with buck mode. When M; and M3 are turned on at ¢y, M;
has zero-voltage switching (ZVS), and the secondary resonant current
iprs begins to flow through the channel of M3, the link capacitor CY,
and the resonant capacitor C,.. After the primary resonant current iy,
crosses zero at ¢y, it flows through the channel of M; and the resonant
inductor L,.. Because the impedances seen from node A to Cp; and
CHo are identical, i, is divided into half, and each half current
flows through the two capacitors. When vy, is decreased to the Miller
plateau voltage Vi milter at t2, the drain—source voltage of M;vg4s; is
linearly increased, and i, flows through the body diode of M3. The
discharge current of the drain—source capacitance of M>Cqsp, can be
written as iyr0 = —Clasp Vi /Tor, Where Tog is the turn-off time of
M. Thus, the HV-side current iy becomes iy, /2 — Casp Vi /Tos-
After M, is completely turned off at ¢3, ir,p starts to flow through
the body diode of M5, and the ON state of the body diode of M3 is
maintained to provide the current path of iy,,s. When M, and M, are
turned on at t4, ZVS of M, is accomplished, and 71,,s flows through
the channel of M, and C... After t5, i1, changes its direction, flowing
through C'iy and C'yo similar to mode 2. Thus, 4y also has ir,, /2.
Referring to the key waveforms, the current ripple in the HV source is
like that of the FB structure, and the charge and discharge currents of
Cy, happen at the same time. The current cancellation helps to reduce
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Fig. 3. Operational mode diagrams.
TABLE 1 1.2
STRUCTURAL COMPARISONS BETWEEN THE PROPOSED Normalized ripple current
CONVERTER AND CONVENTIONAL CONVERTERS T lc,rms/IVL
Conventional converters
HYV side VF-FB VF-HB PFOPOSted
vege  CF- CF- CF- CF- CF- CF- comverter
HB FB PP HB FB PP 02l )
Switch : Dr/pple
(With active 6 8 6 4 6 4 6 0 ' ’ — ‘ ‘ ' ‘
0.1 02 03 04 05 06 07 08 09
dampairuiy ® O ® © ) ©  © -
Capacitor 1 1 1 1 1 1
Inductor 2 1 1 2 1 1 1 Fig. 4. Normalized ripple current of Cy,.

the rms current of Cj, that suffers from the heavy current stress. In
steady state, the average discharge current of (', which is equal to
the average LV-side current Iy, is balanced with the average charge
current so that iy, can be written as ir,,s = 7D Iy, sin(27 f,.t), where
D is the duty ratio of M;5. Because the magnetizing current ¢y, is
circulated in the primary side, the effective current supplied from the
HV source is equal to half the rectified current iy, reflected to the
primary side, i.e., ivg = |[nw DIy, sin(27 f,.t) /2|. By averaging this
equation, the current gain becomes Iyy = nD Iy, and it follows that
the voltage gain is derived as V, = nDVy. Thus, the bidirectional
power flow is controlled only with D.

B. Structural Comparisons Between the Proposed Converter and
Conventional Converters

Table I shows the structural comparisons between the proposed
converter and conventional bidirectional converters. The switch block
of the proposed converter has a number of advantages over those
of basic conventional converters. Considering additional active-clamp
circuits to absorb the voltage spikes in conventional converters, the
proposed converter has an advantage in the switch block because
it does not require any snubber circuitry. The number of magnetic
elements in the proposed converter is equal to or less than those of con-
ventional converters. However, the proposed converter has drawbacks
in capacitor blocks and diode blocks due to the cascaded structure
of two converters. Synthesizing the comparisons, the structure of
the proposed converter is not inferior to the conventional converters
despite the two-stage structure.

III. DESIGN GUIDELINES

To accomplish the ZVS condition, the peak magnetizing current
should be large enough to discharge the drain—source capacitances of
MOSFETs during dead time 7ic.q. From this condition, the primary
magnetizing inductance L,,, to meet ZVS both buck and boost modes
can be driven as

buck mode : LmF S TsLTdead/16Cdsp (1)
boostmode :  Liyr < Tip,Tieaa/16n%Closs. )

Thus, L,, can be selected as
Lm - min(LmF7 LmR) (3)

where Cggs is the drain—source capacitance of Mz, My. In this
inequality, the first term is the maximum L,, for ZVS in buck mode,
and the second term is that in boost mode. With the expression of iy,
and the operational waveforms, the rms current of C, I; ms, can be
calculated as

Iims [ /(0.57D)2+D cos(2nD), D<0.5 @
Ive 1/ (0.51D)2-D, D>0.5.

Using (1), the normalized rms current is shown in Fig. 4, and the
minimum value can be obtained at D,jpp1e = 0.45. Thus, n can be
calculated with Iy max/ Dripple [VL,max- Vb, min should be larger than
V1 max for buck-mode control. In boost-mode control, the second
stage should be able to boost Vi, in t0 Vj max, but the maximum
voltage gain k between them is not recommended higher than five that
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Fig. 5. Measured waveforms and efficiency plots under P, = 2 kW (Vg =

200 Vand Vg, = 24 V).

is the limit gain in general boost converters. Accordingly, the selection
range of n becomes

VL,max/VH,min <n< kVL,min/VH,ma)v (5)

If the calculated n does not meet this condition, some adjustment
should be performed.

IV. EXPERIMENTAL RESULTS

The proposed converter has been designed with 2 kW (Vg =
200—300 V, Vi = 18-30 V (24-V battery), Ivr, max = 83 A) and
90-kHz switching frequency for both stages. The selected switch-
ing devices are M; = My = FCA47N60 x 2 and Mj3—Mg =
FDP3632 x 3. With D,,p1e, the calculated n is 0.266, which meets
the selection range of n = 0.15—0.3. The transformer is constructed
with two PQ4040 ferrite cores (15 T:4 T) in parallel. Since each trans-
former has a primary leakage inductance of 12.1 pH, 7.4 uF is selected
for C, to make f, equal to f,. From the L,, selection inequality,
the maximum L,, is calculated as 165 pH with Tye.q = 200 ns, and
150 pH is used. ¢} and L, are designed as 100 pF and 20 pH,
constructed with a film capacitor and a high-flux toroidal core, respec-
tively. The controller has been implemented with TMS320F28335.
Fig. 5 shows the measured waveforms and efficiency plots under
bidirectional operation. The waveforms agree well with the theoretical
analysis, and ZVS is well accomplished during Tge.q. Also, it shows
that the efficiencies of buck and boost modes have similar trajecto-
ries. The measured efficiency has been recorded above 94.1%. The
operational duty ratios according to V; changes are located between
0.30 and 0.45 under the maximum charge current condition so that
Ic.vms has 27%-36% of Iy, max-

V. CONCLUSION

A two-stage isolated/bidirectional dc/dc converter with three
bridges has been proposed and analyzed. The input-to-output relation-

ships derived through analysis have shown that the converter has a
simple bidirectional control scheme. Also, methods to reduce the rms
currents in the HV source and link capacitor have been suggested.
To verify the performance, a 2-kW prototype converter with 90-kHz
switching frequency has been implemented with design guidelines
derived based on rms current reduction. The experimental results
show that above 94.1% of efficiency has been obtained irrespective
of the power flow direction. Therefore, it may be suitable for isolated/
bidirectional converters with a high voltage gain.
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Comments on “Three-Arm AC Automatic
Voltage Regulator”

Jung-Min Kwon, Kyu-Tae Kim, and Bong-Hwan Kwon

Abstract—Some errors in the three-arm automatic voltage regulator in
the paper “Three-Arm AC Automatic Voltage Regulator” by Wu et al.
(IEEE Trans. Ind. Electron, vol. 58, no. 2, pp. 567-575, Feb. 2011) are
pointed out, and a technique for correcting these errors is given.

Index Terms—Automatic voltage regulator (AVR), three-arm.

The paper [1] proposes a novel three-arm automatic voltage
regulator (AVR) with voltage up/down capability. Fig. 1 shows the
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