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Abstract— In this paper, a dual-transformer based
asymmetrical triple-port active bridge converter (DT-
ATAB) is proposed to interface two different dc-sources
and a load. DT-ATAB consists of three active power
electronic converters and two high-frequency
transformers. All switches of these converters can be
turned-on with zero-voltage-switching (ZVS) to reduce the
switching losses. The bidirectional power flow operation
is possible between the ports. The DT-ATAB also reduces
the circulating powers between the ports for well-matched
transformer turns ratios as compared to those in the other
existing triple-port active bridge converters (TAB).
Furthermore, the magnetic short circuit conditions arising
in the three-winding transformer of the TAB are mitigated
in DT-ATAB. The principle of operation, steady-state
analysis, various modes of operation (three-port and two-
port modes), and a closed loop controller of DT-ATAB are
presented. The theoretical analysis of the paper is verified
using both simulation and experimental studies. The
illustrated results show that DT-ATAB can be used as a
promising multi-port converter (MPC) to interface the
multiple sources and load to achieve wide-ranging outputs
with the minimal losses.

Index Terms— Bi-directional power, isolated dc-dc
converter, multi-port converter, phase-shifted pulse width
modulation.

. INTRODUCTION

HE demand for the versatile energy management systems

capable of handling storage elements, conventional, and
sustainable sources is increasing [1]-[4]. In order to mitigate
the challenges associated with such systems, several multi-
port power electronic converters (MPCs) had been introduced
due to their prospective applications in the hybrid-electric
vehicles, renewable energy generation systems, microgrids,
smart-grids, uninterruptable power supplies, etc. [5]- [12]. In
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general, MPCs can be classified into three categories: non-
isolated, partially-isolated, and isolated [12]. The non-isolated
and partially isolated MPCs offer a compact design, lower
cost, higher power density, and efficiency [5]. However, in
such converters, the voltage levels of different ports are not
flexible and achieving soft switching is difficult [13]-[14]. On
the other hand, even though isolated MPCs comprise a
relatively higher number of active switches, they offer most of
the key features of MPCs such as soft-switching, bi-directional
power flow, flexible voltages at different ports, isolation
between their ports, etc. [7], [15]-[16].

Amongst the available isolated MPC topologies, TAB is
one of the most eminent topologies [7]-[8], [10] which offers
most of the aforementioned key features. TABs are mostly
suitable for hybrid and electric vehicle applications where
MPCs are used as the interfacings between a dc sources,
storage devices, and load. However, TABs are not suitable for
the applications where two different sources are connected to
supply the load power simultaneously. Because, a small
difference in the magnitudes and/or phases between their
corresponding high-frequency (HF) ac-voltages may lead to
higher circulating powers between the source-ports due to the
smaller leakage inductance between their interconnecting
windings of the transformer. Also, the higher circulating
powers result in higher losses and deterioration of the
transformer core as well as windings [17]. TAB uses a three-
winding transformer in its isolation stage. Therefore, if the two
sources are providing ac voltages with a phase difference
across two of its windings, then the corresponding fluxes due
to these sources oppose each other and as a result, the resultant
flux decreases. Consequently, the induced voltages of the
transformer windings decrease and high inrush currents flow
through the source-port converter switches and the transformer
windings leading to higher copper and on-state switching
losses. Further, in TABs, the ports cannot be isolated by
operating its switching devices. Even though all switches of
the associated port converters of the TAB are turned off, their
anti-parallel diodes form the conduction paths. A CLL-
resonant converter based MPC is proposed in [18], which
comprises of two CLL-units, two HF transformers, and a
diode rectifier. Even though this MPC minimizes the
circulating currents, it does not offer bi-directional power
flow. Furthermore, in this converter, isolation of any source
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then the following expressions can be obtained by analyzing
the steady state waveforms shown in Fig. 5 as:

i (to) =lsp () =1y andig (t,) =is, (t,) =15, (13)
And the expressions for 1; and I, can be obtained as:

1
I, = o [(1-2D)V, — NV |

] (14)
I2:4&LfU2D—QNV“+WJ

By substituting (13) and (14) in the constraints listed in Table
I1, we can have the following two relations:

1
M<——— and M >(1-2D 15
(1-2D) ( ) (15)
where, M represents the voltage gain (M = Vo/NVqc).
TABLE I
ZV'S CONDITIONS

Converter Switches Conditions

Port -1 | S, Siz, Sis | dsa(to) <0, ig(ts) <O

converter S1a

Port -2 | Sz, Sz Sz | ds2(ty) <0, is2(ts) <O

converter S

Port -3 331, Sa isl(tz) > 0, isl(tS) <0

converter Sa3, Sz isa(t2)+ is2(tz) >0, isa(ts) + isa(ts) <O

Sa3, Sz is2(t2) > 0, is2(ts) < 0

The variation of the output power (P, in per unit) with
respect to D for different values of M are shown in Fig. 10. In
Fig. 10, the region in-between the curves P1 and P, shows the
zone for ZVS turn-on operation of the proposed converter. It
can be seen from the figure that the ZVS turn-on can be
achieved for all the switches for a wide range of operation.

Fig. 10 Output power versus phase-delay ratio

IV. SIMULATION STUDIES

The simulations of both TAB [7] and DT-ATAB are
conducted to study their performances for the different values
of D13 and Dys. The simulation parameters are listed in Table
1l.

TABLE Il
SIMULATION PARAMETERS
Parameters TAB DT-ATAB
Vet 50V 50 V
V2 50V 50V
. Np1 i Np2iNs | Np:Ns=1:2
Transformer turns ratio 2119 (two)
Boost-inductor connected to the
secondary terminals of the transformer S0 pH 100 pH
Load resistance 15Q 15Q
Switching Frequency 15 kHz 15 kHz

The resultant flux (¢), the primary and secondary voltages (Vpu,
Vp2, and vs1), and currents (ip1, ip2, and is;) of TAB operating
with the same (D13 = D23 = 0.2) and different (D13 = 0.4 and

Dy3 = 0) phase-shift ratios are shown in Fig. 11 (a) and Fig. 11
(b), respectively. It can be seen from Fig. 11 (a) that Vp1, Vpa,
and vs; are in phase, and ip1, ip2, and igz are almost equal. In
Fig. 11 (b), the flux becomes almost constant during the
intervals when vp; and vp; are having opposite polarities due to
the flux cancellation as discussed in Section Il (Fig. 2).
Therefore, vs becomes zero during these intervals.
Consequently, the transformer windings are magnetically
short-circuited resulting in high inrush currents in the primary
transformer windings. The veracity of this fact can be
observed from the primary current waveforms shown in Fig.
11 (b). In simulations, the currents are allowed for such high
values. However, in reality, the converter is not capable of
carrying such high currents and this condition may lead to
malfunction of the switching devices as well as the
transformer.

The primary voltages, fluxes, and currents associated with
the transformers of the proposed DT-ATAB for D1z = Dy3 =
0.2 and for D13= 0.4 & D3 =0 are shown in Fig. 12. It can be
seen from Fig. 12 that in both the cases, the fluxes (¢1 and ¢2)
are increasing and decreasing when their corresponding
voltages are positive and negative, respectively. Further, the
secondary currents of these transformers are almost half of the
primary currents. It can be depicted from Fig. 11 and Fig. 12
that for D13 # D23, the primary winding currents (ipz and ip)
are significantly reduced in DT-ATAB as compared to TAB.
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Fig. 11 Transformer voltages, currents, and magnetic flux of TAB: (a)
D13 = D23 =0.2 and (b) D13 = 04, D23 =0
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Fig. 12 Transformer voltages, currents, and magnetic fluxes of DT-
ATAB: (a) D13 = D23 = 0.2 and (b) D13 = 0.4, D3 =0

A variation of the output voltage (Vo) and power (Po) of
TAB and DT-ATAB for different values of D13 with respect to
Dys are shown in Fig. 13 (a) and (b), respectively. It can be
seen from these figures that in both the cases, the voltage and
power values increases as the phase-delay ratios increase from
0 to 0.5 and reaches their maximum values at D,z = 0.5. For
D3 > 0.5, these values decrease. Here, both the converters are
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showing almost identical output curves for different values of
D13 and D23.
12
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Fig. 13 Output voltages and powers: (a) TAB and (b) DT-ATAB

The powers supplied by the dc sources (P; at port -1 and P,
at the port -2) and the total power loss (P. = (P1 +P2) - P,) of
the TAB converter are shown in Fig. 14 (a). It can be seen
from Fig. 14 (a) that the magnitudes of powers supplied by the
sources (P1 and P2) approach to minimum values when Di3 =
D2s. In Fig. 14 (a), the power supplied at port-1 (Pi) is
negative for D2s > D13 which indicates that for Dys > D3, the
source at port-2 is supplying the powers to both the port-1 and
port-3. In a similar way, it can be illustrated by observing the
P, curve of Fig. 14 (a) that the port-1 is supplying powers to
the ports 2 and 3 for D1z > Djs. The total power loss of the
TAB converter for different values of Di3 and Das is shown
using the P, curve of Fig. 14 (a). It can be seen from the figure
that the total loss of the TAB is significantly less for D1z = Dy
and increases immensely with the increase of the difference
between Di; and Dz due to the leakage inductance of the
transformer between the ac voltages of the port -1 and -2
converters which increases the circulating powers for D1z #
D2s. Also, in TAB, for D1z # Das, the transformer windings
get magnetically short-circuited repeatedly leading to high
inrush current which results in high on-state switching and
transformer copper losses. Therefore, for a duty ratio of 0.5,
this converter needs to be operated for closer values of D13 and
Dys. Further, the increased losses can saturate the transformer
core and increase its temperature, which may reduce the
lifetime of the transformer as well as of the existing TAB
converter [17].
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Fig. 14 Power curves: (a) TAB and (b) DT-ATAB

The powers Pi, P, and P_ of the DT-ATAB are shown in
Fig. 14 (b). It can be observed from Fig. 14 that for the same
values of output powers, the powers supplied by the sources

04 0.6
(b) D=

are significantly reduced in the proposed DT-ATAB converter
as compared to those of the TAB converter. It can also be seen
from the P_ curve of Fig. 14 (b) that P_ of the DT-ATAB
converter for different values of D13 and D3 are significantly
reduced as compared to the TAB converter which indicates
that the proposed converter can be operated with wide ranges
of phase delay ratios to achieve the substantial choices of the
outputs.

V. EXPERIMENTAL VERIFICATION

A laboratory prototype of DT-ATAB as shown in Fig. 15 is
implemented and its specifications/parameters are listed in
Table V. The port-1 and port-2 converters are implemented
using two SK25GH063 packages and the port-3 converter is
implemented using an SK45GD063 package. The leakage
inductances of the transformers are used as the boost
inductors. In order to avoid short-circuiting of dc-buses, a
dead-band of 2 ps is used between the switches of each arm of
DT-ATAB.

TABLE IV

EXPERIMENTAL PROTOTYPE PARAMETERS
Switching Frequency, fs 15 kHz
Veer and Ve 50+10 V
Transformer winding ratios Np1:Ns1 = 1:2, Np2iNsp = 1:2
Transformer leakage inductance 133 uH
Port-1 and Port-2 converters SK25GH063 (2 No.s)
Port-3 Converter SK45GD063

DT-ATAB
Converter -

DC-Sources

Fig. 15 Laboratory prototype of the DT-ATAB converter

The primary and secondary voltages and currents of the
transformers are shown in Fig. 16. It can be seen from Fig. 16
(a) that vs1 and vs» are lagging with respect to vy and vy,
respectively, which indicate that the power is flowing from the
input ports -1 and -2 to port-3. It can be seen from Fig. 16 (b)
and (c) that ip: and iy are almost twice of is1 and is;. The
common terminal current (i) is nearly equal to the addition of
is1 and is. These results show that both the input sources
sharing the load power equally as their corresponding voltages
and currents in Fig. 16 are identical with each other.

The gate signals (G11 and Gi2) applied to Si1 and Sip, the
voltages across these switches (vsi1 and vs12), and ip; are shown
in Fig. 17 (a). In Fig. 17 (a), the current ip1 < 0 and ip1 > 0,
during the turn-on instants of Si; and Si», respectively, which
satisfy the ZVS conditions listed in Table 11 [28]. The enlarged
views during the turn-on instants of S;; and Si2 are shown in
Fig. 17 (b) and Fig. 17 (c), respectively. In Fig. 17 (b), Si2 is
turned off at ti1. For t < ti1, Vs11 and vsio are 50 V and 0 V,
respectively. After t = t1, Vs1u reduced to zero and Vs
increased to 50 V, respectively. The turn-on gate signals for
Si1 are provided at t = tio. The figure shows that vs11 becomes
zero before t = t12 and ip1 iS negative at t = tio. Therefore, Dy;
conducts from t =ty to t = t13. The switch Si; conducts for t >
t13 as ipy becomes positive. It can be observed from Fig. 17 (b)
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that at t = t13, vs11 = 0 which depicts the ZVS turn-on condition
of Si1. Similarly, it can be observed from Fig. 17 (c) that Si»
starts conducting with zero voltage (vsio = 0) after t = t2> as ip1
becomes negative for t > t. In a similar way, the ZVS
operations of port -2 and port -3 converters can be anticipated
using Fig. 18 and Fig. 19, respectively.
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Fig. 16 Transformer voltages and currents of DT-ATAB
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Fig. 17 ZVS turn-on operation of the switches S11 and S12 of the FB-1
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Fig. 18 ZVS turn-on operation of the switches S21 and S22 of the FB-2
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Fig. 19 ZVS turn-on operation of the switches S31, S32, S33 and S34
of the FB-3

The experimental results of the two-port mode operations of
DT-ATAB are shown in Fig. 20. In Fig. 20 (a), the source
connected at port-2 is isolated by applying turn-off gate
signals to all switches of the port-2 converter and S3s & S of
the port-3 converter (Table 1). It can be depicted from Fig. 20
(a) that the corresponding primary current of port-2 (ip) is
zero, which indicates that the power supplied from the isolated
source is almost zero. Similarly, in Fig. 20 (b), the dc source
connected to the port-1 is isolated. It can be seen from Fig. 20
(b) that the current as well as the power are drawn from the
isolated source is zero. Therefore, the proposed DT-ATAB
can be effectively used under both the two-port as well as the
three-port mode of operations.

Vpr 2
Vp1 ip2

Vp2
p2

20 us/div = 20 us/div

le
le

(@ (b)

Fig. 20 two-port operation of the DT-ATAB

The experimental results of buck and boost operations of
DT-ATAB are shown in Fig. 21. The enlarged views of buck
and boost modes are shown in Fig. 21 (b) and Fig. 21 (c),
respectively. It can be seen from these figures that the wave-
shape of iz resembles the theoretical nature of the buck and
boost modes of operations.

Vo ldc2 ldc1

le

2 s/div

() J— ©

Fig. 21 Buck and boost operation of the DT-ATAB converter

In Fig. 22, the output voltage is maintained constant using
the discussed closed loop control (Fig. 8). In the figure, the
source voltage connected to port-2 (Vacz) is changed from 50
V to 60 V at t = t1. It can be seen from the figure that DT-
ATAB is able to maintain the desired voltage at the output
under the variable input voltage condition with negligible
distortions during the transition period.

Fig. 23 (a) shows the dynamic behavior of DT-ATAB during
the stepped load change conditions. In Fig. 23 (a), Vo is
maintained at 100 V and the load is changed at the instants t;
and tp. It can be observed from the figure that the desired
output voltage is maintained even under the variable load
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conditions. In order to verify the bidirectional power
operation, a 50 V dc source is applied to the port-3 and two
different loads are connected to the port — 1 and port — 2
terminals. The obtained results are shown in Fig. 23 (b). In
Fig. 23 (b), Va1 and Ve are maintained at 20 V. The reference
values of Vg and Vgcz are changed to 25 Vatt =ty and t = ty,
respectively. It can be observed from Fig. 23 (b) that the
proposed DT-ATAB converter can also be effectively
operated in the reverse direction to provide the desired
voltages across the load ports.
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Fig. 22 Source voltage (Vqc2) variation
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Fig. 23 : (a) Dynamic response during the stepped load change
conditions and (b) Power flow in reverse direction

In Fig. 24, a source of 50 V is connected to the port — 1 and
other ports are connected to two different loads. In Fig. 24 (a),
initially, Vo and Vg are maintained at 100 V and 50 V,
respectively, and at t = ti, the reference value of Vg is
changed 60 V. Similarly, in Fig. 24 (b), initially, these
voltages are maintained at 100 V and 50V. At t = t;, the
reference value of V, is changed to 110V. It can be observed
from the figure that DT-ATAB can also be used supply
powers from the port-1 to the loads connected to the ports -2
and 3. In a similar way, the power can also be supplied from
port-2 to the ports — 1 and 3.
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Fig. 24 Single source operation: (a) variation of V4, and (2) variation of

The source port converters of DT-ATAB, (port -1 and port -
2 converters in Fig. 4), can be operated to handle bidirectional
powers through their ports by selecting appropriate control
commands as per the user requirements. In order to verify this
feature, two different experimental studies are conducted. In
the first case, Vg is directly connected to port-1 of the DT-
ATAB and V. is connected to port — 2 via a small resistance.
A load resistance is connected to the port — 2 terminals.

Therefore, when the voltage across the port — 2 load is
maintained at a voltage level equal to Ve, the power supplied
from Ve will be zero and the power consumed by the port — 2
load will be supplied via DT-ATAB. In such a case, port — 2
acts as load port. Similarly, in the second case study, a source
is directly connected across port — 2 and port — 1 is used as
both source and load port. The experimental results of these
studies are shown in Fig. 25.

In Fig. 25 (a) (the first case), initially, both port — 1 and port
— 2 converters are simultaneously operated to supply the load
power. For t > t;, port — 2 is operated as load port. Fort < t; in
Fig. 25 (a), V1 is almost equal to 50 V and V: is less than 50 V
as Ve is directly connected to port — 1 and Vg is connected
to port — 2 via a resistance. It can be observed from Fig. 25 (a)
that for t > ti, the controller is able to maintain V; at 50 V. and
port — 2 is acting as load as I, becomes negative. During this
period, the source at port — 1 is supplying powers to the loads
at ports — 2 and — 3. Therefore, in Fig. 25 (), l1 is increased
for t > t;. Similarly, the experimental results for the other case
where port — 1 is acting as source and load ports are shown in
Fig. 25 (b). In Fig. 25 (b), for t < t1, both sources are supplying
the load power. Here, for t > ti, the port — 1 converter is
operated to maintain 50 V across its terminals. Therefore, port
— 1 acts as a load port which can be depicted by observing the
polarity change of Iy at t = t1 in Fig. 25 (b). As the source at
port -2 is supplying power to both port — 1 and port — 2 loads,
in Fig. 25 (b), 12 is increased for t > t;.
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Fig. 25: (a) port -2 is acting as both source and load port and (b) port -
1 is acting as source and load port

A. Efficiency

Fig. 26 shows the efficiency curves of the proposed DT-
ATARB. In the efficiency analysis, both dc source voltages are
maintained at constant values (50V each) and the output
voltage is maintained constant by using the closed loop
controller. The overall losses of the isolated bi-directional
converters decrease with the output power up to a certain
power limit and then increases with the power [25]. Therefore,
in Fig. 26, the efficiency of the converter increases up to a
certain point and afterward, it decreases. It can be seen from
Fig. 26 that the efficiency of DT-ATAB is higher than 91%
over a wide variation of the output power and its peak value is
higher than 93.7%. Fig. 26 shows that the DT-ATAB offers
an admirable efficiency as compared to the existing isolated
MPCs [7], [8] and can be a promising tool for the high power
multi-source power applications.

B. Comparison studies

A comparison study between the proposed DT-ATAB, TAB
[7], and MP-CLL [18] converter topologies when they are
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used to supply a load power simultaneously from two different
sources is presented in Table V. All these converters offer
multi-source operation, soft-switching, and enough isolation
between the source and load ports. Amongst these converters,
the MP-CLL structure requires the least number of
semiconductor devices. However, this converter does not
perform bidirectional power flow operation due to its output
diode rectifier, and two-port operation of this converter lead to
inadequate losses and outputs. The TAB requires lesser
number semiconductor devices as well as lower magnetic core
and conductor materials as compared to the proposed DT-
ATAB and offers most of the required features of MPCs and
this type of converters are mostly suitable for hybrid electric
vehicles. However, when these converters are used for the
simultaneous power supply from two different sources,
significantly higher losses occur as the transformer windings
magnetically short circuited for different values of the phase
shift ratios (D13 # Da3) as discussed in the earlier sections
(Fig. 14). Also, significantly higher power circulates between
the source-ports due to the leakage inductance. Further, the
isolation of any source to continue the operation with the
remaining source requires a complex procedure as the
antiparallel diodes of the associated port converter make the
conduction paths. Even though the DT-ATAB consists
comparatively higher number of semiconductor devices, it
allows the source port converters to operate with a wide range
of phase delays w.r.t. the source port converter to achieve
wide ranges of the output voltage and power with minimal
power losses. Further, in the proposed converter, isolation of
any source can be achieved by applying appropriate turn-off
and/or turn-on signals to the selected switches.
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Fig. 26 Efficiency of the DT-ATAB
TABLE V
COMPARISON STUDY BETWEEN MPCs
MP-CLL
TAB [7] [18] DT-ATAB
No. of active switches 12 4 14
No. of passive switches 0 4 0
No. of transformer 1 2 2
Soft switching Yes Yes yes
Multi-source operation Yes Yes Yes
Isolation between sources Yes Yes Yes
and load
Trans_former core & wire Lower Moderate Moderate
material requirement
Not
Simultaneous power recommende Yes Yes
transfer operation d for Dis #
D3
Bidirectional power flow | Yes No Yes
Isolation of any source Not -
from the operation Complex recommended Simple
Circulating current losses | High Low Low

VI. CONCLUSIONS

Dual transformer based asymmetrical triple port active
bridge (DT-ATAB) converter is proposed in this paper to
integrate two dc-sources and a load. The proposed converter
consists of two FBs, a TLC, and two HF transformers. A
detailed study on the principle of operation, steady state
analysis, and closed-loop controller of DT-ATAB is presented.
The proposed DT-ATAB offers isolation between the ports,
ZVS turn-on of switches, bi-directional power flow operation,
reduced circulating powers, mitigation of magnetically short-
circuiting conditions, etc. DT-ATAB can be operated over a
wide-ranging phase shift ratios between the source port
converters to achieve the substantial choices of the output
voltage and power. The efficacy of the proposed converter is
verified using the simulation and experimental studies. The
illustrated studies show that the proposed DT-ATAB can be
used as a promising MPC topology capable of versatile power
management.
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