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Power Characterization of Isolated Bidirectional Dual-Active-Bridge
DC-DC Converter With Dual-Phase-Shift Control

Biao Zhao, Qiang Song, and Wenhua Liu

Abstract—Compared to the traditional single-phase-shift con-
trol, dual-phase-shift (DPS) control can greatly improve the per-
formance of the isolated bidirectional dual-active-bridge dc-dc
converter (IBDC). This letter points out some wrong knowledge
about transmission power of IBDC under DPS control in the ear-
lier studies. On this basis, this letter gives the detailed theoretical
and experimental analyses of the transmission power of IBDC un-
der DPS control. And the experimental results showed agreement
with theoretical analysis.

Index Terms—Bidirectional converter, dc—dc converter, dual
active bridge, phase-shift control, transmission power.

I. INTRODUCTION

HE power transfer capability is one of the most funda-

mental and significant evaluating factors of isolated bidi-
rectional dual-active-bridge dc—dc converter (IBDC) [1]-[4].
In order to improve the performance of IBDC, various control
algorithms are explored.

Single-phase-shift (SPS) control is the most widely used al-
gorithm in IBDC, but it is essentially an active-power-centered
control algorithm. It not only lacks flexibility in power regula-
tion, but also brings additional stress to the devices used in the
converter during steady-state operation [1]—[5].

In order to improve the performance of SPS control, Bai
and coworkers proposed a dual-phase-shift (DPS) control al-
gorithm aiming at eliminating reactive power and increasing
system power capability [5], [6]. Compared to the traditional
SPS control, the DPS control has many significant advantages,
which can decrease peak current, limit inrush current, elimi-
nate reactive power, increase system efficiency, and minimize
the output capacitance. The DPS control also has generality,
which extended out a family of improved phase-shift control
methods of IBDC, such as an improved modulation strategy
that allows operating IBDC under soft switching in the whole
operating range [7], [8], and a composite modulation strategy
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Fig. 1. Equivalent circuit of IBDC with phase-shift control.

to extend the soft-switching range down to zero-load condition,
reduces rms and peak currents, and results in significant size
reduction of the transformer [9]. Krismer and Kolar studied the
application performance improvement of IBDC with DPS con-
trol [10], [11]. These studies are mainly focused on the solutions
to decrease power losses and optimize efficiency of IBDC and
are conducted for an existing hardware prototype of an IBDC
for an automotive application. They are of important signifi-
cance to the actual engineering of IBDC. However, the studies
in [5] are based on simulation and theoretical analysis, and there
are some errors in the theoretical derive formulas about trans-
mission power, which results in the wrong conclusion obtained
in [5] that the maximum output power is 4/3 times of the SPS
control. In subsequent research papers [6]-[11], the detailed
analysis of the transmission power under DPS control is still not
involved, and the further experiments are also not conducted to
validate the earlier theoretical analysis.

In this letter, the detailed theoretical and experimental analy-
ses of the transmission power of IBDC under DPS control will
be conducted to make the right conclusion.

II. OPERATION PRINCIPLE OF DUAL-PHASE-SHIFT CONTROL

The equivalent circuit of IBDC with phase-shift control is
shown in Fig. 1 [6]-[8], where V| and V are input and output
voltage, respectively, n is transformer voltage ratio, L is the sum
of the transformer leakage inductance and auxiliary inductor,
vp1 and vyo are the equivalent ac output voltages of H; and H,
in V; side, respectively, vz, and iy, are the voltage and current of
inductor L, respectively.

The main waveforms of IBDC under DPS control with the
conditions of 0 < Dy <Dy <1and 0 < Dy< Dy <1 are shown
in Fig. 2, where Ty is a half switching period, D; and D, are
the inner and outer phase-shift ratio, respectively, where 0 < D,
<1,0< Dy <1land0<D; + Dy < 1. Different from the SPS
control, the DPS control adds another degree of freedom to the
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Fig. 2.
Do< D1 < 1.
TABLE I
TIMETABLE OF DPS CONTROL IN HALF SWITCHING CYCLE
0=D,<D,<1 (DPS) 0<D,<D;<I (DPS)
Time Value Time Value
t 0 o 0
15 D\ Tis H' DT
b D) T t DT
5! (D1+ Dy)Ths 4 (Dt Dy)Tis
ty Ths t Ths

converter by adjusting the time sequence between the driving
signals of diagonal semiconductor switches of bridges H; and
H, in Fig. 1.

III. TRANSMISSION POWER OF IBDC WITH DPS CONTROL

From the equivalent circuit in Fig. 1, the expressions of iy,
for each interval defined in Fig. 2 yields can be expressed as
follows:

diL(t) - ’l}hl(t) —’Uhg(t) (1)
. L '
Assuming that the initial time of one switching cycle is zero,
the timetable can be shown in Table I. Considering the average
current of the inductors over one switching period 273, should
be zero in the steady state, combining (1) and Table I, the peak
currents of half switching cycle can be derived in Table II, where
fs = 1/(2Ty) is the switching frequency, and k = V;/nV, is the
voltage conversion ratio.
From Fig. 2, the average transmission power of the IBDC
converter with DPS control can be expressed as follows:

1 Ths
P = / Uh,liL (t)dt. (2)
Tils 0
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(a) Waveforms of IBDC under DPS control in the condition of 0 < D; < Do < 1. (b) Waveforms of IBDC under DPS control in the condition of 0 <

Based on these expressions, the average transmission power
of the IBDC with DPS and SPS control can be derived in
Table III, where D is the phase-shift ratio of the SPS control.

IV. COMPARATIVE ANALYSIS OF POWER CHARACTERIZATION

For the convenience of analysis, the unified transmission
power of the IBDC under DPS and SPS control are defined
as follows:

4Dy (1 — Dy) —2D? 0< D <Dy <1

P
N 4D2(1—D1—§D2> 0<Dy<D; <1
P
pr=—=4D(1-D) 0<D<1
Py

(3)
where Py is the maximum power of the IBDC with SPS control,
that is

nViVs

Py = .
N TS L

“

When taking the outer phase-shift ratio D2 in DPS control is
equal to the phase-shift ratio D in SPS control, the 3-D curves
of the unified transmission power p and pr varied with D and
D> can be shown in Fig. 3(a). As can be seen from Fig. 3(a),
when D; = 0, then p = pp, and with different D, p will be
different with pr. In fact, taking the derivative value of (3), we
can derive

dp —4D; 0<D; <Dy <1 5
dDy | —4Dy, 0<Dy<D; <1.
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TABLE II
PEAK CURRENT OF DPS CONTROL IN HALF SWITCHING CYCLE

0<D,<D<I (DPS) 0<D,<D,<I (DPS)

it Value iy, Value

iw(to) 2 sz[k(l D))+ (D, +2D, —1)] (1) 4fL D))+ (D, +2D, —1)]

ii(t) =3 f L D)+ 2D, - D, -1)] i) =3 fz[k(l D))+ (D, —-1)]

ii(2) —ﬁ[k(Dl —2D, +)+ (D, - 1] () 2 fZL [kA—D))+ (D, -]

iu(ts) 4f2L[k( —-D, —2D, +1)+ (D, —1)] i(ts) 4f2L[k( -D, —2D, +1)+ (D, —1)]
TABLE III

TRANSMISSION POWER OF DPS AND SPS CONTROL

Condition P
nV. V. 1
0<D,<D,<I (DPS) 2} L2 [D,(1-D,) - > D}
nhv, 1
0<D,<D,<I (DPS D,1-D, —=D
<D,<D\<I ( ) 2f I ( D) 2)
V.
0<D<I (SPS) ’;f LZ D(1— D)

Combining (4) and considering the constraint 0 < Dy + Dy
< 1, we can derive

ADy(1—Dy) Dy =0
Pmax = (6)
9Dy(2 — 3Ds) D, = Dy
9Dy(2 — 3Ds) Dy = Dy
Pmin = 9 (7)
2D Dy =1-D,
where 0 < Dy < 0.5.
ADy(1—Dy) Dy =0
Pmax = (8)
21— Dy)(3Dy —1) Dy =1— Dy
Pmin = (9)

where 0.5 < Dy < 1.

From (6) to (9), Fig. 3(a) can be converted to the 2-D picture,
as shown in Fig. 3(b). The thickened line is the regulating curve
of transmission power in SPS control, and the dark-shaded area
is the regulating area of transmission power in DPS control.
From Fig. 3(b), due to the addition of D1, the regulating range
of transmission power is changed from the single curve to the
2-D area. And with the same outer phase-shiftratio (Dy = D), the
DPS control offers wider power transmission range than the SPS
control does, which will also enhance regulating flexibility. But
the two control methods have the same global maximum power.

This is not the conclusion obtained in [5] that the maximum
output power is 4/3 times of the SPS control.

V. EXPERIMENTAL ANALYSIS

In order to verify the aforementioned theoretical analysis,
a laboratory prototype is constructed based on TMS320F2812
DSP. And the main parameters of converter are as follows: aux-
iliary inductor L; = 0.2 mH, dc capacitors C; = Co = 2200 uF,
transformer voltage ratio n = 2, and switching frequency f; =
10kHz.

Fig. 4 shows the steady-state experimental waveforms of vy, 1,
vi9, and iz, under SPS (D = 0) and DPS (D; = 0.4) control for
the same transmission power 380 W, where the output voltage
is in closed-loop control for 48 V. From Fig. 4, the current stress
is different in SPS and DPS control for the same transmission
power, and the DPS control generates less current stress than the
SPS control does. In other words, with the same current stress,
the DPS control can transfer more power than the SPS control
does.

Fig. 5 shows the curves of the transmission power varied
with D; and D,. The input voltage and the output load are
specified as 220V and 6 €2, respectively. It can be seen that
the transmission power of IBDC can be regulated both by D,
and D; under DPS control. From Fig. 5(a), with the specified
D1 < Do, the IBDC obtains the similar transmission power at
Ds and 1 — Ds, which coincides with the theoretical analysis
in (4). From Fig. 5(b), the maximum and minimum values of
transmission power in the condition of 0 < D; < Dy < 1 are
obtained about at D; = 0 and D = D», in the condition of
0 < Dy< Dy < 1 are obtained about at Dy = Dy and D =
1 —D», and in the whole range are obtained about at D; =
0 and D; = 1 — Ds, respectively. And with the same outer
phase-shift ratio Do, the DPS control (D7 # 0) can offer wider
power transmission range than the SPS control (D; = 0) does
that will also enhance regulating flexibility. But the two control
methods have the approximately same global maximum power,
which agrees with the aforementioned theoretical analysis in
Section I'V.

Fig. 6 shows the comparative 3-D curves of experimental
and theoretical results of the transmission power varied with D;
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Fig. 4.

Curves of the transmission power varied with D1 and Ds. (a) Curves of the transmission power varied with D1 when D3 is specified. (b) Curves of the

transmission power varied with Dy when D; is specified.

Fig. 5.
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Fig. 6. Comparative 3-D curves of experimental and theoretical results of the
transmission power varied with D1 and D> .

and D,. As can be seen from Fig. 6, the experimental results
basically coincide with the theoretical analysis across the whole
range.

VI. CONCLUSION

In this letter, the detailed theoretical and experimental analy-
ses of the transmission power of IBDC under DPS control have
been conducted. And the experimental results showed agree-
ment with theoretical analysis. Some conclusions can be found
from the study: with the same outer phase-shift ratio Do, the
DPS control can offer wider power transmission range than the
SPS control does that will also enhance regulating flexibility,
and with the same current stress, the DPS control can transfer
more power than the SPS control does; however, the two control

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 9, SEPTEMBER 2012

methods have the same global maximum power, which is not
the conclusion obtained in [5] that the maximum output power
is 4/3 times of the SPS control.
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