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Abstract: In this paper, a dual-active bridge converter based on the utilization of two
transformers is presented. The principles of operation, switching strategy, and transmission
power characteristics of the proposed converter under normal operation are discussed,
comprehensively. Moreover, the RMS current of two transformers with different values of
inductances of the inductors that are in series with the transformers; is discussed. The
operation of the proposed dual active bridge (DAB) converter under the open-circuit failure
of transformers is studied. In addition, the loss distribution of the proposed converter in
different powers is investigated. The proposed dual-transformer-based dual-active bridge
converter is compared with the presented converters. Finally, the proposed converter with a
low-voltage side (VL= 300 V), the switching frequency of power MOSFETSs (fs= 50 kHz),
and an accurate model of the electric battery at a high-voltage side (VH= 450 V) are simulated
to verify the way of charging and discharging the electrical battery with the proposed
converter under normal and open-circuit fault of transformers.
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1 Introduction

OWER electronics are crucial devices in power

transmission [1-8]. Among various types of
converters, bidirectional DC-DC converters are widely
used in energy storage systems such as battery electric
vehicles (BEVSs), as shown in Fig. 1. Particularly, the dual
active bridge converter (DAB) is an ideal choice for this
application [9-14]. Simple and symmetrical structure,
soft switching of power switches with zero-voltage
switching (ZVS), incorporating a high-frequency
transformer for isolation, high power density, and the
ability of bidirectional power transmission are benefits of
the DAB that make it an excellent candidate for use in
energy storage systems for BEVs [15, 16].

Recently, researchers have introduced various
switching strategies for DAB converters such as single-
phase-shift (SPS), dual-phase-shift (DPS), and triple-
phase-shift (TPS) [17]. Additionally, different types of
DAB converter structures have been suggested, divided
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into two categories- current source and voltage source.
Some examples of voltage source converters are the full-
bridge and half-bridge conventional dual active bridge
converters. A DAB current source converter for high-
current and low-voltage applications is presented in [18].
In this presented converter, the input current is
continuous due to using an inductor on the input side, and
soft switching under zero current (ZCS) is possible. Dual
active bridge converters can be categorized into two
types, two-level and multi-level, based on the input and
output voltage level of the transformer. To reduce the
voltage stress of semiconductors, the multi-level
structure of dual-active bridge converters is utilized [19].
Other types of DAB converters have also been proposed,
which feature resonant tank LC, LLC, CLLC structures,
etc. [20]. The soft switching property of these converters
increases their frequency functional area, which leads to
increased power density.

Wheel Wheel

55
ectifier

AC/DC

Inverter

L—' BDC T ﬂ%’

==L DC Link Electrical

N | Bidirectional Capacitor motor
DC-DC

EV
Charger Wheel Wheel

Fig .1 Application of BDC converter in electric vehicles.
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DAB converters can be categorized according to the
number of transformers they employ, namely: single-
transformer, dual-transformer, or multi-transformer DAB
converters. Dual-transformer-based DAB converters are
designed to reduce power stress on high-frequency
transformers and offer better power density by utilizing a
smaller transformer core compared to their single-
transformer counterparts. Recent studies have introduced
improved dual-transformer-based DAB converters. In
[21], the unified segmental control strategies has been
utilized in dual-transformer-based DAB converters to
reduce conduction and switching losses. [22] presents a
dual-transformer current-fed dual active bridge technique
that has been developed to optimize the peak of the
leakage inductor current and alleviate the current stress
experienced by power switches, thereby enhancing the
converter's overall efficiency. However, this particular
DAB converter is constrained in terms of increased
power density due to the implementation of two DC
inductors on the input side. On the other hand, [23]
proposes a DAB converter using two transformers that
exhibits a high zero voltage switching range, resulting in
reduced power stress on the transformers. Similarly, [24]
and [25] discuss DAB converters that utilize two
transformers, leading to a reduction in power stress on
these components.

All reviewed papers based on two transformers could
not operate in open-circuit failure of a transformer. In this
paper, a new DAB structure is introduced in which the
proposed converter can continue to operate under the
mentioned fault. In Section. 2, the proposed dual-
transformer-based DAB under normal operation is
studied, comprehensively. The proposed topology is
discussed when the mentioned fault occurs in Section. 3.
The efficiency of the converter is analyzed in Section. 4.
The proposed converter is compared with other presented
topologies in Section. 5. Finally, the proposed DAB is
simulated in PLECS/PLEXIM software to validate the
performance of topology in Section. 6.

2 The proposed DAB Topology
2.1 Description of Topology

The DAB converter proposed uses a dual-transformer
structure, which is shown in Fig. 2. It has 6 power
switches (Sp1, Sp2; Sps, Spa, Sps, and Sys) and 4 power
switches (Ss1, Ss2, Ss3, and Ss4) on the low and high-voltage
sides, respectively. The converter also includes two high-
frequency transformers T,1 and Ty, with the ratio of turns
N1 and N.. Inductors L, and L, represent the total leakage
inductance of the transformer and an additional inductor.
On the high-voltage side, the converter has two
electrolytic capacitors Cxi and Cuo, While on the low-
voltage side, it only has one electrolytic capacitor (Cy).

2.2 Detailed Modes of the Proposed DAB Under Normal
Performance

Fig. 3 illustrates the method for switching power
MOSFETs and voltage and current waveforms of
inductors Ly and L,. The MOSFETS Sps, Ss2, and Sz are
turned on at a phase shift ¢ relative to Sy and Sy, While
it is important to note that MOSFETS in the same leg
should not be turned on together. Fig. 3 also displays the
current waveforms of inductors, providing eight working
modes for the converter. These modes' corresponding
equivalent circuits are respectively shown in Fig. 4(a) to

(h) and will be further discussed.
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Fig. 3 Power MOSFETs switching strategy and current and
voltage of inductors waveforms of the proposed DAB converter.

[to, t2]: In the first stage shown in Fig. 4(a), the power
switches Sp1 and Spa are instructed to turn on, and the anti-
parallel diodes of MOSFETS Sp1, Spa, Sps, Ss1, and Sss are
activated. This stage ends when i, reaches zero.

@ = MV Y et i) @

iLz(t)Z—[(NZ'VH /2)+V/|_J(t_to)+iu(to) 2

[t1, t2]: The MOSFETS Sps, Ss1, and Sss are turned on
under ZVS, and this stage concludes when i, reaches
zero [cf. Fig. 4(b)].

[t2, tz]: When the current in the inductor L, drops to
zero, the power switches Sp1 and Sp4 start conducting with
ZVS. This stage continues until the Sps, Ss;, and Sss
switches are turned off [cf. Fig. 4(c)].

[t3, t4]: At the start of this timeframe, Spe's anti-parallel
diode on the primary side and Ss, and Ss3 on the secondary
side are conducted. Sp; and Sp4 are also still operating [cf.

Fig. 4(d)].
@ =MV Je-t)viaw) 3)

o= MWDV g @

[ta, ts]: When the switches Sy1 and Sps are deactivated, it
causes the anti-parallel diode of MOSFETS Sy, and Sys to
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Fig. 4 Operation principles of the proposed DAB converter under normal operation; (a) [to, t]; (b) [tz, t2]; (c) [t2, t3]; (d) [ts, ta];

(e) [ta, ts]; (F) [ts, te]; (9) [te, t7]; (h) [t7, ts].

conduct. This state continues until the current flowing
through i.1 reduces to zero [cf. Fig. 4(e)].

iLl(t) :_[Nl -V +V%1:|(t—t4)+i|_l(t4) (5)
iLz(t):{(NZ.VH/2)+V/Lj(t_t4)+iu(t4) ©)

[ts, t6]: Sps, Ss2, and Ss3 power switches operate with
ZVS. As a result of this interval, the current flowing
through i, reaches zero [cf. Fig. 4(f)].

[ts, tz]: Under the condition of ZVS, Sy, and Syz power
switches are turned on. The end of this period is marked
by the deactivation of the gate pulses associated with the
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MOSFETS Sgs, Ss2, and Ssz [cf. Fig. 4(9)].

[t7, ts]: The initiation of this interval, in which the anti-
parallel diodes of Sps, Ss1, and Ss are conducted, is
achieved by transmitting turn-on pulses to their
respective gates [cf. Fig. 4(h)].

iL1(t):+[N1‘V'%J(tft7)+iu(t7) @)
iLz(t):_|:(N2.VH/2)_V/|_2:|(t—t7)+i|_2(t7) (8)

2.3 Analysis of the Proposed DAB Power Under Normal
Performance

In this section, the transmission power of the converter



transformers is discussed. To determine the initial current
value of the inductors in a steady state, it should be set
iL1(to) equal to ira(ts) for Ly and i2(to) equal to iio(ts) for
Lo.

08 [lov, +(2ll-03) v, ]

S

i1(to) = W, ©)
1's
[:—O.SJ[VL +(2[g]-0.5)NVy |
iy (t) =— ~— oL (10)
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The power transmission of transformer T1 is derived
from:

T, .
Prry = [, Voo (7) i (?) d7 (11)
Consequently, Pr1 will be as follows:

[2(05-|¢]) N,V V]

12
LT (12)

TrL =

Additionally, the power of the Ty transformer's
transmission can be derived from (13), which can also be
expressed as (14):

Preo = [ Voa (2) i1 (2) d (13)

[0(05-|p]) NoViy V(]

14
LT (14)

Tr2 =

The overall transmission power would be the sum of the
transmission powers of these two transformers:

Protal_pag = Prr1 + Prr2 (15)

By (12) and (14), it can be inferred that when the
condition N1/L1 = No/L, = N/L is met, Protal_pag is deduced
as follows:

[20(05-[¢) NV,,V, |
Priotal_pag = (16)
L f,
2.4 The Proposed DAB Power Sensitivity Under
Normal Operation

This section covers the factors that affect the power of
the proposed converter. Fig. 5(a) reveals that the
transmitted power of transformers T,1 and Ty, is inversely
proportional to the inductance. To demonstrate this
correlation, we reduced the inductors from 200 puH to 100
MH (Li=L,), increasing transmitted power. Moreover,
Fig. 5(b) shows a direct relationship between the
transmitted power and the transformer's turn ratio which
increase from 1.5 to 2 (N1=Ny). The switching frequency
of the converter is another determining factor that affects
the transmitted power, as indicated by equation (16) and
illustrated in Fig. 5(c). In other words, the output power
of the proposed DAB is enhanced when the switching
frequency of power MOSFETS is decreased from 75 kHz
to 25 kHz. Additionally, the transmitted power is directly
linked to the voltages of the low and high-voltage sides,
as demonstrated in Fig. 5(d).

The basic power of the proposed DAB converter is as
follows:

_NVuV 17
Base — 8Lfs ( )

To normalize the output power of the dual transformer-
based DAB converter under normal operating conditions,
(16) is divided by (17) and the power characteristic
shown in Fig. 6 is obtained.
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Fig. 5 Power curve characteristics of the proposed DAB with the
variation of the; (a) inductors; (b) frequency; (c) turns ratio; (d)
voltages.
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in terms of p.u.

4 Iranian Journal of Electrical & Electronic Engineering, Vol. 20, No. 02, June 2024



e,

RMS current (p.u.)
&
T
/
/
\,

—(N/L)=(N/L)
== (N,/L,)=(N/L)
wees (N /L )=(N/2L)

‘‘‘‘‘

0l I I I |
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Phase shift ratio (¢)

Fig. 7 The RMS current curve of the proposed DAB's

transformers.

Table 1. Coefficients related to the RMS current

csr,\r/:eit Coefficients Equation
a (192¢2—96¢+12)T52+l
1

Tt a (1927 - 480 )T, +(-82¢+24)¢°
a (487,716 ¢7+12)(p2
5 (192¢2—96¢+12)T52+1
1

IL2.ms b (192 48)T,” +(-128¢+96)p* - 4
bs 48T .2 +4

2.5 Analysis of the RMS Current of DAB's

Transformers

This section discusses the RMS current, a crucial factor
in designing transformers. Table 1 provides coefficients
for obtaining the RMS current at each transformer using
equations (18) and (19). Fig. 7 displays results related to
the RMS current of each transformer in p.u.. If the ratio
of turns to inductance of one transformer is equal to the
ratio of turns to the inductance of another transformer, the
maximum RMS current passing through transformer Trl
will be 54% higher than the base current. If the ratio is
halved, the maximum RMS current passing through both
transformers will be equal.

r 1/2
a (NyVy, ) +3,V N,V +35V,°
ILl,rms = 2 (18)
48-(Ly f)
r ) ) 1/2
| B (NpViy )" +by VN,V +b;V,
L2,rms = 2 19
192-(L, f,)
NV,
-V 20
T )

3 Detailed Performance of the Proposed DAB under
Open-Circuit Failure of Transformer

3.1 Open-Circuit of Transformer Tr.

If the transformer T,1 experiences an open circuit fault,
the proposed converter will operate according to the
equivalent circuit shown in Fig. 8. It is worth mentioning
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Fig. 9 The equivalent circuit of the proposed topology in the
occurrence of open-circuit failure in Tre.

that the converter can still function during this fault.
However, the power MOSFETS Sps, Sps, Ss1, and Ss2 will
remain in the off state in this scenario. The converter's
switching strategy remains the same as its normal
operating mode, illustrated in Fig. 3. The voltage and
current waveform of inductor L, will be similar to the
normal operating mode, but the inductor current of Ly will
be zeroed out in case of this fault. The power passing
through transformer T, will be zero, which results in the
converter's output power being equivalent to the power
passing through transformer Ty,.

PDABfOC,Trl =Py (21)

3.2 Open-Circuit of Transformer Tr2

The corresponding equivalent circuit for the proposed
converter in open-circuit failure of T, is illustrated in
Fig.9. As a result of this issue, power MOSFETS Sp; and
Sp2 Will always be turned off. Nonetheless, the converter's
switching strategy is similar to its usual mode. The
voltage and current waveform of inductor L; in this
situation remain the same as those of the normal
operating mode, except that the L, inductor current will
be zeroed. Because no power flows through transformer
Tr. when it is affected by an open circuit fault, the
converter's power output will equal the power flowing
through transformer T1.

PDAB_OC,TrZ =P (22)

4 Efficiency analysis of the proposed DAB

In this section, the losses of the proposed converter with
specifications Vy=450 V, V=300 V, ;=50 kHz, N1=N,=
2, L1=L,=100 pH, ON resistance of MOSFETS (rpson=
23 mQ), turn-on time of MOSFETS (ton= 100 ns), turn-
off time of MOSFETS (t,#= 169 ns), winding resistance
of transformers on the low voltage side (r.= 2.2 mQ),
winding resistance of transformers on the high voltage
side (rLp= 4.4 mQ), inductors resistance (r = 1.2 mQ),



and equivalent series resistance of capacitors (rc= 10
mQ) are calculated [26]. The distribution losses of the
proposed converter in various powers are depicted in Fig.
10. The maximum power of the proposed converter is
achieved with = 0.25 which is 6.4 kW. The efficiency is
calculated at 91.58% as shown in Fig. 10 (a). The major
and minor losses is related to conduction losses of power
MOSFETSs and inductor losses, respectively. There are
two operating points for the proposed converter in the
direct power transmission mode for a given specific
power. For instance, there are two operating points of
0.15 and 0.34 for the power of 5.7 kW. Moreover, ¢
should be equal to 0.08 and 0.41 for the converter's
performance at the power of 3.65 kW. According to Fig.
10 (b)-(e), it can be seen that when ¢ is between 0.25 and
0.5, the conduction losses of power MOSFETs will be
higher. This is due to the circulating current in the
transformers. Therefore, it is optimal for the converter to
operate in the ¢ region between 0 and 0.25.

B Switching Losses of
Power Switches

M Conduction Losses of
Power Switches

W Capacitors Losses
Core and Conduction
Losses of Transformers

B Core and Conduction
Losses of Inductors

P,=574kW  @=o0.5

(b) (©

P,=3.65kW  =0.08 P,=3.6kW ¢@=o0.41

(d) ()

Table. 2 Comparison of the proposed DAB converter with
other referred topologies.

Number of
The capacity to
p perform even if one
Ref. N . (OLE”;‘ of the transformers
sS|c | r|T p-u. experiences an
open-circuit failure
[22] 6 | 4|12 0.28 X
[23] 10 | 2 1| 2 1 X
[25] 10 | 3 1] 2 0.89 X
Prop. 10 | 3 2 2 1 v

* S: Switches; C: Capacitors; I: Inductors, T: Transformers.

5 Comparison of the Proposed DAB with other DAB
topologies

In this section, the proposed converter is compared with
the other dual-transformer-based DAB converters
regarding the number of elements and the output power
in terms of units, as given in Table. 2. The main benefit
of the proposed converter, as mentioned in the previous
sections, is the ability of the converter to continue
operating even if an open-circuit fault occurs in one of the
transformers. In case of this fault, considering the equal
power passing through the power transformers, the rated
power will be reduced by half. Also, the output power of
the proposed converter is higher than the converters
presented in [22] and [25].

6 Simulation Results

Table. 3 outlines the specifications for the proposed
DAB converter, while PLEXIM/PLECS software is
utilized to simulate the proposed dual-transformer-based
DAB. The precise battery model presented in [27], with
its corresponding specifications in Table. 4, is also
employed on the high-voltage side. Additionally, an
equivalent circuit of the battery simulated in PLECS is
depicted in Fig. 11. The proposed converter is simulated
in two modes: battery charging and battery discharging.
In Fig. 12, the operation normal of the proposed DAB
converter in charging mode (p = 0.15) is illustrated.
Moreover, the soft switching conditions of power
MOSFETSs is considered. In this operating point, the
power MOSFETs Spz and Sps lost their ZVS turn-on
conditions, as shown in Fig. 12 (f). The voltage stress of
power switches in low and high-voltage sides are 300 V
and 450 V, respectively.

Table. 3 The simulation specification of
the proposed DAB converter

Capacitors (C.= Cn) 460 UF
Inductors (Li=L2) 100 pH
Transformers (N1=Nz) 2

Switching frequency 50 kHz
Maximum output power 6.4 kW
Low Voltage 300 V

Table. 4 The simulation specification of the
battery on the high-voltage side

Fig. 10 Loss distribution of the proposed DAB converter under
different output power and phase shift ratio; (a) 6.4 kW and
»=0.25; (b) 5.74 kW and ¢=0.15; (c) 5.65 kW and ¢=0.34; (d) 3.65
kW and ¢=0.08; (e) 3.65 kW and ¢=0.41.

Number of series connected cells 117
Number of parallel branches 30
Target constant charging voltage

41V
for each cell
Target constant  charging

13A
current for each cell
Initial SOC 50 %
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Fig. 12 The simulated outputs of the converter under normal
operation in charging mode with ¢ = 0.15; (a) state of charge
battery; (b) battery voltage; current and voltage of inductor (c) Li;
(d) L2; voltage and current stress of power MOSFET (e) Spz; (f)

Sp3; (9) Sps; (h) Ss1.

0
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The simulation results of the proposed converter in
charging mode with ¢ = 0.34 is depicted in Fig. 13. It is
noteworthy that whole power switches are turned-on
under ZVS. However, the current stresses of power
MOSFETs are increased which affects the overall
efficiency of the proposed DAB converter. For
discharging mode, the proposed dual-transformer-based
converter is simulated with ¢ = - 0.12 and the results are
given in Fig. 14. As shown in Fig. 14 (a), the state of

charge battery is reduced that validate the proposed
converter can operate bidirectionally. Moreover, the
power switches Sps and Sps are turned-on under hard
switching conditions, as depicted in Fig. 14 (f). As
mentioned previously, the proposed topology can operate
under open-circuit failure of transformers. Hence, the
simulation results in open-circuit faults of transformer Ty
and Ty, for charging mode with ¢ = 0.15 are illustrated in
Fig. 15 and 16, respectively. As depicted in Fig. 15 (c),
no power flow from transformer T,y in the occurrence of
fault in transformer Ty1. Moreover, the current stress of
Sps, Sps, Ss1 and Ssy is zero, as shown in Fig. 15 (g) and
(h). 1t should be noted that the voltage stresses of power
MOSFETSs in this situation are the same as normal
operation. When the fault occurs in transformer Ty, the
inductor current L, is zero, as illustrated in Fig. 16(d). In
addition, the Sp1 and Sy, is not conducted as Fig. 16 (e).

— SoC — VH:Measured voltage
50
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Fig. 13 The simulated outputs of the converter under normal
operation in charging mode with ¢ = 0.34; (a) state of charge
battery; (b) battery voltage; current and voltage of inductor (c) Ly;
(d) Lz; voltage and current stress of power MOSFET (e) Sp1; (f)
Sp3; () Sps; (D) Sst.
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Fig. 15 The simulated outputs of the converter under open-circuit
fault of transformer Tr1 operation in charging mode with ¢ = 0.15;
(a) state of charge battery; (b) battery voltage; current and voltage
of inductor (c) Li; (d) L2; voltage and current stress of power
MOSFET (e) Sp1; () Sps; (9) Sps; (h) Ss1.
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Fig. 14 The simulated outputs of the converter under normal
operation in discharging mode with ¢ = -0.12; (a) state of charge
battery; (b) input voltage; current and voltage of inductor (c) Ly;
(d) L2; voltage and current stress of power MOSFET (e) Spy; (f)
Sp3; () Sps; (h) Ss1.
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Fig. 16 The simulated outputs of the converter under open-circuit
fault of transformer T, operation in charging mode with ¢ = 0.15;
(a) state of charge battery; (b) battery voltage; current and voltage
of inductor (c) Li; (d) Lz; voltage and current stress of power
MOSFET (&) Sp1; () Sps; (9) Sps; (h) Ss1.
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7 Conclusion

In this paper, a new dual-transformer-based DAB
converter has been presented. The characteristics that are
intrinsic to a DAB converter, such as the utilization of
power MOSFETS in ZVS conditions and the ability of
bidirectional power transmission, are present in this
converter. Moreover, the proposed converter has the
ability to operate even under the open-circuit failure of
one of the transformers. Although the power of the
converter is halved, the reliability of DAB is increased.
Eventually, the accurate battery model was simulated to
validate the performance of the proposed converter in
electric vehicle applications for charging and discharging
the battery. All simulation results confirm that the
proposed topology can be the nominated candidate for the
bidirectional DC-DC converter used in BEVS.
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