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Abstract—This paper presents a new resonant dual active bridge
(DAB) topology, which uses a tuned inductor—-capacitor—inductor
(LCL) network. In comparison to conventional DAB topologies,
the proposed topology signi cantly reduces the bridge currents,
lowering both conduction and switching losses and the VA rat-
ing associated with the bridges. The performance of the DAB is
investigated using a mathematical model under various operat-
ing conditions. Experimental results of a 2.5-kW prototype, which
has an ef ciency of 96% at rated power, are also presented with
discussions to demonstrate the improved performance of the tuned
LCL DAB topology. Results clearly indicate that the proposed DAB
topology offers higher ef ciency over a wide range of both input
voltage and load in comparison to conventional DAB topologies.

Index Terms—Dual active bridge (DAB) converter, dc—dc con-
verters, modulation, resonant converter.

1. INTRODUCTION

N recent years, global concerns regarding future fossil fuel
I shortages have spurred efforts to reduce the reliance on oil,
coal, and gas to generate electricity. Consequently, electric-
ity is increasingly generated from solar, wind, or tidal energy
sources [1]. These sources are renewable in nature, but highly
variable, leading to the possibility of signi cant dynamic mis-
matches between electricity supply and demand levels. How-
ever, it has been proposed that the degree of mismatching can
be reduced through integrating the batteries of electric vehicles
(EVs), which are not being used at any given time, into national
electric grid. This would provide a means for dynamic grid sta-
bilization, but requires a bidirectional power interface between
the grid and EVs to allow vehicle-to-grid (V2G) energy transfers
to take place [2] [5].

Among the many types of bidirectional dc dc converters that
could be used in a V2G system, the DAB converter is a preferred
option, as it has a small component count, offers isolation, and
allows for high power operation [6], [7]. In addition, it has the
ability to accommodate a wide range of voltage levels, as it

Manuscript received July 5, 2013; revised September 10, 2013; accepted
October 15, 2013. Date of current version April 30, 2014. Recommended for
publication by Associate Editor D. Xu.

R. P. Twiname and C. A. Baguley are with the Department of Electrical and
Electronics Engineering, Auckland University of Technology, Auckland 1010,
New Zealand (e-mail: ross.twiname @aut.ac.nz; craig.baguley @aut.ac.nz).

D. J. Thrimawithana and U. K. Madawala are with the Department of
Electrical and Computer Engineering, University of Auckland, Auckland
1010, New Zealand (e-mail: d.thrimawithana@auckland.ac.nz; u.madawala@
auckland.ac.nz).

Color versions of one or more of the gures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identi er 10.1109/TPEL.2013.2288325

may be controlled to operate in buck or boost modes. However,
a conventional DAB converter using single phase-shift (SPS)
control [8] draws a large reactive current component at low op-
erating power levels, which increases the converter conduction
losses. This current component also necessitates the use of a
larger dc-link capacitor [9], [10]. Therefore, various techniques
have been used to lower the reactive current levels. In [11], pulse
width modulation (PWM) of the higher voltage bridge was used
with SPS to extend the zero-voltage-switching (ZVS) range to
increase the converter low-load ef ciency, through a reduction
in the reactive current. Triangular and trapezoidal modulation
schemes were investigated in [12] in an effort to reduce the
current and, therefore, the conduction losses. Primarily, this re-
sulted in a reduction in the switching losses by achieving zero
current switching in some of the switches [13]. In [14], the re-
active power was reduced by using equal PWM on each bridge,
as well as a phase shift between the bridges. Similar control
techniques to thatin [11] were used in [15] [17], except that the
PWM was actively controlled by an algorithm. Bridge losses
were minimized in the former, while ZVS was extended to the
full operating range in the latter. However, the converter ef -
ciencies in both cases were still limited for large differences
in the voltage conversion ratio, particularly under low power
operating conditions. Rather than minimizing bridge losses, the
focus in [10] was the minimization of either the reactive power,
or the rms, or peak current values, according to a selectable
algorithm. For this system, dual phase-shift control comprising
equal PWM of each bridge was used, as well as a phase shift
between the bridges. While each of the algorithms in [10] was
effective in improving the converter s performance over that of
SPS, the resulting ef ciency was less than 90% at full power,
and notably less at low power. In an effort to reduce the rms
currents and increase the ZVS range, independent PWM con-
trol of each bridge, as well as a phase shift between the bridges,
was employed in [18]. A composite modulation scheme was
proposed, whereby the control algorithm transitioned from dual
PWM, at low phase-shift values, through to single PWM which
varied linearly to a maximum for a phase-shift value of 7/2 at
full power. This provided signi cant improvements in low-load
ef ciency without a loss in the full-power capacity. For a dc
conversion ratio of 2:1, the ef ciency varied from 77% at a 3%
load through to approximately 90% at full load. However, this
converter required a more complicated control system than SPS.
Furthermore, a number of resonant type DAB converter topolo-
gies, consisting of series resonant networks, have been proposed.
These topologies exhibit an extended soft-switching range and
lower eddy current losses in the transformer windings, due to
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Fig. 3. Model of the proposed DAB.
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Fig. 4. Phasors at the switching frequency. (a) Resonant DAB. (b) Conven-
tional DAB.

sinusoids of diminishing amplitudes at odd multiples of f;.
However, if the L; C L is tuned to f; as given by

(ws)™  (2nfy)

Then, the tuned network presents a high impedance to har-
monics generated by the converters. Consequently, the effects
of these harmonics on the operation will be insigni cant. There-
fore, to gain an insight into the operation of the converter, the
circuit is initially analyzed at the fundamental switching fre-
quency fs, at which most of the power transfer takes place.

Generally, the impedance due to the magnetizing inductance
of transformer Tx is large relative to other circuit impedances.
Hence, it can be ignored, allowing the resonant DAB to be rep-
resented by the equivalent circuit model shown in Fig. 3. If the
network, comprising Ly, C, and Lo, is tuned to the switching
frequency f;, as de ned by (1), it can be shown that the voltage
across capacitor C is equal to the vector sum of v; and vs.
Thereby, the voltage across L, is vo and that across Ls is vy, SO
that ¢, is proportional to vy, and i is proportional to v;. Thus,
each end of the LCL network behaves as a current source with
an amplitude dependent on the voltage on the opposite side.

Further, as shown in the phasor diagram of Fig. 4(a), it can
be shown that [; leads V5 by 90 and V; leads I by 90 , where
Vi,11,V,, and I, represent the phasors of vy,4;, vy, and is,
respectively. For the case shown, in which V; leads V5 by ¢,
power is transferred in the forward direction from v; to vs.
Furthermore, maximum forward power transfer occurs when ¢
is 90 , in which case phasors /> and V5, and I; and V; align.
In a similar way, when ¢ is $90 and Vi lags V5, maximum
reverse power ow occurs and the voltage and current pairs
are in inverse phase. It is because of the quadrature nature of
these phase relationships that the resonant converter has full-
load bridge currents that are signi cantly smaller than those of
a conventional DAB converter, for which the bridge voltage and
current phasors do not align, as shown in Fig. 4(b). To maintain
the resonant DAB converter currents, and therefore the losses to

L,Cy = LyC, =
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a minimum, it is operated with a xed ¢ of either 90 or S90 ,
for forward and reverse power transfer, respectively. PWM of
the bridge voltages through a; and aw is used to control the
magnitude of the power ow.

B. Power Throughput

In order to obtain an accurate expression for the power
throughput of the proposed DAB, voltages and currents of the
system are derived in the frequency domain, under steady-state
conditions. Voltage sources v; and vy are represented by their
Fourier series expansions, as given by

4Vi 1
v = DC1 Z o cos (awst + ag) sin (a;ﬂ) (2)
a=1,3...
AnVpeo 1 . bora
vy =nupy = — b7123 5 cos (bwst) sin (2> 3)

where n is the transformer turns ratio and ¢ is the phase lead of
the fundamental component of v; with respect to that of v,.

The ath harmonic of v; is represented by the phasor V; which
has the rms value

4V
D gin a;ﬂ (cosag + jsinag) 4)

Vi (aws) = ar 2

where w, = 27 f;.
Similarly, the bth harmonic of v, is represented by
4nVDCQ bOtQ
Vo (bwy) = — sin ——.
2 (bws) br 2 2

For given circuit parameters, the phasors /; and /5 correspond-
ing to currents ¢; and ¢ at any frequency f are given by
_J (Viw?LyCy S Vi + Vh)
Cw(Ly + Ly S w?L Ly Cy)
_ Sj(aw’LiCi S Vo + V1)
 w(Ly 4+ Ly S WL LyCy)

(&)

I

(6)

L @)

where w = 27 f.
The rms values of Vi, V5, I} and I, are given by:

_ o
Vi = Vaery | — ®)
T
Vo = nViez | = ©)
T

- 4

[ =——0 (10)
7TXN 2

- 4

L= — A (11)
’7TXN 2

where the summations W and A are de ned in Appendix A, and

X is the nominal reactance at the fundamental frequency, as

given by

1

B Ws CVl .
The power transfer can be calculated by evaluating the real

part of the product of V; and I; (or V5 and I5) after substitution

XN (12)
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of (4) and (5) into (6) and (7), ignoring products of dissimilar
frequency components, and is given by

sin (%) sin (”"52 ) sin a¢

P = P]\( -
a=-13... @ (kl + ko S %CLQ)

13)

where factors k1, ko, and k3 represent the actual reactance values
of Ly, Ly, and C1, respectively, as a proportion of X .

The constant Py is a function of the dc supply voltages,
transformer turns ratio, and X as given by

8nVpc1Vbo2
Py = 2t 7Db2 14
N 2 Xx (14)
According to (13), if the direction of power ow is con-

trolled by setting ¢ to either 90 or S90 , the magnitude of the
power transfer can be controlled with «; and a. Under such
conditions, as per Section III-A, the bridge converters produce
minimal reactive power as their fundamental voltage and current
components are either in phase or in antiphase.

It is evident from (12) (14) that the system parameters, oper-
ating frequency, and supply voltages dictate the power through-
put of the system for any given o} and ae. Thus, a proper insight
into the power transfer of the resonant DAB can only be obtained
by investigating the impact due to each of the above factors. For
this reason, the system is analyzed by normalizing V.1, nVqco,
and X to unit values, which results in a normalized Py value
of 8/ 0.8106.

When the L;C{Ls network is tuned to the fundamental
switching frequency, the denominator of (13) increases rapidly
for higher harmonics. For example, its value is 1 at the funda-
mental frequency and 189, 2875, and 16121 at the third, fth,
and seventh harmonics, respectively. Hence, the fundamental
is the only signi cant component in (13), as expected, in view
of the tuned nature of the network. At maximum modulation,
with o; and aw equal to 180 and ¢ of £ 90 , the summation in
(13) is equal to 1.005, so that the normalized maximum power
transfer is 0.8146. This is comparable to the factor of 0.7854
which applies for a conventional DAB [23].

C. Sensitivity to Component Variations

To investigate the sensitivity of the converter s power transfer
to component variations, (13) was evaluated for Monte Carlo
variations of parameters k; to k3 in the range 0.9 1.1 to rep-
resent = 10% variations in L,, C, and Ly from their nominal
tuned values. Fig. 5 shows the resulting minimum and maximum
normalized power values when the bridges are driven with equal
PWM (i.e., &y = o) while maintaining ¢ xed at 90 . Max-
imum variation in power throughput is observed at maximum
modulation (i.e., &y = ay = 180 ) and is approximately S9.1%
to +16.7% about the normalized power throughput of 0.8146,
showing that the converter is not unduly sensitive to component
variations.

D. ZVS Range

The ZVS range of the proposed converter is compared with
the ZVS range of a conventional DAB, which is dependent on
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Fig. 5. Sensitivity of power throughput to component variations.

the dc voltage conversion ratio, as given by

_ nVDCQ
Vbe

5)

The ZVS range of the proposed DAB converter, controlled
using a xed ¢ of £90 and equal PWM of the two bridges,
has been determined by examining the magnitudes of the leg
currents at each switching instance. As previously discussed, the
bridge currents are dominated by their fundamental frequency
components. When the DAB is controlled using a xed ¢ of
+90 , the currents are in alignment with the bridge voltages.
Thus, variations in modulation level, the voltage conversion ratio
(r), and component values, mainly affect the magnitude of the
currents, and do not signi cantly affect the alignment between
the currents and voltages. For example, the voltage and current
waveforms of Bridge 1 and Bridge 2 at two different modulation
levels and a xed ¢ of 90 are shown in Fig. 6 to illustrate this
situation. As evident from Fig. 6(a), at lower modulation levels,
the bridge currents cross zero close to the midpoint of the band
in which their voltages are zero. Therefore, at lower modulation
levels, the polarity of the bridge currents at the switching points
is xed regardless of the component values and the dc voltage
conversion ratio. Under these conditions, half of the switches of
the resonant DAB exhibit ZVS operation. However, as evident
from Fig. 6(b), under high modulation levels, all the switches
will operate with ZVS as the current crossings will be slightly
outside the regions in which the bridge voltages are zero. The
boundary condition, above which all the switches of the resonant
DAB will operate with ZVS, can be shown to be at a modulation
level of 165 . The ZVS range of the resonant DAB can be
extended by controlling ¢ together with the modulation level
but at the expense of increased VA ratings of the bridges.

E. Comparison With a Conventional Converter

To obtain a fair comparison between the proposed converter
and a conventional DAB, the maximum power throughput of the
two systems is normalized to 1 W and the dc supply voltages,
Vbe1 and Vpo, are normalized to 1 V. The turns ratio, n, is
normalized to 1 in both converters. Given these values, and in
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Fig. 6. Bridge waveforms for forward power transfer at modulations oy =
a9 of (a) 55 and (b) 165 .

accordance with (12) and (13), the resonant DAB will require a
nominal tuned reactance, Xy, of 0.8146 2.

The magnitudes of the bridge currents for a xed ¢ of =90
and varying values of oy and as, can be calculated from (10)
and (11). The bridge currents will be a maximum at maximum
power, when «; and «w are equal to 180 , and will be 1.116
Arms. In contrast, the comparable conventional DAB will re-
quire a series inductance with a reactance of 0.7854 (2, and at
maximum power, the bridges will be conducting 1.633 Arms,
which is considerably larger, as predicted in Section III-A. As
such, regardless of the modulation technique used in a con-
ventional DAB converter to minimize either the current or the
reactive power [10] [12], [14] [18], the resulting conduction
losses at full power will be signi cantly higher than those of the
proposed system.

The output voltages produced by the two bridges employed
in the proposed converter as well as in a conventional DAB
are in the form of square waves. Consequently, harmonics
are introduced into the system causing additional losses,
particularly in magnetic components. To quantify this effect,
the total harmonic distortion (THD) of the bridge currents for
each normalized system is calculated using

(16)

. 2
THD = (/18 (lf)
TRMS
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where iy is the value of the fundamental bridge current.

The THD values of the Bridge 1 current in the proposed DAB,
which is controlled using equal modulation of the bridges (i.e.,
a1 = ag) witha xed ¢ of £90 , are shown in Fig. 7. As given
by (6), the relative harmonic amplitudes of the proposed system,
and therefore, the THDs are in uenced primarily by the level
of modulation and, to a lesser extent, the values of the resonant
network components. As the modulation is increased, the THD
rapidly decreases and becomes a minimum at o; = ap = 120 ,
corresponding to the null of the third, and dominant, harmonic
in the voltages v, and v,. The THD values of the bridge currents
in a conventional DAB controlled using SPS [8] are also shown
in Fig. 7 for comparison. As evident from Fig. 7, under most
operating conditions, the current THD of the proposed system is
signi cantly lower, thereby further reducing the system losses.

IV. RESULTS

A prototype 2.5-kW resonant DAB was built and tested and
the results obtained from this prototype are presented below
together with theoretical results to verify the viability of the
proposed system and the accuracy of the mathematical model
derived in Section III. The time-domain theoretical waveforms
of the system operating under steady-state conditions were ob-
tained using a MATLAB function to evaluate (4) (7) by sum-
ming the forced responses of the rst hundred frequency com-
ponents in a Fourier decomposition of v; and vs. The design
parameters of the prototype system, which has an ef ciency
of 96% at rated load, are given in Table I. The bridges were
controlled by an open-loop controller, using equal modulation
values of oy and ap and a xed ¢ of +90 or S90 .

To demonstrate the ability of the proposed DAB to transfer
power in the forward direction at near unity power factor, Bridge
2 was controlled to generate a voltage vpo that is lagging 90
with respect to v, and the results are shown in Fig. 8. Both
bridges were operated with modulations of 165 and, as pre-
dicted by (13), under these conditions, approximately 2.5 kW
was delivered to V.o from V.. The bridge currents were ap-
proximately sinusoidal and in phase with their respective volt-
ages, thus indicating near zero reactive power transfer between
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TABLE I
CIRCUIT PARAMETERS OF A 2.5-kW SYSTEM
Parameter Theoretical | Experimental
Value Value
Rated Power 2.5 kW
Viei 380V
Vi 50V
Turns-ratio n 7.54
Magnetics Ferroxcube E65/32/27
£y 50 kHz
L, 145 uH 144 uH
L, 145 uH 146 nH
C, 69.8 nF 66 nF
HV Switches STGWAI9IN60HD IGBT
LV Switches FDP054N10 MOSFET
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Fig. 8. (a) Simulated and (b) measured voltage and current waveforms at 90%
forward power transfer.

the bridges and the LCL resonant network. Furthermore, the ex-
perimental waveforms shown in Fig. 8(b) are in good agreement
with the theoretical results shown in Fig. 8 (a), thus verifying
the accuracy of the theoretical model presented in Section III.
Fig. 9 shows the waveforms obtained through the theoretical
analysis and the prototype system when the DAB is transferring
2 kW in the reverse direction. As evident from the results, both
bridges were operated at a modulation of 120 , with v+ leading
v1 by 90 thereby transferring 70% of rated power from V.5 to
Vi1 in accordance with (13). Since the bridges are operated at a
phase modulation of 120 , the current waveforms exhibit signif-
icantly lower harmonic content in comparison with the currents
in Fig. 8, as predicted by Fig. 7. In addition, the bridge cur-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 29, NO. 9, SEPTEMBER 2014

400 S— 10
4"”' \\
200 - S 5
v II \x‘
1o ~, 0.
% ~ Zl
el AN v !
-200 v b 115
s S i
L R 1
-400 £==" = 10
60 100
,,,,, .. el
v o A 4 %
820 s . //‘ 0 .
RS yd 1 " g2
L
-30 ‘ - = - .BE H-50
----------- IE2 H
-60 -100
0 5 10 15 20 25
Time (HS)
(a)
400 " 10
i L U
200 M‘”M Y 5
y Ve
15 " o,
J \“‘-\ 1
200 Vills
rmuf"l ’ \"‘WW I
-400 it 10
60 =100
il I
30 T | 5o
Vv,
2 0 4o i
2
-30 Y Hf-50
[ i
60, M Z M 100
8 1 1
Time (us)
(b)

Fig.9. (a) Simulated and (b) measured voltage and current waveforms at 70%
reverse power transfer.
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Fig. 10.  Prototype converter power loss.

rents are in antiphase with respect to the corresponding bridge
voltages, as expected for reverse power transfer.

Fig. 10 presents a comparison of the theoretical and experi-
mental losses in the two bridges of the resonant DAB converter
at various power levels, for forward and reverse operation. The
theoretical switching and conduction losses in the switches were
calculating using datasheet speci cations of the devices. The
IGBT losses were assumed, for a given temperature, to be pro-
portional to the size of the switched current, and the MOSFET
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losses were calculated according to [24]. A slight discrepancy
between the measured losses and theoretical losses can be ob-
served. However, agreement exists in the trends, including the
dip in the losses for power levels above 2 kW corresponding
to modulation levels above 165 , at which there is a decrease
in the switching losses. As evident from Fig. 6, the number of
legs having ZVS goes from 2 to 4, as the modulation increases
above 165 , and therefore, the losses are expected to be lower
when oy and « are greater than 165 . The theoretical calcula-
tions further show that at full power, the conduction losses are
approximately 80% of the total losses. Although this propor-
tion will, in general, depend on the particular devices used, it
justi es efforts to reduce conduction losses and emphasizes the
advantage of the proposed resonant DAB converter.

The experimental and theoretical ef ciency values, each of
which includes the power losses in the magnetic components as
well as those from the switching devices, are shown in Fig. 11.
Although the prototype DAB presented in this paper has not
been optimized for ef ciency, as it was purely developed as a
proof of concept system, the results suggest a signi cant im-
provement in the performance in comparison to conventional
DAB converters with SPS control. In addition, even higher ef-

ciencies are likely to be obtained if the Bridge 2 voltage is
increased, avoiding the relatively large conduction losses in the
secondary part of the circuit. As evident from Fig. 11, both
the theoretical and experimental ef ciencies are in good agree-
ment. As such, the mathematical analysis presented can be used
to accurately characterize the losses in a resonant DAB under
various operating conditions and accounting for variations in
component values.

V. CONCLUSION

A new dual DAB topology that employs an LCL resonant
network has been described. A mathematical model has been
presented to accurately predict the performance of the proposed
topology. Experimental results of a 2.5-kW prototype DAB, op-
erated under various conditions, have also been presented to
demonstrate the improved performance of the converter. Re-
sults indicate that the proposed DAB topology has lower bridge
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currents and, consequently, offers higher ef ciency over a wider
supply voltage and load range in comparison to conventional
DAB topologies.

APPENDIX A

m=13... ( (kl +ky S

2
(nvch sin mgz Viey sin m;l cos meo <f§ m?S 1))

(rz 31)>
o))

2

5 + (V.
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[12]
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[14]

2
(Vdcl sin "5 cosme + nVies sin 752 (kl m?S 1))
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