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A Structurally Reconfigurable Resonant
Dual-Active-Bridge Converter and Modulation
Method to Achieve Full-Range Soft-Switching and
Enhanced Light-Load Efficiency

Yiu Pang Chan
Muhammad Yaqoob

Abstract—This paper proposes a reconfigurable dual-active-
bridge (DAB) converter that is capable of switching between two
converter structures for enhancing its performances at different
output power levels. For 50%-100% load, the converter operates
in full-bridge mode and achieves soft-switching in all switches in-
dependently of the input-to-output voltage ratio. Below 50 % load,
the converter is reconfigured to operate in half-bridge mode for re-
duced circulating current and improved light-load efficiency while
maintaining the desired soft-switching characteristic of full-bridge
mode. The achievement of soft-switching is aided by the use of a
tuned LC L resonant tank, which enables an accurate prediction
of the phases of tank currents with respect to tank voltages, and
therefore simplifies the realization of soft-switching. The effects of
dead time are discussed and expressions for guiding the selection of
appropriate dead time for ensuring soft-switching in practical im-
plementation are derived. The proposed converter and the modu-
lation scheme are experimentally verified with a 1.6-kW converter
prototype, which demonstrates their merits in comparison with
a nonreconfigurable, full-bridge DAB topology and conventional
modulation schemes.

Index Terms—Dual-active-bridge (DAB) converter, immittance
network, reconfigurability, resonant converter, soft-switching.

1. INTRODUCTION

HE use of renewable energy has become increasingly im-

portant due to the fast depletion of fossil fuels. However,
the main drawback of renewable energy stems from the dynamic
mismatches between energy supply and demand due to the inter-
mittent nature of renewable energy sources. These mismatches
can be effectively compensated by energy storages, which act
as energy sources when there is shortage of renewable energy
and vice versa [1]-[3]. To enable the connection of energy stor-
ages such as batteries and super-capacitors to the power grid,
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bidirectional dc—dc converters are required to either connect
energy storages directly to the dc grid, or through a power-
factor-correction front-end converter to the ac grid [4]-[6].

Dual-active-bridge (DAB) converter was proposed in the
early 1990s as an effective topology for bidirectional power
transfer with the advantages of high power density, symmetrical
structure, galvanic isolation, soft-switching capability, and flex-
ibility in realizing various power-modulation schemes [7]—[8].
The basic topology of a conventional dc—dc DAB converter con-
sists of two H-bridges isolated by a high-frequency transformer
with a series inductor. Single-phase-shift (SPS) modulation is
conventionally used for power control in DAB converter [9],
where two H-bridges are controlled to commutate at the switch-
ing frequency to generate two high-frequency square-wave volt-
ages that are phase shifted to control the direction and magnitude
of power flow.

However, despite its simplicity, SPS leads to high circulating
(reactive) power particularly under light-load condition. Since
the range of zero-voltage switching (ZVS) is strongly affected
by the input-to-output voltage ratio and operating power level, it
is impossible to achieve full-range soft-switching with SPS. To
reduce circulating power and to expand ZVS range, extended-
phase-shift (EPS) modulation was proposed in [10]-[12], where
an internal phase shift is introduced between the two legs of the
same H-bridge to generate a three-level ac voltage while the
other voltage remains as a square-wave voltage. As an exten-
sion to EPS, dual-phase-shift (DPS) modulation was proposed
where equal internal phase shifts are introduced in both the H-
bridges, giving rise to two three-level ac voltages with equal
duty cycles as a means to reduce circulating power further
[13]-[15]. Later, triple-phase-shift modulation was proposed
where both H-bridges are operated with different internal phase
shifts [16]-[18]. In addition to the external phase shift between
two three-level ac voltages, power control is achieved with three
degrees of freedom. However, the high complexity arising from
multimode operation and difficulty in optimization are the main
drawbacks of the modulation scheme. Despite the additional
switches and drive circuitries, and hence the increase in volume
and cost; however, multilevel DAB converter remains an ac-
tive research area as it has brought about new improvements in
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various aspects such as lower device stress and more flexible
power control [19]-[23].

From the conventional DAB converter using a single induc-
tor as energy-transfer element evolved a number of resonant
DAB converter topologies using second- or higher-order res-
onant tanks for energy transfer [24]-[26]. In comparison with
the conventional topology, resonant DAB topologies offer the
advantages of extended soft-switching range and reduced RMS
current, hence reduced conduction loss and better transformer
utilization. Specifically, DAB converters based on tuned LC'L or
C LC networks are attractive due to the in-phase (or anti-phase
for reverse power flow) relationship between the high-frequency
ac voltage and current at each terminal of the resonant tank
[27]-[29]. For these resonant DAB converters, the external
phase shift is kept constant at +m/2 and DPS modulation is
used for realizing power control. Although circulating power
is eliminated and conduction loss is significantly reduced, their
switches suffer from hard switching at all operating power levels
except at 50% duty cycle. A linear state-space model for a DAB
converter with tuned C'L LC network was proposed for improv-
ing the soft-switching range of the converter [30]. However,
higher order voltage and current harmonics cannot be effec-
tively suppressed by C'L LC network, particularly in low-power
operation. In addition, the effect of introducing dead time to gate
drive signals is critical to the analysis and accurate prediction
of soft-switching conditions, and must be carefully considered.
Failure to do so will cause the shrinkage of soft-switching range
and degradation in switching performance.

In this paper, a DAB converter system comprising a reconfig-
urable DAB converter and an enhanced DPS modulation scheme
is proposed. In conjunction with the use of a tuned LC' L immit-
tance network, the proposed DAB converter system is capable of
achieving full-range soft-switching operation independently of
the input-to-output voltage ratio. Besides, by switching between
full-bridge and half-bridge configurations, the proposed DAB
converter can operate with 50% input voltage under light-load
condition, leading to reduced circulating power and conduc-
tion loss. The overall efficiency is enhanced due to reduction
in both switching and conduction losses. The idea of recon-
figurability between full-bridge and half-bridge operations for
enhancing light-load efficiency has been demonstrated for con-
ventional DAB converter in [31]. However, without full-range
soft-switching, the DAB converter still suffers from switching
loss and all problems that follow from it such as degradation
in device reliability and higher heat dissipation, and thus more
expensive thermal design.

The main drawback associated with the proposed reconfig-
urable DAB converter is the need for additional active devices
(two MOSFETs and two diodes) and passive components (one
resonant inductor and one resonant capacitor), which leads to
an increase in volume and cost. Furthermore, the proposed mod-
ulation scheme is applicable to resonant tanks with immittance
characteristics only [34]. Nevertheless, as is discussed further in
this paper, the increase in volume and size is well compensated
by the increased degrees of freedom in power control of a recon-
figurable DAB converter, with which full-range soft-switching
is attained and “flatness” in efficiency is achieved over a wide
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load range. By means of full-range soft-switching, the reliabil-
ity of the switching devices can be improved and devices with
lower voltage rating, and hence lower cost and lower on-state
resistance, can be selected. These devices also have less heat
dissipation and therefore smaller heat sinks can be used.

This paper is organized as follows. Section IT analyses the con-
verter’s operation in both full-bridge and half-bridge modes, and
proposes a new modulation scheme for realizing full-range soft-
switching in all switches. Some practical considerations while
implementing the proposed modulation scheme are discussed in
Section III, followed by the design of converter prototype and
experimental results in Section I'V. Finally, concluding remarks
are given in Section V.

II. CONVERTER ANALYSIS

A. Full-Bridge Operation

Fig. 1 shows the proposed reconfigurable dc—dc DAB con-
verter capable of operating in both full-bridge and half-bridge
modes. It consists of a tuned inductor(L, . )-capacitor(C )-
inductor(L,,) (abbreviated as LCL) resonant tank, and 10
switches Sy, S5, S34, S3p, Saa, Sap, and Q1—Q4, where S3,
and Sy, are kept constantly ON for full-bridge operation and the
remaining switches are controlled to commutate at the switch-
ing frequency fs with 50% duty cycle. Under this configuration,
both primary and secondary bridges work as full bridges. By in-
troducing an internal phase shift between the two legs of the
primary H-bridge (i.e., between S; and Sj, and between S,
and Ss;), a high-frequency three-level (+Vpc1, 0, —Vpe1) ac
voltage v, (t) is generated. Similarly, a high-frequency three-
level (+nVpe2, 0, —nVpe2) ac voltage v, (t) is generated by the
secondary H-bridge, which lags v, (¢) by a phase shift of ¢.

Assuming that d; and dy are the duty cycles of v, () and
v, (t), respectively, the voltages v, (t) and v, (¢) are given by
their Fourier series expansions as follows:

vz(t):ﬂ/j:m Z %sin(kwst)sin (@) ()
k=1,3,...
vy(t):@ 3 ;sm(kwst_k@sm(kf) )

k=1,3,...

where n is the turns ratio of the transformer and ws = 27 f.
Assuming that higher order voltage and current harmonics are
removed by the LC'L network, only the fundamental compo-
nents of v, (¢) and v, (¢) are considered in power analysis, which
are given in the phasor form by the following equations, respec-
tively:

4V d
V= [V 20 = =L sin (”T) 20 3)
T 2
4 d
Vy_vyz—gb_m;wsin(;”)z—qs. 4)

Due to the immittance characteristic of the LCL network,
under the tuned condition given by (5), |I| is proportional to
|Vy| and |Iy | is proportional to | V|, as shown by (6) and (7);
thus, voltage sources Vi and V, are transformed into current
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Fig. 1. Reconfigurable dc—dc DAB converter utilizing LC' L immittance network.
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The theoretical conditions (without considering the effects of
dead time) required for achieving soft-switching in all switches
¢ can be obtained by analyzing the signs of the inductor currents
iy i, (t) and 7, (t) at the switching instances of the switches. To
achieve a more accurate prediction of the soft-switching condi-
(b) Vy tions, the effects of including dead time in the gate drive signals
of the switches are further analyzed in Section III and a correc-

Fig.2. (a) Simplified model of LC'L network. (b) Voltage and current phasors  tjye term is derived to compensate for the effects.

of LC' L network.

sources I, and I, via the tuned immittance network, and their
relationships are depicted in Fig. 2

ws = \/ﬁ - \/Liycr - \/L1TG~ ®
I = D’—Z‘é (5-9)

Epa($) G o
Iy = %4 B g

For a tuned LC'L network, the fundamental components of
i, (t) and i, (t) are given by the following equations in time

Fig. 3 shows the tank voltages v, (¢) and v, (), and currents
i, (t) and ¢, (¢) under three modulation schemes, namely, EPS,
conventional DPS, and modified DPS proposed in this paper.
The switching instances ¢;—ty are derived and summarized in
Table I to facilitate the derivation of soft-switching conditions.
For simplicity and without the loss of generality, the initial time
t; and the final time ¢y are set to 0 and 75, respectively. For the
primary-side switches 57, S, S3;, and Sy, , the achievement of
soft-switching depends on the polarity of i, () at the switching
instances t1, t4, t5, and tg. During the positive half-cycle of
v, (t), S1 and Ss;, will turn on at zero voltage when i, (t;) < 0
and i, (t5) > 0, respectively. During the negative half cycle of
v, (1), the roles of these switches are reciprocated. Therefore, So
and Sy, require i, (t4) > 0 and i, (tg) < 0, respectively, to turn
ON at zero voltage. Similarly, for the secondary-side switches
@1—-Q, the achievement of soft-switching depends on the polar-
ity of ni, (t) at the switching instances ¢, t3, s, and t7. Overall,
the conditions for achieving soft-switching in the primary-side
and secondary-side switches are given by (10) and (11), re-
spectively. However, S5, and Sy, are not commutating at the
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Fig. 3. Main waveforms of tank voltages and currents. (a) EPS modulation with fixed phase shift (¢ = 7/2). (b) DPS modulation with fixed phase shift

(¢ = m/2). (c) Enhanced DPS modulation with dynamically adjusted phase shift and primary bridge operating in full-bridge mode.

TABLE I
SWITCHING ACTIONS OF PRIMARY-SIDE AND
SECONDARY-SIDE SWITCHES

Transition Time Switching Actions
to=0 —
_ T, So turns off,
t=(0-d) 4 S1 turns on
_ (2dy—1 , ¢\ T, | @3 turns off,
t2 = ( 2 +7f) 2 Q4 turns on
_(1=ds |, ¢\ Ts Q2 turns off,
ts = ( 2 T ’T) 2 Q1 turns on
_ Ty S4q turns off,
ta=(1+d) 4 S3p turns on
_ T, S turns off,
ts=(3—d1) 4 So turns on
14+dy | ¢\ Ts Q4 turns off,
te ( T T ) 2 Q3 turns on
_(3=ds | ¢\ Ts Q1 turns off,
b7 ( 2 T ) 2 Q2 turns on
_ Ts Sy turns off,
ts=(B+d) 4 S4q turns on
tg =T —

switching frequency but remain conducting during the entire
switching cycle, which will not cause any switching loss

¢2(2fd1)g (10)
¢2(2—d2)g. (11

Stemming from the immittance characteristics of the tuned
LCL resonant tank, these conditions are independent of the
input-to-output voltage ratio, which greatly simplifies the design
and realization of soft-switching in the proposed DAB converter.
It should be noted that the parts of the tank currents i, (¢) and
i, (t) contributing to circulating power increase with increasing
phase shift ¢ for given d; and ds. Therefore, ¢ should be limited
to the minimum value required for achieving soft-switching in
all switches, which occurs when d; and d, are setto be equal, i.e.,
d; = dy = d, and ¢ is modulated as a function of d according
to (12). This new modulation scheme represents an improved

version of the conventional DPS modulation due to its enhanced
soft-switching characteristics; hence, it is termed as enhanced
DPS (EDPS) modulation.

It can be seen from Fig. 3(c) that under EDPS modulation, the
tank current 7, (¢) intersects with the tank voltage v, (¢) at the
switching instances ¢; and 5 at zero current, leading to zero-
current switching (ZCS) of S and S,. Over the entire switching
cycle, it can be seen that no power is returned to the dc sources
Vbe1 and Vpeg; thus, zero circulating power is achieved by
the proposed EDPS modulation scheme. A similar behavior is
shown by the tank current ¢, (¢), which intersects with the tank
voltage v, (t) at the switching instances ¢, and ¢ leading to ZCS
of 4 and Q3

p=(2 — d)g. (12)

Based on this modulation strategy, the DAB converter trans-
fers the maximum power when d = 1 and ¢ = 7/2, and trans-
fers no power when d =0 and ¢ = . By substituting (12)
into (6), the active power P transferred from Vpcy to Vpeo in
full-bridge mode can be derived by evaluating the real part of
1/2VI5 or 1/2V I3 as follows:

1 L1 .
P = JRe[VxL] = SRe [V, T;]

)

d
2

_ 8nVbci Voes

in? <
. d
= Pysin® <7T2> .

B. Half-Bridge Operation

m2ws L,

13)

When the DAB converter operates in half-bridge mode as
shown in Fig. 4, S5, and Sy are turned OFF to disconnect the
bridge leg from Vpcy . To generate a three-level ac voltage v, (¢)
having half amplitude, i.e., (+Vpc1/2, 0, —Vpbc1/2), the mid-
point of the capacitor leg formed by Cpc1, and Cpcyy is con-
nected via clamping diodes D; and D5 to S3, and Sy, . During
the positive half cycle of v, (t) (i.e., t = t;-t4), Sy and Sy, are
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Fig.4. Main waveforms of tank voltages and currents under EDPS modulation
with DAB converter operating in half-bridge mode.

turned ON, which gives v, (t) = +Vpc1 /2, during which Cpc1,
and Cpcy, are discharged and charged by i, (t)/2, respectively.
Att =ty, Sy, is turned OFF and Ss; is turned ON and the pos-
itive i, (t) flows through Sj; and the body diode of S;,, while
S remains ON, resulting in a zero voltage level v, (¢) = 0.

S, changes to ON-state at t = ¢5, which initiates the negative
half cycle of v, (t) (i.e., t = t5 —tg). During this period, S and
Ssp, are turned ON, which gives v, (t) = —Vpc1/2, and Cpciq
and Cpcy, are charged and discharged by i, (t)/2, respectively.
This state continues until S5, is turned OFF and S, is turned
ON at t = tg, and the negative i, (t) circulates between So, Sy,
and the body diode of Sy;, resulting in a zero voltage level
v, (t) = 0. As only the primary bridge will undergo reconfig-
uration from full-bridge to half-bridge structure, the operation
of the secondary H-bridge remains unchanged. By introducing
an internal phase shift between two bridge legs, a three-level ac
voltage v, (t) (+Vbce, 0, —Vbcee) is generated and controlled to
lag v, (t) by a phase shift of ¢. As the soft-switching condition
given by (11) is independent of the input-to-output voltage ratio
nVpca /Vbei, the halving of the amplitude of v, (t) does not af-
fect the soft-switching characteristics of the reconfigured DAB
converter operating in half-bridge mode.

Since the amplitude of v, (¢) is reduced by 50%, it follows that
the DAB converter operating in half-bridge mode can transfer
at the maximum 50% of the maximum power transferable while
operating in full-bridge mode. Thus, the active power transferred
in this mode is given by

P = 1.P]\,[Sing (71—d> .

2 2 (14)

C. Comparison Between Full-Bridge and Half-Bridge
Operations and Other Modulation Schemes

For P < Py /2, although both full-bridge and half-bridge
modes can be used to output the same power, they will give rise
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Fig. 5. (a) Normalized output power P, versus duty cycle d. (b) Effective
tank current /., ,, versus normalized output power P, .

to different operating values of duty cycle d and phase shift ¢.
Assuming that dpg and dyp are the duty cycles required to
output a given power under full-bridge and half-bridge modes,
respectively, it can be verified from (15) that dgg < dyg, and
from (12), this implies that ¢rg > ¢up and a higher circulating
current will be generated when a DAB converter operates in
full-bridge mode in this output power range. Therefore, for 0 <
P < Py /2, half-bridge operation is preferred as it leads to
lower circulating current and conduction loss.

This clearly highlights the advantage of the proposed DAB
converter, which is designed to be reconfigurable between half-
bridge and full-bridge structures to maintain a high efficiency
in both low-power and high-power operations. In summary, the
proposed DAB converter will operate in half-bridge mode for
0 < P < Py /2, and switches to full-bridge mode for Py, /2 <

P < Py.
sin mdrg \ is’n mdup
i > )= i 5

To benchmark the performance of the proposed EDPS mod-
ulation scheme, comparisons are made with two other conven-

15)



4200

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

TABLE II
COMPARISON OF THREE MODULATION SCHEMES

Modulation Scheme EPS DPS EDPS
P, = sin? (%d (FB)
Normalized output power P, = sin (%‘i) P, = sin? (%d) )
Py = $sin® (51) (HB)
Ion =1 — m Ipn = m(FB)
Iyn = Py Iyn:\/Pn Iynzsvpn(FB)
Normalized rms tank currents
Isn = V2P, (HB)
V2P,
Iyn = 2P (HB)
Control parameters dr=d, dy =1, dy =dy =d dy = dy =d,
forward power flow o . T
( P ) ¢=§ ¢:§ ¢:(2*d)§
Control parameters di =d, d2 =1, di=dy=d d1 =dy=d
reverse power flow ﬂ
revene pover fow 0=-% o=-% b=-(2-d)3
Number of switches undergoing soft-switching 4 8
Number of switches undergoing hard-switching 4 0

tional modulation schemes, namely, EPS and DPS, in terms of
soft-switching characteristic and the magnitude of rms tank cur-
rent. As discussed in Section II-A, when applied to LC' L immit-
tance tank, the conventional EPS and DPS modulation schemes
utilize a fixed external phase shift of ¢ = £7/2 and variable
duty cycle(s) for power control, whereas the proposed modula-
tion scheme varies with both internal and external phase shifts
according to (12) to achieve soft-switching in all switches. Com-
pared with EDPS modulation, only the sixth and fourth switches
are soft-switched under EPS and DPS modulation schemes,
which implies that a lower switching loss can be achieved
with EDPS modulation scheme, particularly under high switch-
ing frequency as will be experimentally verified later in
Section IV.

Fig. 5(a) shows the normalized output power P, = P/Py
achieved with different modulation schemes as a function of the
duty cycle d of v, (t) [and v, (¢) for DPS and EDPS]. It can be
shown that the output power of DAB converter with LC' L immit-
tance tank varies with sin (7d/2), sin? (7d/2), and sin® (7d/2)
under EPS, DPS, and EDPS modulations, respectively. Hence,
the problem of having to generate small duty cycles at low out-
put power can be avoided by the EDPS modulation scheme.
For example, when operating at 10% of the maximum output
power, a duty cycle of d = 0.0638 is required for EPS modu-
lation, whereas the same power can be achieved with a much
larger duty cycle of d = 0.3073 for EDPS modulation in full-
bridge mode and d = 0.3977 in half-bridge mode. As a result,
the range of duty-cycle variation can be significantly reduced
under EDPS modulation. In addition, as the harmonics in the
LC'L tank voltages and currents will increase with decreasing
duty cycle, EDPS modulation will give rise to less distortion of
the tank voltages and currents and thus more accurate prediction

of the output power and soft-switching conditions derived based
on fundamental component analysis.

The rms tank currents I, and I,, can be obtained from (8) and
(9) by dividing the peak values of 4, (t) and i, (t) by v/2. By fur-
ther normalizing I, and I, using the base values defined by (16)
and (17), normalized tank currents I, and I,, are obtained,
which are functions of duty cycle, and hence of normalized out-
put power P, , only, as given in Table II. To facilitate comparison
between different modulation schemes, it is necessary to define
an effective tank current that will reflect the total contribution
of the tank currents to conduction loss. Here, an effective tank
current I, is defined by (18) as the summation of I, and
I,,,. Fig. 5(b) plots the effective tank current I, as a function
of the normalized output power P,, under different modulation
schemes

4nVpco . <d27T>
Lbase) = ——— = I, =sin [ — 16
2 (base) N > (16)
4V, o (diT
L (base) = ﬁ = I,, =sin (12) (17)

It can be seen from Fig. 5(b) that DPS modulation results in
the lowest effective tank current over the entire range of out-
put power. Under EPS modulation, one of the tank currents
I, remains consistently high (i.e., d» = 1) while I,;,, is mod-
ulated for power control. The consequence is a higher effective
tank current, and hence a higher conduction loss, incurred by
EPS modulation under light-load condition. As output power
increases, the effective tank current under EPS modulation ap-
proaches that of DPS modulation. In comparison with both EPS
and DPS modulations, full-range soft-switching is achieved un-
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der EDPS modulation at the expense of increased circulating
current, and hence a higher effective tank current.

For output power below Py, /2, this drawback can be com-
pensated by operating the DAB converter in half-bridge mode,
which, as discussed previously, features a lower circulating cur-
rent while ensuring soft-switching of all switches. As can be
seen from Fig. 5(b), the effective tank current under EDPS mod-
ulation in half-bridge mode is constantly lower than that under
EPS modulation. This justifies the advantage of reconfiguring
the DAB converter from full-bridge mode to half-bridge mode
for output power below Py, /2. For output power above Py /2,
it will be verified experimentally that the higher circulating cur-
rent incurred by EDPS modulation in full-bridge mode does
not necessarily lead to a lower converter’s efficiency compared
with DPS modulation due to the more severe switching loss
encountered in the latter case.

III. PRACTICAL CONSIDERATIONS ON THE SELECTION OF
DEAD TIME AND ADDITIONAL EXTERNAL PHASE SHIFT

Fig. 6 depicts the two possible switching scenarios in a bridge
leg. To achieve soft-switching, the drain-source capacitance of
the switch being turned OFF (i.e., the “outgoing” switch Sy)
should be charged to the dc bus voltage Vpci, while that of
the other switch (i.e., the “incoming” switch S7) should be
discharged fully within the dead time t,4, which is defined as
the time between the turn-OFFgate signal of Sy and the turn-ON
gate signal of S;. If S; is turned ON before its drain-source
voltage V5, decreases to zero, hard-switching occurs that leads
to switching loss P, and lowers the converter’s efficiency.
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To avoid hard-switching, a sufficiently negative tank current
i, (t) must be available to charge Cso and to discharge Ci
during the dead time. This can be realized by adding an extra
phase lag A¢ to the theoretical value calculated from (12). As
depicted in Fig. 6(b), setting A¢ = (¢4/2) 27 /Ts, where T is
the switching frequency, will cause the zero crossing of the tank
current 4, (t) to occur at the turn-ON instance of S so that i, (t)
will remain negative during the dead time. If Cy; is discharged
fully before the end of the dead time, as shown in the same
figure, the body diode of Sy (i.e., D41) will begin to conduct
and the negative tank current i, (t) will flow in the bridge leg
in the form of circulating current, leading to conduction loss.
Therefore, setting the dead time to be unnecessarily long is not
recommended. Ideally, S; should be turned ON as soon as Cy;
is discharged fully, i.e., as soon as V;; decreases to zero. As
the discharge time of Cy; is a function of the tank current’s
magnitude during the dead time interval, the minimum dead
time £g(yin) is defined as the time required for C; to discharge
fully at the minimum load.

The switching transition described above occurs at t = ¢;
in Fig. 7. Assume that S; and S5 are identical and have the
same drain-source capacitance, i.e., Cs; = C9, the following
inequality must be satisfied to achieve zero-voltage turn-ON of
Sy [32]-[33]:
ty+ta/2

20,1 (Vier ) Voer < / i) dt. (19)

tl%d/Q
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TABLE III
SPECIFICATIONS OF CONVERTER PROTOTYPE
Design Experimental

Parameter Symbol Value Value
Primary voltage Vbl 400 V
Secondary voltage Vbeo2 200 V
Switching frequency fs 80 kHz
Turns ratio n 2 1.997
Maximum output power Par 1.6 kW 1.57 kW
Resonant capacitance Cr 24.54 nF 24.40 nF

. Ly 166.5 nH
Resonant inductance Try 161.3 uH 167.0 o
Switches gll'_%z UJC06505K

l— -
LCL tank
Primary bridg

Fig. 8.  Prototype of the proposed DAB converter.

By using (8) and (16), the integral term in (19), and hence the
required minimum dead time ¢;(,1n), can be derived as

ti+ta/2 2I:vn-[ s ot
/ Z‘z(t)dtZX[J’(ba‘e){l—cos< Wd)}
t

1 *t,1/2 Wg T9
(20)
T T cos—! |1 — V2w, Cy1 (Voer) Vibet
) 2 IZn Im(base)
(21

Equation (21) can be used to determine the minimum dead
time required for ensuring soft-switching in .Sy (att = t,), S5 (at
t =1t5), Q4 (att = ty), and Q3 (at t = t4). For other switching
transitions at t = t3, {4, t7, and tg, the tank current has a signifi-
cantly larger magnitude and will require a time less than ¢ (i)
to charge fully and discharge the drain-source capacitance of
the outgoing and incoming switches, respectively. Thus, it is
assumed that soft-switching is always achieved for these cases.

IV. DESIGN OF CONVERTER PROTOTYPE AND
EXPERIMENTAL RESULTS

In this section, a converter prototype is designed with the
specifications listed in Table III and as shown in Fig. 8. The
components of the LC'L tank are designed based on the maxi-
mum output power Py = 1.6 kW.
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Resonant inductance L, is given as follows:

~ 8nVpc1 Vbeo

L, = = 161.3 uH.

s 2 Wg P M
Resonant capacitance C, is given as follows:

C, = L = 24.54 nF.

WL,

SiC MOSFETs UJC06505K are used in both primary and
secondary bridges, which have a drain-source capacitance of
Cs1 = 80pF at 400 V. In full-bridge mode, the minimum load
power is 8300 W (i.e., 50% load), which gives I (pa5e) = 4.44
and I,, = v/0.5 = 0.794. Using (21), the required minimum
dead time is £j(;in) = 226 ns. In half-bridge mode, the mini-
mum load power is fixed at 80 W (i.e., 5% load) below which
the required minimum dead time will be unrealistically long.
At80W, I, (pase) = 4.44 and I, = /2 x 0.05 = 0.464, which
gives L(min) = 296 ns. Based on the calculated ¢ (,,i,,), an extra
phase lag of A¢ = t4(in) X 27/T is added to the theoretical
phase shift calculated from (12).

The designed DAB converter with the specifications above
is simulated in PSIM. The simulated tank voltage and cur-
rent waveforms corresponding to three modulations schemes,
i.e., EPS, DPS, and EDPS, are shown in Fig. 9(a)—(c) for 70%
load condition. For comparison, the corresponding experimen-
tal waveforms are shown in Fig. 10(a)—(c). Figs. 9(a) and 10(a)
show the case of EPS modulation with d; = 0.494, dy = 1, and
¢ = 90°, with which the tank voltage and current at each port
are in phase with each other, i.e., v, (¢) in phase with 4, (¢) and
vy (t) in phase with i, (¢). Figs. 9(b) and 10(b) show the case
of DPS modulation with d; = ds = 0.631 and ¢ = 90°, and
the voltage and current at the respective end of the LC'L tank
are in phase with each other as in the case of EPS modulation.
Figs. 9(c) and 10(c) show the case of EDPS modulation operat-
ing in full-bridge mode with d; = dy = 0.696 and ¢ = 2.048,
which causes v, (t) to lead v, (t) by 117.4°, and i, (¢) and v, (t)
to lag v, (t) and 4, (t), respectively, by 27.4°. In all cases, the
simulated waveforms agree closely with the measured wave-
forms.

To illustrate the case of the DAB converter working in half-
bridge mode, the measured tank voltage and current waveforms
corresponding to half-bridge operation at 40% load condition
were captured and shown in Fig. 11(a). In comparison with the
operation in full-bridge mode [cf. Fig. 11(b)], it can be clearly
seen that the duty cycles of the tank voltages increase in half-
bridge mode, which translates to a lower circulating current and
lower distortion of the tank currents, as explained previously in
Section II-C. This highlights the advantage of switching to half-
bridge configuration under light-load condition. For example,
in full-bridge mode, d; = dy = 0.527, and v, (t) leads v, (¢) by
132.5°, which causes i, (t) and v, (¢) to lag v, (¢) and 4, (t), re-
spectively, by 42.5°. When the same output power is delivered
by the converter operating in half-bridge mode, the duty cycles
of the tank voltages increase to d; = ds = 0.757, and the phase
shift between v, (¢) and v, (t) decreases to 111.8°. Under this
condition, the phase difference between i, (¢) and v, (¢) and that
between i, (¢) and v, (t) both decrease to 21.8°. Therefore, for a
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Fig. 9. Simulated tank voltage and currents at 70% forward power trans-

fer. (a) EPS modulation with ¢ = 90°. (b) DPS modulation with ¢ = 90°.
(c) Enhanced DPS modulation with ¢ = 117.4° and primary bridge operating
in full-bridge mode.

given output power under light-load condition, half-bridge oper-
ation is expected to perform better than full-bridge operation by
resulting in a lower rms tank current and conduction loss, which
is advantageous to the enhancement of light-load efficiency.

It is interesting to note from Fig. 11(a) that in half-bridge
mode the converter exhibits “overshoot” at the rising edges of
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Fig. 10. Measured tank voltage/current and primary-reflected tank
voltage/current at 70% forward power transfer. (a) EPS modulation with
¢ = 90°. (b) DPS modulation with ¢ = 90°. (¢) Enhanced DPS modulation
with ¢ = 117.4° and primary bridge operating in full-bridge mode.

the tank voltage v, (¢). This phenomenon can be explained as
follows. During the positive half cycle shortly before .S; is turned
ON, a negative tank current i, (¢) < 0 flows through Sy, and the
body diodes of S and Sy;, clamping v, (¢) at the dc input voltage
Vbci. After Sy is turned ON, a positive tank current i, (¢) > 0
initially flows through S, S4,, and the body diode of Sy, until
it has fully recovered its reverse-blocking state and forces the
tank current to flow through Ds to Cpcyy, which reduces v, ()
to Vpci /2. For the negative half cycle, a similar process occurs
due to the finite reverse-recovery time of the body diode of Ss,, .

Fig. 12 shows the measured waveforms at the switching in-
stances of Sy, Sy, @1, and Q4 under different modulation
schemes. Since So, S3p, @2, and (), are complementary to
S1, Sia, @1, and @4, their waveforms are not shown here.
Fig. 12(a) shows that both .S; and S, undergo hard-switching un-
der EPS modulation as these switches are turned ON when their
drain-source voltages are still high. Under DPS modulation, the
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Fig. 11. Measured tank voltage/current and primary-reflected tank
voltage/current at 40% forward power transfer. (a) Enhanced DPS modula-
tion with ¢ = 111.8° and primary bridge operating in half-bridge mode. (b)
Enhanced DPS modulation with ¢ = 132.5° and primary bridge operating in
full-bridge mode.

number of switches that undergo hard-switching has increased
to four (S, Ss, Q3, Q4) as both primary and secondary bridges
are modulated. In contrast, soft-switching is achieved in all
switches under EDPS modulation in both full-bridge and half-
bridge modes as shown in Fig. 12(c) and (d). This is achieved
with the aid of a tuned LC'L tank, which naturally aligns the
zero crossings of i, (t) and i, (¢) with the rising edges of v, (t)
and falling edges of v, (t), respectively, when a phase differ-
ence of ¢ = (2 — d)m/2 is introduced between v, (t) and v, (t).
As the alignment is independent of the input-to-output voltage
ratio, the realization of soft-switching is greatly simplified.
Fig. 13(a)—(b) depict the closed-loop design of the reconfig-
urable DAB converter and the flowchart for selection of op-
eration mode. In our experimental setup, the DAB converter
is used to interface two dc voltage sources Vpc; and Vpco,
hence the control objective is to regulate the secondary-side
dc current ipce at a given reference value I.;. As the duty
cycle of the bridge voltages is represented by the compen-
sator’s output, it is used to determine the operation mode of the
converter. When d; > 2/7 sin™! (1 / \“/5), which corresponds
to Py /2 < P < Py, the DAB converter will operate in full-
bridge mode and dgg = dyr Will be used directly to control the
converter. Otherwise, the DAB converter will operate in half-
bridge mode with dyp = 2/7sin™" [/2sin (wdes/2)], which
corresponds to 0 < P < Py /2. Experimental results depicting
the transient response of a closed-loop reconfigurable DAB con-
verter under step load changes from 2.5t0 5.5 A and from 5.5 A
back to 2.5 A are shown in Fig. 14(a)—(b), while the transition
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Fig. 12.  Measured gate drive signals and drain-source voltages of S1, Siq,
Q1, and @y, tank current i, (¢), and primary-reflected tank current ni, (t).
(a) EPS modulation. (b) DPS modulation. (c) EDPS modulation in full-bridge
mode. (d) EDPS modulation in half-bridge mode. Cases (a)—(c) correspond to
70% forward power transfer and case (d) corresponds to 35% forward power
transfer.

from half-bridge to full-bridge operation modes is shown in
Fig. 14(c), which shows that the transition completes stably in
about four switching cycles.

Fig. 15 plots the efficiency of the DAB converter as a func-
tion of output power under different modulation schemes, i.e.,
EDPS modulation with two additional MOSFETs, DPS, and EPS
modulations without two additional MOSFETs. It can be seen that
despite the higher circulating current incurred by the proposed
EDPS modulation scheme, it results in a higher efficiency than
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Fig. 13. (a) Closed-form implementation of the proposed EDPS modula-
tion scheme. (b) Flowchart for selection of operation mode and calculation of
effective duty cycle.

both EPS and DPS modulation over a wide range of output
power due to its soft-switching characteristic. For EPS modula-
tion, the converter’s efficiency decreases rapidly with decreasing
output power as the secondary bridge is unmodulated and the
tank current i, (¢) remains constant at its maximum value.

Despite producing the lowest tank current among the three
modulation schemes [cf. Fig. 5(b)], DPS modulation suffers
from high switching loss at high output power due to hard-
switching; hence, the overall result is a lower efficiency com-
pared to that of EDPS modulation. As output power decreases,
the difference between DPS and EDPS diminishes as EDPS
modulation suffers from increased circulating current (due to
operation at larger phase shift) while under DPS modulation the
magnitude of switching loss decreases at low output power (as
MOSFETs will switch at lower current), causing the converter’s
efficiency under both modulation schemes to close to each other
at low output power.

To enhance light-load efficiency, it is proposed that the DAB
converter should operate in half-bridge mode for reducing cir-
culating current and conduction loss. This is verified by the
measured converter’s efficiency in Fig. 15, which shows that
EDPS modulation in half-bridge mode produces the highest
efficiency for output power below 800 W or P, /2. There-
fore, by switching the DAB converter between two structures,
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i.e., half-bridge mode for P < P, /2 and full-bridge mode for
Py /2 < P < Py, it will ensure that the converter constantly
operates with the maximum efficiency, or follows the “envelope”
of maximum efficiency, over the entire output power range.
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V. CONCLUSION

In conclusion, a DAB converter with reconfigurable structure
and modulation method to achieve full-range soft-switching
are proposed in this paper. By switching from full-bridge to
half-bridge configuration under light-load condition, the DAB
converter will operate with reduced circulating current, lower
conduction loss, and hence higher efficiency. The paper is a
demonstration of the advantage of introducing reconfigurabil-
ity into DAB converter as a means to enhance its efficiency
over a wide range of load conditions, and a similar concept can
be extended to other types of converters. The small deviations
of the tank currents ¢, and i, from pure sinusoidal ones due
to the presence of higher order harmonics are found to have
influences on the accuracy of the prediction of soft-switching
conditions. These issues will be subjects for future research.
The use of higher order resonant tanks for reducing the effects
of higher order harmonics [34] or including these harmonics in
the computation of soft-switching conditions are some possible
solutions that are worth exploring.

REFERENCES

[1] M. Bragard, N. Soltau, S. Thomas, and R. W. D. Doncker, “The balance
of renewable sources and user demands in grids: Power electronics for
modular battery energy storage systems,” IEEE Trans. Power Electron.,
vol. 25, no. 2, pp. 3049-3056, Dec. 2010.

[2] S. Grillo, M. Marinelli, S. Massuco, and F. Silvestro, “Optimal management
strategy of a battery based storage system to improve renewable energy
integration in distributed networks,” IEEE Trans. Smart Grid, vol. 3, no. 2,
pp. 950-958, Jun. 2012.

[3] D. Wu, F. Tang, T. Dragicevic, J. C. Vasquez, and J. M. Guerrero, “A
control architecture to coordinate renewable energy sources and energy
storage systems in islanded microgrids,” IEEE Trans. Smart Grid, vol. 6,
no. 3, pp. 11561166, May 2015.

[4] N.Eghtedarpour and E. Farjah, “Distributed charge/discharge control of en-
ergy storages in a renewable-energy-based DC micro-grid,” IET Renewable
Power Gener., vol. 8, no. 1, pp. 45-57, Jan. 2014.

[51 G. Wang et al., “A review of power electronics for grid connection of
utility-scale battery energy storage systems,” I[EEE Trans. Sustain. Energy.,
vol. 7, no. 4, pp. 1778-1790, Oct. 2016.

[6] W. Jing, C. H. Lai, S. H. W. Wong, and M. L. D. Wong, “Battery-
supercapacitor hybrid energy storage system in standalone DC microgrids:
A review,” IET Renewable Power Gener., vol. 11, no. 4, pp. 461-469,
Mar. 2017.

[71 R. W. A. A. D. Doncker, D. M. Divan, and M. N. Kheraluwala, “A
three-phase soft-switched high-power-density DC/DC converter for high-
power applications,” IEEE Trans. Ind. Appl., vol. 27, no. 1, pp. 63-73,
Jan./Feb. 1991.

[8] M. N. Kheraluwala, R. W. Gascoigne, D. M. Divan, and E. D. Baumann,
“Performance characterization of a high-power dual active bridge DC-to-
DC converter,” IEEE Trans. Ind. Appl., vol. 28, no. 6, pp. 1294-1301,
Nov./Dec. 1992.

[9] A.R. Alonso, J. Sebastian, D. G. Lamar, M. M. Hernando, and A. Vazquez,
“An overall study of a dual active bridge for bidirectional DC/DC conver-
sion,” in Proc. IEEE Energy Convers. Congr. Expo., 2010, pp. 1129-1135.

[10] G.G. Oggier, G. O. Garcia, and A. R. Oliva, “Switching control strategy to
minimize dual active bridge converter losses,” IEEE Trans. Power Electron.,
vol. 24, no. 7, pp. 18261838, Jul. 2009.

[11] G. G. Oggier, G. O. Garcia, and A. R. Oliva, “Modulation strategy to
operate the dual active bridge DC-DC converter under soft switching in
the whole operating range,” IEEE Trans. Power Electron., vol. 26, no. 4,
pp. 1228-1236, Apr. 2011.

[12] B. Zhao, Q. Yu, and W. Sun, “Extended-phase-shift control of iso-
lated bidirectional DC-DC converter for power distribution in micro-
grid,” IEEE Trans. Power Electron., vol. 27, no. 11, pp. 4667-4680, Nov.
2012.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

[13] H.Baiand C. Mi, “Eliminate reactive power and increase system efficiency
of isolated bidirectional dual-active-bridge DC-DC converters using novel
dual-phase-shift control,” IEEE Trans. Power Electron., vol. 23, no. 6,
pp- 2905-2914, Nov. 2008.

[14] B.Zhao, Q. Song, W. Liu, and W. Sun, “Current-stress-optimized switch-
ing strategy of isolated bidirectional DC-DC converter with dual-phase-
shift control,” IEEE Trans. Ind. Electron., vol. 60, no. 10, pp. 4458-4467,
Oct. 2013.

[15] B. Zhao, Q. Song, and W. Liu, “Efficiency characterization and opti-
mization of isolated bidirectional DC-DC converter based on dual-phase-
shift control for dc distribution application,” IEEE Trans. Power Electron.,
vol. 28, no. 4, pp. 1711-1727, Apr. 2013.

[16] F. Krismer and J. W. Kolar, “Closed form solution for minimum conduc-
tion loss modulation of DAB converters,” IEEE Trans. Power Electron.,
vol. 27, no. 1, pp. 174-188, Jan. 2012.

[17] H. Zhou and A. M. Khambadkone, “Hybrid modulation for dual-active-
bridge bidirectional converter with extended power range for ultracapac-
itor application,” IEEE Trans. Ind. Appl., vol. 45, no. 4, pp. 1434-1442,
Jul./Aug. 2009.

[18] A.K.Jain and R. Ayyanar, “PWM control of dual active bridge: Compre-
hensive analysis and experimental verification,” IEEE Trans. Power Elec-
tron., vol. 26, no. 4, pp. 1215-1227, Apr. 2011.

[19] M. A. Moonem and H. Krishnaswami, “Analysis and control of multi-
level dual active bridge DC-DC converter,” in Proc. IEEE Energy Convers.
Congr. Expo., Raleigh, NC, USA, 2012, pp. 1556-1561.

[20] G. Ortiz, H. Uemura, D. Bortis, J. W. Kolar, and O. Apeldoorn, “Model-
ing of soft-switching losses of IGBTs in high-power high-efficiency dual-
active-bridge DC/DC converters,” IEEE Trans. Electron Devices, vol. 60,
no. 2, pp. 587-597, Feb. 2013.

[21] P. Jing, C. Wang, W. Jiang, and G. Zhang, “Performance analysis of
isolated three-level half-bridge bidirectional DC/DC converter,” in Proc. 7th
Int. Power Electron. Motion Control Conf., Harbin, China, 2012, pp. 1527—
1531.

[22] A. Filba-Martinez, S. Busquets-Monge, J. Nicolas-Apruzzese, and J.
Bordonau, “Operating principle and performance optimization of a three-
level NPC dual-active-bridge DC-DC converter,” IEEE Trans. Ind. Elec-
tron., vol. 63, no. 2, pp. 678-690, Feb. 2016.

[23] P. Liu, C. Chen, S. Duan, and W. Zhu, “Dual phase-shifted modulation
strategy for the three-level dual active bridge DC-DC converter,” IEEE
Trans. Ind. Electron., vol. 64, no. 10, pp. 7819-7830, Oct. 2017.

[24] X. Li and A. K. S. Bhat, “Analysis and design of high-frequency iso-
lated dual-bridge series resonant DC/DC converter,” IEEE Trans. Power
Electron., vol. 25, no. 4, pp. 850-862, Apr. 2010.

[25] W. Chen, P. Rong, and Z. Y. Lu, “Snubberless bidirectional DC-DC con-
verter with new CLLC resonant tank featuring minimized switching loss,”
IEEE Trans. Ind. Electron., vol. 57, no. 9, pp. 3075-3086, Sep. 2010.

[26] J. H.Jung, H. S. Kim, M. H. Ryu, and J. W. Baek, “Design methodology
of bidirectional CLLC resonant converter for high-frequency isolation of
DC distribution systems,” IEEE Trans. Power Electron., vol. 28, no. 4,
pp. 1741-1755, Apr. 2013.

[27] R.P. Twiname, D.J. Thrimawithana, U. K. Madawala, and C. A. Baguley,
“A new resonant bidirectional DC-DC converter topology,” IEEE Trans.
Power Electron., vol. 29, no. 9, pp. 4733-4740, Sep. 2014.

[28] R.P. Twiname, D.J. Thrimawithana, U. K. Madawala, and C. A. Baguley,
“A dual-active bridge topology with a tuned CLC network,” IEEE Trans.
Power Electron., vol. 30, no. 12, pp. 6543-6550, Dec. 2015.

[29] K. Jiarong, X. Shaojun, T. Yu, and W. Yunya, “Voltage-fed dual active
bridge bidirectional DC/DC converter with an immittance network,” IEEE
Trans. Power Electron., vol. 29, no. 7, pp. 3582-3590, Jul. 2014.

[30] W. L. Malan, D. M. Vilathgamuwa, and G. R. Walker, “Modeling
and control of a resonant dual active bridge with a tuned CLLC net-
work,” IEEE Trans. Power Electron., vol. 31, no. 10, pp. 7297-7310, Oct.
2016.

[31] H. Higa, S. Takuma, K. Orikawa, and J.-ichi Itoh, “Dual active bridge
DC-DC converter using both full and half bridge topologies to achieve
high efficiency for wide load,” in Proc. IEEE Energy Convers. Congr.
Expo., Montreal, QC, USA, 2015, pp. 6344-6351.

[32] M. Kasper, R. M. Burkart, G. Deboy, and J. W. Kolar, “ZVS of power
MOSFETs revisited,” IEEE Trans. Power Electron., vol. 31, no. 12,
pp- 8063-8067, Dec. 2016.

[33] M. Yaqoob, K. H. Loo, and Y. M. Lai, “Modeling the effect of dead-
time on the soft-switching characteristic of variable-frequency modulated
series-resonant DAB converter,” in Proc. IEEE 18th Workshop Control
Model. Power Electron., 2017, pp. 1-8.



CHAN et al.: STRUCTURALLY RECONFIGURABLE RESONANT DUAL-ACTIVE-BRIDGE CONVERTER AND MODULATION METHOD

[34] A. Khoshsaadat and J. S. Moghani, “Fifth-order T-type passive resonant
tanks tailored for constant current resonant converters,” IEEE Trans. Cir-
cuits Syst. I, Reg. Papers, vol. 65, no. 2, pp. 842-853, Feb. 2018.

Yiu Pang Chan (S’ 17) received the B.Sc.(Hons.) de-
gree in engineering physics in 2015 from The Hong
Kong Polytechnic University, Hong Kong, where he
is currently working toward the Ph.D. degree in the
area of power electronics.

His research interests include high-frequency bidi-
rectional isolated dc/dc and ac/dc converters.

K. H. Loo (S’97-M’99) received the B.Eng.(Hons.)
and Ph.D. degrees from the University of Sheffield,
Sheffield, U.K., in 1999 and 2002, respectively, both
in electronics engineering.

From 2002 to 2004, he was a Postdoctoral Fel-
low with the Japan Society for the Promotion of Sci-
ence, Ehime University, Matsuyama, Japan. In 2006,
he started working as an Instructor with the Faculty
of Engineering, Hong Kong Polytechnic University,
Hong Kong as an Instructor, where he is currently
an Associate Professor with the Department of Elec-
tronic and Information Engineering. His research interest focuses on power
electronics for renewable energy systems.

Dr. Loo is an Associate Editor for the IEEE TRANSACTIONS ON ENERGY
CONVERSION since 2013.

4207

Muhammad Yaqoob (S’16) received the B.Eng. de-
gree in electronics engineering from the National
University of Sciences and Technology, Islamabad,
Pakistan, in 2012, and the M.Sc. degree in electric
power system and its automation from the North
China Electric Power University, Beijing, China, in
2014. He is currently working toward the Ph.D. de-
gree in the area of power electronics at The Hong
Kong Polytechnic University, Hong Kong.
"\_ — His current research interests include high fre-
quency bidirectional isolated dc/dc converters and
advanced soft-switching techniques.

Mr. Yaqoob is a Reviewer for the IEEE TRANSACTIONS ON POWER ELEC-
TRONICS, IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, IEEE TRANS-
ACTIONS ON INDUSTRIAL INFORMATICS, IEEE TRANSACTIONS ON CONTROL
SYSTEMS TECHNOLOGY, IET High Voltage, and IET Power Electronics.

Y. M. Lai (M’92-SM’11) received the B.Eng. de-
gree in electrical engineering from the University
of Western Australia, Perth, Australia, in 1983, the
M.Eng.Sc. degree in electrical engineering from the
University of Sydney, Sydney, Australia, in 1986, and
the Ph.D. degree in power electronics from Brunel
University, London, U.K., in 1997.

He was an Associate Professor with Hong Kong
Polytechnic University, Hong Kong. His research in-
terests include computer-aided design of power elec-
tronics and nonlinear dynamics.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


