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A Multi-Active Bridge Converter with Inherently
Decoupled Power Flows

S.Bandyopadhyay, Student Member, IEEE, P. Purgat, Student Member, IEEE, Zian Qin, Senior Member, IEEE,
and Pavol Bauer, Senior Member, IEEE

Abstract—Multi-active bridge converters (MAB) have become
a widely-researched candidate for the integration of multiple
renewable sources, storage and loads for a variety of applications,
from robust smart grids to more-electric aircraft. Connecting
multiple dc ports reduces power conversion stress, improves
efficiency, reduces material billing and increases power den-
sity. However, the power flows between the ports of a MAB
converter are magnetically coupled via the high-frequency (HF)
transformer, making it difficult to control. This paper presents a
MAB converter configuration with a rigid voltage source on the
magnetizing inductance of the transformer resulting in inherently
decoupled power flows. As a result, the configuration allows
independent power flow control tuning of the rest of the ports.
The theory behind the power flow decoupling of the proposed
MAB configuration is analyzed in detail using a reduced-order
model. A 2-kW, 100 kHz Si-C based four-port MAB converter
laboratory prototype is built and tested, showing completely
decoupled control loops with fast transient response regardless of
their control bandwidths. The proposed configuration therefore
makes the operation and design of the MAB family of converters
much more feasible for any number of ports and precludes the
need for a high-performance dynamic decoupling controller.

Index Terms—DC-DC converter, decoupled power flow man-
agement, multi-active-bridge converter, multiwinding trans-
former.

I. INTRODUCTION

MULTI-Port Converters (MPC) have recently gained re-
search attention as a potential solution for versatile

energy management systems able to integrate diverse renew-
able energy sources or conventional energy sources, storage
systems, and loads [1]. The advantages of multi-port converters
are 1) reduced component requirement; 2) quick dynamic
response; 3) high system efficiency and power density; and
4) centralized control. Therefore, multi-port converters have
many potential applications: (1) more electric aircraft or
all-electric ship [2]–[4], (2) electric vehicle (EV) charging
applications [5]–[7], (3) energy router for smart homes [8],
(4) solid-state transformer (SST) cross-link between medium
voltage (MV) and low voltage grid (LV).

The primary purpose of MPCs is to integrate multiple ports
with varied voltage and current ratings into a single power
stage allowing bi-directional power flow between each port.
Apart from bi-directional power flow, specific applications
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Figure 1: Topology of a Multi-active bridge (MAB) converter.

like EV charging also require galvanic isolation between
the different ports for safety reasons. Hence, isolated multi-
port converters are used in those applications by adding a
high-frequency (HF) transformer as an intermediate stage [9].
The isolated multi-port converter family can be divided into
two categories depending on the number of transformers: (a)
multi-winding transformer-coupled MPC [9], [10], and (b)
multi-transformer coupled MPC [11]. One of the promising
topologies in the multi-winding transformer-coupled MPC
family is the multi-active bridge (MAB) converter. The MAB
converter consists of multiple inverter bridges (half-bridge
or full-bridge) connected via a high frequency (HF) multi-
winding transformer [8], [9], [12]. Derived from the dual-
active bridge (DAB) converter family [13], the MAB converter
not only integrates and exchanges the energy from/to all ports,
but also provides full isolation among all ports and matches the
different port voltage levels. Additionally, the MAB converter
realizes bidirectional power flow by adjusting the phase-shift
angle between the high-frequency ac voltages generated by the
inverter module at each port. Figure 1 shows the topology of
a generic n-port MAB converter.
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A key challenge in the design and control of the MAB con-
verter is the inherent cross-coupling of power flows between
ports due to the inter-winding magnetic coupling of the trans-
former. Therefore, the MAB converter behaves as a multi-input
multi-output (MIMO) system with coupled power loops, which
is difficult to control. In literature, several control techniques
to decouple the power flows are reported. The main goal
of these techniques is to simplify the cross-coupled MIMO
control loops into multiple independent single-input single-
output (SISO) control loops. A feedforward compensator
based control method is proposed in [14], which decouples
the control loops dynamically with pre-calculated decoupling
matrices stored as a look-up table in the controller. Another
control technique decouples the control loops by choosing dif-
ferent bandwidths for the SISO loops [8], [15], [16]. Therefore,
the loop with the highest bandwidth determines the phase-
shift direction during transients. A hybrid approach combining
the above two methods is reported in [4] for applications like
more-electric aircraft (MEA) to integrate storage systems with
different dynamic behavior. A time-sharing control strategy is
reported in [12], [17], which decouples the power flows by
operating the MAB converter as a DAB converter with only
two active ports and other ports deactivated as diode rectifiers
at any particular time period. However, the device stress and
the voltage ripple associated with this control technique are
usually high, which leads to larger filtering capacitors. All the
above mentioned control techniques are challenging to imple-
ment due to their complexity. Thus, they inhibit the scalability
of the number of ports in MAB converters and reduces their
applicability. [18] proposes a hardware decoupling approach
by adding a capacitor to create a series resonant port in the
multiport converter. However, the approach uses an additional
passive power device which results in higher losses and results
in lower efficiency.

This paper proposes a modified configuration of the MAB
converter, which leads to inherently decoupled power flows.
Typically MAB converters (see Figure 1) use external in-
ductors as leakage inductances in addition to transformer
leakage inductances to control power flow. In the proposed
configuration, the HF transformer is optimally designed to
ensure a low leakage inductance in one port (master) without
an external inductor and a relatively higher leakage inductance
in the rest of the ports (slave) by adding an external inductor.
This feature results in the near decoupling of the individual
power flow between the slave ports, making the low leakage
inductance port or the master port the same as the slack
bus. Due to the decoupling inherent to the proposed MAB
configuration, the multivariable coupled control system is de-
composed into a series of independent single-loop subsystems,
which avoids the need for advanced control methods. As
a result, high bandwidth for each control loop and rapid
dynamic response can be achieved independently. In addition,
due to simple control requirements, this configuration enables
the scalability of the number of ports without increasing
any control complexity. Further, the proposed configuration
uses one less power device, which results in lower losses
and leads to higher efficiencies. A reduced-order dynamic
model of MAB converters is used to analyze the decoupling

of the MAB converter and its boundaries. A 2 kW, 100
kHz, Si-C based prototype of a four-port multi-active bridge
converter or a quad-active bridge converter (QAB) is built
and successfully tested. The experimental results confirm the
theoretical analysis and show the inherent decoupling and fast
dynamic response. In summary, the main contributions of this
paper compared to previous works are:

1) Introduce a hardware-based solution to the inherent cou-
pling problem of MAB converters without adding extra
hardware.

2) Derive design thumb rules to achieve near decoupling us-
ing an asymmetrical distribution of leakage inductances.

3) Show that it is easier to determine the soft-switching
boundaries of the individual ports since their transformer
current shapes are like DAB converters.

4) Present in-depth analysis of the distribution of losses in
the proposed asymmetric four-port MAB converter with
experimental validation.

Furthermore, extensive experimental validation of the pro-
posed decoupling approach is presented, which shows power
flows in the MAB converter ports are controlled indepen-
dently regardless of controller bandwidth. Experiments also
demonstrate the bi-directional power flow capability of MAB
converters.

The paper is organized into six parts. The theory of the
MAB converter along with the analysis of the power flow
coupling are reviewed in Section II. Based on the previous
analysis, Section III presents a decoupled MAB converter
along with an in-depth study on the operating boundaries of
decoupling. Simulations based on a four-port MAB converter
or a quad-active bridge converter (QAB) are discussed in Sec-
tion IV. Section V reports the experimental results on the QAB
converter laboratory prototype. Finally, general conclusions are
summarized based on the analysis and the results.

II. THEORY OF MAB CONVERTER

A. MAB equivalent power flow circuit and waveforms
Figure 1 presents the topology of an n-port MAB converter

comprised of n full-bridge modules magnetically coupled via
an n-winding HF transformer. A star-equivalent model (see
Figure 2) is used for analysing the operation and switching
conditions of the MAB converter. The ports of the MAB con-
verter in Figure 1 are replaced by rectangular voltages sources
in the equivalent circuit. For convenience, the magnetizing
inductance Lm, the leakage inductances Lσk and the generated
ac voltages and ac currents are referred to port #1:

V
′

k =
N1

Nk
Vk, i

′
σk =

Nk

N1
iσk, L

′
σk =

(
N1

Nk

)2

Lσk (1)

The expression for voltage at the star-point (Vx) is obtained
by applying theory of superposition to estimate the thevenin
voltage contribution of all the ports:

Vx =

n∑
i=1

(
n∑

j=1,j 6=i

1
L

′
σj

)−1
L

′
σi +

(
n∑

j=1,j 6=i

1
L

′
σj

)−1V ′
i (2)
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Figure 2: Star-equivalent model of a MAB topology.

Therefore, the current slopes of the transfomer windings of the
MAB equivalent circuit can be expressed as the following:

di
′
Ti

dt
=
Vx − V

′
i

L
′
σi

(3)

The actual transformer currents can be obtained by integrat-
ing (3) over a switching period. The shape of the transformer
currents is dependent on the type of modulation strategy
used to modulate the star-point voltage Vx. Classically single
phase-shift modulation strategy (SPS) is applied to most
MAB converter solutions [8], [19]. According to the operating
principles of SPS modulation, the MAB bridges generate the
square-wave voltages Vi with a 50% duty, and the phase shift
φij between the driving signals for the bridges determines
the power level and direction. Figure 3 shows the idealized
transformer waveforms of a four-port MAB converter with
SPS modulation strategy.

B. Power flow and link inductances

MAB converter is a natural extension of the dual-active
bridge (DAB) converter introduced in [13]. A DAB converter
can be considered as a MAB converter with two active
ports. Therefore, the power flow equations derived for DAB
converters can be extended to a MAB converter. The cycle-to-
cycle average power transferred between port #i and port #j
of a MAB converter is given by:

Pij =
V

′
i V

′
j

2πfsLij
φij
(
1− |φij|

π
), φij = φi − φj (4)

where V
′

i , V
′

j are the port dc voltages; Lij is the equivalent
inductance between ports #i and #j; fs is the switching
frequency; φij is the phase-shift between the two square wave
voltages at the corresponding transformer terminals. It is
evident from (4) that to compute the power flow between
ports #i and #j the equivalent inductance (Lij) between two
ports need to be calculated. The star-equivalent circuit of
MAB converters is already introduced in the previous section.
However, the effective inductance between two ports is not
readily obtained from the star representation. Therefore, a delta
MAB equivalent power flow model as shown in Figure 4 is
required to analyze the power flow between ports. The MAB
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Figure 3: Idealized steady-state switching waveforms for unity-dc-
conversion ratios and equal leakage inductances of a four-port MAB
converter or a quad-active-bridge (QAB) converter.
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Figure 4: Delta power flow model of MAB converter topology.

delta power flow model represents point to point DAB power
flow between any two ports of an MAB converter.

Theory of superposition is applied on the star-equivalent
model to obtain the delta power flow model. The Thevenin-
equivalent inductance between any two ports #i and #j rep-
resented as Lij is obtained by applying the theory of super-
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Figure 5: (a) Thevenin-equivalent impedance of the rest of the
ports with the voltage sources short-circuited, (b) obtained thevnin-
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position on the star-equivalent circuit, as shown in Figure 2.
Accordingly, all the remaining voltage sources are shorted,
resulting in the circuit shown in Figure 5a. The Thevenin
inductance (LTH,x) between the rest of the circuit and the star-
point is the parallel combination of leakage inductance of the
remaining ports and the transformer magnetizing inductance:

L
′
TH,x =

(
1

L′
m

+

n∑
k 6=i,j

1

L
′
σk

)−1
'
( n∑
k 6=i,j

1

L
′
σk

)−1
(5)

Furthermore, it is assumed that the transformer magnetizing
inductance is significantly higher than the leakage inductances
of the port windings. The Thevenin equivalent ac voltage VTH,x
at the star port can be obtained as the superposition of voltages
from ports #i and #j :

V
′

TH,x =

(
L

′
σi‖L

′
TH,x

L
′
σi + L

′
σi‖L

′
TH,x

)
V

′
i +

(
L

′
σj‖L

′
TH,x

L
′
σj + L

′
σj‖L

′
TH,x

)
V

′
j

(6)

Since the active power transfer from V
′

TH,x to the ground is
zero, the active power transfer between port #i and port #j is
equal to the active power transfer between port #i and V

′
TH,x

resulting the DAB equivalent circuit between port #i and star-
point x as seen in Figure 5b. Therefore, applying the DAB
power flow equation (4) between V

′
i and V

′
TH,x, the active

power can be written as:

Pij =
V

′
i V

′
TH,x

2πfsL
′
σi

φij

(
1− |φij|

π

)
(7)

Further, it must be noted that while computing the power flow
between port #i and star point x, the voltage contribution of
V

′
i in V

′
TH,x will not result in active power flow since it is in

phase with itself. Therefore, substituting only the contribution
of V

′
j in (6) into (7), the generic power flow equation between

two ports in a MAB converter can be derived as:

Pij =
V

′
i Vj

′

2πfs

(
L

′
σi + L

′
σj +

L
′
σiL

′
σj

L
′
TH,x

)φij

(
1− |φij|

π

)
(8)

Therefore, comparing (8) to the DAB power flow form (4) and
combining with (5), the link inductance Lij between ports #i

and #j can be formulated as:

Lij =


NA, ∀i = j

L
′
σi + L

′
σj + L

′
σiL

′
σj

(
n∑

k 6=i,j

1

L
′
σk

)
, ∀i 6= j

(9)

Based on that, the inherent coupling between the power flow
between ports is analyzed. The power flow coupling of the
MAB converter can be investigated by the star-equivalent
circuit as shown in Figure 2.

C. Small signal model and control of MAB converter
Analyzing the controllability of the MAB system requires

a small signal model describing the relationship between the
control inputs and outputs. Generally, state-space averaging
technique is used to model the dynamic behavior of DC-DC
converters [20], [21]. However, in the case of isolated dc-dc
converters like the MAB converter, one of the state-variable is
the transformer current, which does not satisfy the small-ripple
approximation [22]–[24]. Since the power flow coupling can
be analyzed by low-frequency dynamics, the influence of the
high-frequency leakage inductor dynamics of the transformer
can be neglected [8], [14], [25]. To that end, an approximate
control-oriented small signal system model can be derived by
linearizing the system at a dc operating point. The currents at
different ports of the MAB converter before the dc side filters,
as shown in Figure 1 can be expressed in equation form in the
following:

iFi =
Pi

Vi
=

n∑
j 6=i

Pij

Vi
, ∀i ∈ (1, n) (10)

Combining (10) with (4) the following expression for the ith

port current is obtained:

iFi =

n∑
j 6=i

Vj

2πfsLij
f(φij), ∀i ∈ (1, n) (11)

where f(φ) is a non-linear function of the control variables
defined as following based on power flow equation (8):

f(φij) = f(φi − φj) = φij

(
1− |φij|

π

)
(12)

Since the state variables or port currents are a non-linear
function of the control inputs, the system needs to linearzied
at a dc operating point. The nominal plant is assumed to be
lossless, and only the predominant dynamics associated with
the filters at the dc side of each port have been considered
herein. The Taylor series expansion of above port currents at
an operating point A is:

Ii = Ii,A + ∆Ii,A (13)

∆Ii,A =

n∑
j 6=i

Gij∆φij, ∀i ∈ (1, n) (14)

Gij =
∂Ii,A

∂φij
∀i ∈ (1, n) (15)

Since it is always the phase shift between ports enable the
power transfer, in order to simply the control, the phase of
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port 1 can be fixed to be zero. Therefore, the small signal
gain matrix of the MAB converter can be expressed as:

∆I =


∆I2
∆I3

:
∆Ii

:
∆In

 =


G22 G23 .. .. G2n

G32 G33 .. .. G3n

: : .. .. :
Gi2 Gi3 .. .. Gin

: : .. .. :
Gn2 Gn3 .. .. Gnn




∆φ2
∆φ3

:
∆φi

:
∆φn

 = G∆φ

(16)
where, the expressions of the gain elements Gij ∀[i, j] in the
matrix can be expressed as:

Gij =


n∑
p 6=i

Vp,A

2πfsLip

(
1− 2|φi,A − φp,A|

π

)
, ∀[i = j]

− Vj,A

2πfsLij

(
1− 2|φj,A − φi,A|

π

)
, ∀[i 6= j]

(17)
Since Gij ∀[i, j] are all non-zero entities, the resulting control
input to output gain matrix G becomes a non-diagonal matrix.
The ratio of the non-diagonal terms Gij ∀[i 6= j] to the
diagonal elements of the gain matrix G represents the degree
of cross-coupling between the individual control loops [26].
This concludes the mathematical analysis to quantify the
power flow coupling of MAB converters.

III. MAB CONVERTER CONFIGURATION WITH
INHERENTLY DECOUPLED POWER FLOW

A modified configuration of the MAB is proposed and
described in detail in this section, which inherently decou-
ples inter-port flows. The small-signal model developed in
Section II-C is applied to investigate the degree of the cross-
coupling associated with the proposed configuration. Finally,
a qualitative comparison between the proposed solution and
the existing solution reported in the literature.

Section II showed that the inter-port MAB power flow
is dependent on the leakage inductance associated with the
individual ports. The leakage inductances can be realized

Lm

Vx

V1

iT1
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V
′
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′
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′
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Figure 6: Star equivalent circuit of the proposed MAB converter
configuration with port #1 as the master port, i.e Lσ1 ≈ 0.
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Figure 7: Idealized steady-state switching waveforms for unity-dc-
conversion ratios and equal link inductances of the proposed four-port
MAB converter.

by incorporating them into the design of the multi-winding
transformer. This approach, however, results in higher losses
in the transformer. As a result, the leakage inductances are
realized by adding external inductors to the windings of the
transformer, resulting in higher design flexibility [8], [14].
Figure 6 presents the star equivalent model of the proposed
MAB configuration based on external leakage inductors. Com-
pared to the conventional MAB configuration (see figure 1),
an external leakage inductor of one of the ports is omitted.
This port is referred to as the ’ master ’ port and all other
ports are referred to as the ’ slave port ’. Depending on the
application, a stiff-voltage source like a grid or a battery should
be connected to the master port. Since the leakage inductance
of the master port transformer winding is significantly lower
than the slave ports, it essentially regulates the voltage across
the magnetizing impedance transformer, thus decoupling the
power flow between the slave ports. However, the ’master’
port leakage inductance is not zero in practical applications.
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The winding of the transformer linked to the master port
has its own leakage inductance. A sensitivity analysis of the
’master’ port leakage inductance on the dynamic decoupling
performance of the control loops is conducted in Section IV.
Section V discusses the practical implementation of such
transformer.

A. Equivalent circuit and waveforms

Figure 6 shows the star-equivalent circuit of the proposed
configuration. Similar to the analysis presented in Section II-A,
the voltage at the star-point (Vx) and the current slopes of the
transfomer windings of the proposed MAB converter can be
expressed as the following:

Vx = V1 (18)

di
′
Ti

dt
=
V1 − V

′
i

L
′
σi

, ∀i ∈ [2, n] (19)

The inductor currents of the ports of the proposed MAB
converter can be obtained by integrating (19). Figure 7 shows
the idealized waveforms of a four-port MAB converter with
a null-leakage inductor at port #1. Comparing the waveforms
in Figure 7 to the conventional MAB converter waveforms
in Figure 3, it can be observed that the shape of the slave
port inductor currents (i

′
T2,i

′
T3,i

′
T4) are trapezoidal in nature

similar to DAB converter. However, the master port inductor
current (iT1) is not trapezoidal since it is a superposition of
the all the trapezoidal slave port inductor currents.

Since the slave port transformer currents are essentially
similar to that of DAB converters, all modulation strategies
applicable to DAB converters like trapezoidal modulation
(TZM), triangular modulation (TRM), and hybrid methods
can be applied to improve efficiency. Additionally, the soft
switching boundaries of the ports are independent of the
operating points of the other ports. Therefore, it is easier to
design duty-cycle based soft-switching control of the proposed
low leakage port MAB Configuration [14], [16].

B. Link inductances and power flow

The proposed MAB configuration is a special case of the
conventional configuration with the leakage inductance of the
master port reduced removed. Re-writing the link inductance
expression Lij of (9) with selecting port #1 as the master port,
i.e Lσ1 ≈ 0:

Lij =


NA, i = j

L
′
σj, i = 1, j 6= 1

L
′
σi, i 6= 1, j = 1

∞, i 6= 1, j 6= 1, i 6= j

(20)

Therefore, the generic power flow equation for the proposed
configuration can be subdivided into two cases: (a) power flow
equation between the master port and any slave port, and (b)

power flow between any two slave ports:

Pij =



0, i 6= 1,∀j ∈ [2, n]

0, j 6= 1,∀i ∈ [2, n]

V
′

i V
′

j

2πfsLij
φij

(
1− |φij|

π

)
, i = 1,∀j ∈ [2, n]

V
′

i V
′

j

2πfsLij
φij

(
1− |φij|

π

)
, j = 1,∀i ∈ [2, n]

(21)

Based on the power flow equation derived for the proposed
MAB configuration, a small signal model is developed in the
following section.

C. Small signal model and controllability

The pre-filtered currents at different ports of the proposed
MAB converter can be expressed in equation form in the
following:

iFi =



n∑
j 6=i

Pij

Vi
, i = 1

Pi1

Vi
, i 6= 1, i∀ ∈ [2, n]

(22)

Combining the above equations with the power flow equa-
tion (4), they can be expressed as the following:

iFi =


n∑
j 6=i

Vj

2πfsLσj

f(φi − φj), i = 1

V1

2πfsLσj

f(φ1 − φi), ∀i ∈ [2, n]
(23)

Since the port #1 is selected as the ”master” port, it acts
as the slack bus and the phase shift of this port is fixed at
0. The phase shifts of the slave ports are used to control
their respective currents. Linearizing the system at a certain
operating point A, and applying the Taylor series expansion
of above port currents as carried out previously in (13) - (15)
the small signal gains from input (φ2, ... , φn) to output (i2,
... , in) can be derived as following:

Gij =

0, ∀[i 6= j]
V1,A

2πfsLσi

(
1− 2|φi,A − φ1,A|

π

)
,∀[i = j] ∈ [2, n]

(24)
Therefore, the small signal gain matrix of the proposed MAB
converter configuration can be expressed as:

∆i =


∆i2
∆i3

:
∆ii

:
∆in

 =


G22 0 .. .. 0

0 G33 .. .. 0
: : .. .. :
0 0 .. Gii 0
: : .. .. :
0 0 .. .. Gnn




∆φ2
∆φ3

:
∆φi

:
∆φn

 = G∆φ

(25)
It can be observed that the small-signal gain matrix of the
proposed configuration is a diagonal matrix with all the non-
diagonal elements approaching zero. Therefore, there is no
cross-coupling between the control loops.
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Table I: Overview of MAB decoupling strategies

Performance metrics Software control solution Hardware solution
Inverse matrix

compensator [4], [14]
Band

decoupling [15], [16]
Time-

sharing [12]
Series-Resonant
Capacitor [18]

Proposed
Configuration

Computational effort
or data storage High Low Low Low Low

Controller architecture Centralized Decentralized Centralized Decentralized Decentralized
Hardware design
complexity/constraint Low Low Medium Medium High

Additional component - - -
One extra
capacitor

One less
inductor

Compared to existing solutions for the power flow decou-
pling in literature, the proposed MAB configuration has several
advantages. The main advantage of the proposed architecture
is that it is essentially decomposing a tightly coupled MIMO
network into multiple independent SISO systems. On the
other hand, some of the solutions published in the literature
concentrate at solving the problem of MIMO coupling in the
control domain, leading to sophisticated but complex control
strategies. [4], [14] uses pre-calculated decoupling matrices
to decouple the power flows. Excellent dynamic decoupling
performance has been documented using this technique. How-
ever, the control strategies mentioned have a high cost of
computation or digital storage and therefore require powerful
DSPs. In addition, with an increasing number of ports, the
complexity of the decoupling controller is further increasing,
which hinders scalability. Another control technique decouples
the control loops by choosing different bandwidths for the
SISO loops [8], [15], leading to relatively simpler control
implementation. The port with the highest bandwidth responds
the quickest during transient operation. The scalability of ports
with this strategy is more feasible than the previous solutions
based on advanced control. However, decoupling performance
is not optimal since the disturbance created by the control
action of the fast loops might affect the slower control loops.
Additionally, the controllability of the system is not adequate
since there are restrictions on the choice of control bandwidths
for different ports. A time-sharing control strategy is proposed
in [12], which decouples the power flows by operating the
MAB converter as a DAB converter with only two active
ports and other ports deactivated as diode rectifiers at any
particular time period. Control is comparatively simpler to the
decoupling matrix approach. However, inherently, this strategy
suffers from a slow transient response and high device stresses.
Therefore, it is not suitable for applications requiring fast
control and high efficiency. [18] proposes adding a capacitor
in series with the leakage inductance to ensure low impedance
port resulting in hardware decoupling. However, the approach
uses an extra power device which reduces efficiency and
limits applicability at high power solutions. Table I presents
a summary of the qualitative comparison of the proposed
hardware solution to the current MAB power flow decoupling
strategies which approach the problem from a both control and
hardware perspective.

IV. SIMULATIONS ON A QAB CONVERTER

Simulations on a four-port MAB converter or a quad-active
bridge (QAB) converter are carried out and analyzed in this
section to validate the theoretical considerations presented in
the previous section. Initially, the QAB converter specifications
and control strategy considered in the simulation are discussed.
The selected simulation package is MATLAB/Simulink aug-
mented with the PLECS blockset. A detailed analysis of the
results obtained from the simulations is presented at the end
of this section.

A. QAB converter specifications and control strategy

The QAB converter schematic used for the simulation
study is presented in Figure 8. The converter is comprised of
four ports: three bi-directional voltage ports, and a load port
consisting of a resistor in parallel with a capacitor. The voltage
sourced port #1 is used as the ”master port” as introduced
in Section III which acts as the slack bus of the multi-port
converter. Table II presents the simulation parameters of the
different ports of the QAB converter. The base inductance
Lbase value is obtained by using the maximum power flow
equation between two ports of a MAB converter when φij =

π

2
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i1F
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iT2V2
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Lf4
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L
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Figure 8: QAB converter schematic for simulation. Port #1, port
#2 and port #3 are connected with a voltage source and port #4
is connected with an RC load.
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Table II: QAB converter specifications

Description Symbol Unit Port
#1 #2 #3 #4

Voltage rating Vrated V 200 200 200 160
Current rating Irated A 10 10 10 10
Leakage inductance Lσ pu 0 1 1 1
LC filter inductance Lf µH 3 3 3 3
LC filter capacitance Cf µF 500 500 500 100
Phase-shift angle range φ rad 0 -π2 to π

2 -π2 to π
2 0 to π

2
Switching frequency fsw kHz 100 100 100 100
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Figure 9: (a) Block diagram of the QAB control system with three control loops: port #2 current control loop, port #3 current control loop,
and port #4 voltage control loop; (b) open loop response of current control loops of port #2 and port #3, and (c) open loop response of
voltage control loop of port #4.

resulting in the following expression:

Prated =
V 2

rated

8fswLbase
(26)

Using the values of switching frequency, rated power and rated
voltage from the QAB converter specifications in Table II in
revised manuscript,the base inductance Lbase results in 25 µH.

In the control system, there are three control loops: two
current loops for the bi-directional voltage sources in port #2
and port #3; and a voltage control loop for the resistive load
in port #4 with Rload = 35 Ω. Therefore, the voltage source in
port #1 acts as the ”master” port or the slack bus. Simple phase
shift control is used to control the QAB converter. Figure 9a
shows the block diagram of the QAB control system. The PI
controller for the voltage loop is designed to be slower than
the current loops to investigate the interactions between the
individual loops. For the current control, a crossover frequency
of 1.5 kHz is selected, while for the load voltage control
only 10 Hz is chosen as shown in the open loop Bode plots
Figure 9b and Figure 9c. The small signal gain matrix for
MAB converters derived in (16) can be re-written for the QAB
converter: ∆i2F

∆i3F
∆i4F

 =

G22 G23 G23

G32 G33 G34

G42 G43 G44

∆φ2
∆φ3
∆φ4

 (27)

where iiF (i ∈ [1, 4]) are the pre-filter currents of the dc
ports. The dynamics of the dc port currents (ii) can be obtained

combining (27) with the transfer functions of the dc side filters
of the QAB ports which are defined as:

G1I(s) =
∆i2
∆i2F

, G2I(s) =
∆i3
∆i3F

, GVI(s) =
∆Vdc,4

∆i4F
(28)

B. Results and discussion

The goal of the simulations is to prove the the effectiveness
of the proposed converter configuration in terms of decoupling
the power flows to gain precise and independent control on the
individual ports. To that end, two case studies are considered:

1) Case study I: load step in the resistive load port #4 to
investigate the effect of the relatively slower voltage loop
on the faster current loops.

2) Case study II: simultaneous step change of current refer-
ence points in the current controlled ports #2 and #3 to
study the effect of the faster current loops on the efficacy
of the voltage control loop.

In addition, simulations were performed of various leakage
inductances in the master port to test the sensitivity analysis of
the degree of the control loop decoupling. The simulations are
carried out at the following operating point: Pload,4 = -700 W;
P2 = 800 W; P3 = -800 W. At this operating point, the QAB
converter acts in the 2 source-2 load configuration (2S-2L)
with port #1 and port #2 as the sources and port #3 and port
#4 as the loads. The obtained simulation results are analyzed
in the following.
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Figure 10: Transient response of port voltages and currents at different master port leakage inductances during: (a) case study I: a load step
on load port #4 by switching a parallel resistor ; (b) case study II: simultaneous changes in the current set-points; 4A to 2A for i∗2 and -2A
to -4A for i∗3. In both the case studies, port #1 acts as the slack bus.
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Figure 11: 2-D area plot of normalized gain matrix Gnorm as expressed in (29) with master port leakage inductance Lσ1: (a) 0.04 pu, (b)
0.2 pu, (c) 0.8 pu, and (d) 1 pu.

Case Study I: The load step is realized by switching a
resistor of Rsw = 130 Ω across the existing load resistor Rload.
Figure 10a presents the dynamic performance of the current
loops and voltage loops of the ports during the load step in the
load port at a certain instant (t = 0.11 s). It is noted that the

voltage restoration control during the load step has no major
effect on the current loops in port #2 and port #3, which are
capable of holding currents at their set-points irrespective of
the master port leakage inductance. As the current loops are
much faster than the voltage loop, they reject the interference
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Figure 12: Open loop response of disturbance to control output: (a)
current control variable φ3 to voltage loop control output Vdc,4, (b)
voltage control variable φ4 to current loop control output i3.

independently of the leakage inductance of the master port.
However, the dynamic performance of the load port voltage
loop deteriorates with increasing leakage inductance in the
master port which is observed in the 12.5% drop of the
nominal voltage when Lσ1 = 0.8 pu compared to only 7% drop
when Lσ1 = 0.04 pu. The increasing leakage inductance of the
master port increases the effective inductance between the load
port and the master port, thereby reducing the plant control to
output gain; G44 in the small-signal gain matrix (27). Since
the controller gains remain the same, the voltage restoration
performance deteriorates.

Case Study II: At a certain time instant (t = 0.04 s), the
current reference point in the source port #2 is changed from
4A to 2A. Simultaneously, the current set-point in the load
port #3 is changed from -2A to -4A. Similar to the case study
I, the simulations are repeated for different master-port leakage
port inductances. Figure 10b shows the dynamic performance

of the current loops and voltage loop of the ports around
t = 0.04 s. The port #4 bus voltage disruption during the
current set-point adjustments in the current-controlled ports
is visible when the voltage drops by 24 V when the master
port leakage inductance is 0.8 pu. Unlike the case study I,
there is a significant interaction between the current and the
voltage control loops. The slow voltage loop is not capable
of rejecting the interference caused by the current set-points
adjustments when the master port leakage inductances are
0.2 pu and 0.8 pu. However, when the leakage inductance
of the master port is 0.04 pu, the bus voltage disturbance is
negligible.

The obtained simulation results can be explained by the
analysis presented in Section II. At the end of the Section II-C,
it was inferred that the degree of cross-coupling of the control
loops is directly proportional to the relative value of the non-
diagonal elements with the diagonal elements. To that end, the
small signal gain matrix of the QAB converter as shown (27)
is normalized as the following:

Gnorm =

 1 |G23

G22
| |G24

G22
|

|G32

G33
| 1 |G34

G33
|

|G42

G44
| |G43

G44
| 1

 (29)

Figure 11 shows the area-plot of the normalized gain matrix
Gnorm at different values of the master port leakage inductance.
At Lσ1 = 0.04 pu, the matrix is essentially a diagonal
matrix with the non-diagonal gain terms approaching zero.
Nonetheless, as the leakage inductance reaches the base value
of 1 pu, non-diagonal gain terms are increasingly comparable
to diagonal terms leading to cross-coupling between control
loops.

In addition to the gain matrix approach, a disturbance to the
output bode plot can be used to study the effect of the master
port leakage inductance on the decoupling performance. Fig-
ure 12a shows the disturbance (φ3) to output (Vdc,4) bode plot
for port #4. Similarily, Figure 12b depicts the disturbance (φ4)
to output (i3) bode plot for port #3. All cases show that
the low-frequency disturbance to output gain decreases by
approximately 20 dB as the master port leakage inductance
decreases from 0.8 pu to 0.04 pu. Therefore, when the master
port leakage inductance is low (≤ 0.05 pu), the PI controller
gains of the individual control loops are sufficient to reject
the cross-loop intereference. It must be noted that the above
decoupling design criteria becomes difficult to achieve as the
power rating and switching frequency of the MAB converter
increases as the base inductance is inversely proportional to
them as per equation (26).

In summary, the results of the simulation show that the
proposed MAB configuration has inherently decoupled power
flows if the master port leakage inductance is sufficiently
low (≤0.05 pu). In addition, it is shown that selecting different
control bandwidths for the control loops in the MAB [15]
does not guarantee power flow decoupling. The technique
eliminates the noise due to the slower loop on the faster loop.
However the slower control loop becomes more vulnerable to
disruption caused by faster control loops.
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Figure 13: QAB experimental laboratory prototype

Table III: HF Transformer Specifications

Design parameter Details
Core 2 stacks E-70/33/32
Material N87 (EPCOS TDK)
Layer insulation Kapton tape
Number of turns
(N1, N2, N3, N4) 8,8,8,8

Parallel turns 4,2,2,2

Litz wire details
rstrand = 0.05 mm
nstrand = 420

Leakage
inductances (µH)

L12 = 8; L13 = 1.8; L14 = 6.7
L23 = 9; L34 = 9; L24 = 19

V. EXPERIMENTAL RESULTS

Experiments are performed on a quad-active bridge (QAB)
converter prototype to demonstrate the inherently decoupled
flow control of the proposed MAB configuration. To that
end, the overall experimental setup, along with the system
components, is addressed in the next segment. Additionally,
the efficiency of operation and distribution of losses are
presented. The dynamic decoupling performance of the QAB
converter prototype is presented at the end.

A. QAB components and laboratory setup

The experimental QAB prototype is identical to the simula-
tion schematic (Figure 8) without the dc-side filter inductors
with all other parameters remaining the same (Table II). The
laboratory QAB converter setup is presented in Figure 13. The
overall system consists of four full-bridge modules connected
via a high-frequency multi-winding transformer with three bi-
directional DC power supplies (SM 500 CP-90 Delta Elektron-
ika) and a resistive load of 35 Ω. Si-C MOSFETs (Wolfspeed
C3M0065100K) are used for the full-bridge modules. Three
external leakage inductors of value 25 µH for the three
slave ports are highlighted in Figure 13. Blocking capacitors
are connected to each transformer winding to ensure the
transformer is not saturated due DC bias during transient
and steady state operating conditions. The central controller
is implemented on a Texas Instruments TMS320F28379D
DSP. The high-frequency (HF) transformer is implemented by
using two stacks of E-70/33/32 cores (core material N87) in

parallel. The transformer windings are interleaved to ensure
low leakage inductance of the windings. Leakage impedance
tests on the HF transformer are conducted to evaluate the inter-
winding leakage inductances. Table III presents the design
specifications of the HF transformer along with the experimen-
tally obtained values of the leakage inductances of the delta-
equivalent circuit. The transformer winding #1 is designed to
have the lowest leakage among all the windings, as evident
from the experimentally obtained leakage inductance values
in Table III. Therefore, the port connected to the winding #1
is used as the master port.

B. Efficiency and distribution of losses

The efficiency of the QAB converter prototype is ex-
perimentally measured using Yokogawa WT500 power ana-
lyzer. The QAB converter efficiency is measured with two
sources (port #1 and #2) and two loads (port #3 and #4).
The power of the load port #4 is kept constant at 730 W,
whereas the load power at port #3 is varied from 200 W
to 850 W. Two sets of experiment with the above power
loading are conducted: (a) port #2 supplies constant power at
600 W, and (b) port #2 supplies constant power at 900 W.
Figure 14a shows the measured efficiency curves obtained
from the experiments. The QAB efficiency curve obtained
during port #3 supplying power of 600 W is higher compared
to the case when port #3 supplying power of 900 W by 1%-
1.5%. Unequal sharing of the power between port #1 and #2
results in higher losses in the second case (P2= -900 W).

The operating points in the first set of experiments (OP#1
- OP#5) are modelled to analyze the loss distribution within
the QAB converter. Figure 14b shows the losses incurred at
different ports of the QAB converter as the load power P3 is
increased. It can be observed from the loss distribution that
the MOSFET conduction losses in both port #1 and port #3
increase as they process more power from operating point
1 to 5. Similarly, the MOSFET switching losses in port #3
increases as the power increases. In all the operating points,
port #3 MOSFETs are soft-switched. Therefore, they have
zero turn-on losses. As the peak current during turning-off
increases with increasing power, the turn-off losses of the
port #3 MOSFETs increase. However, the MOSFET switching
losses in port #1 almost remains constant even though the
power delivered increases. Similar to port #3, the MOSFETs
in port #1 are also soft-switched leading to zero turn-on losses.
However, due to low leakage inductance of the master port,
the peak current (iT1) during the turn-off transition is high as
seen in the steady-state transformer waveforms shown in Fig-
ure 15a. The master port inductor peak current value doesn’t
increase significantly as the power delivered by the master
port increases. Therefore, the MOSFET switching losses in
port #1 remain constant. The high peak transformer current of
the master port in the proposed MAB configuration results in
high turn-off switching losses irrespective of operating point.
This is a drawback of the proposed configuration compared to
the conventional configuration.

The transformer loss distribution is presented in Figure 14c.
The winding losses increase as the overall power processed
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Figure 14: (a) QAB converter efficiency during 2S-2L mode of operation with two sources (port #1 and #2) and two loads (port #3 and #4).
Port #3 acts as a variable load while port #1 acts as the slack port. Port #4 consumes a constant power of 730 W. Two sets of efficiency
measurements are carried out with source port #2 supplying constant power of 600 W and 900 W, (b) loss distribution in different ports
of the QAB converter at different operating points in 2S-2L mode with P3: 200 W to 850 W (load), P2: -600 W (source), and P4: 730
W (load), and (c) loss distribution in the transformer of the QAB converter at different operating points.
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Figure 15: (a) Steady state waveforms of the transformer winding
voltages and currents of the QAB converter in 2S-2L mode at operat-
ing point #5. The inductor current shapes of the port inductor currents
are similar to the theoretical waveforms presented in Figure 7, (b)
thermal image of the QAB converter setup at OP #5 with highlighted
hotspot temperatures.
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Figure 16: Bi-directional power flow control in port #2 in the QAB
converter prototype by ramping down the port power set-point. The
converter mode of operation transitions from a 2S-2L to a 1S-3L.

by the QAB converter increases from operation point #1
to point #5. However, the core losses remain constant in-
dependent of the power processed by the transformer. Due
to the zero leakage inductance, only the master-port volt-
seconds determines the flux density swing in the transformer.
Since the master-port volt-seconds remain constant throughout
the operating points, the core losses also remain the same.
Finally, Figure 15b shows the thermal performance of the QAB
converter at operating point #5.

C. Dynamic behavior and decoupling validation

The dynamic characteristics of the QAB converter proto-
type is presented here. As highlighted previously, one of the
significant advantages of the MAB converter family is the
capability of controlling the power of ports in both directions.
Figure 16 demonstrates a case study where the power in
port #2 is controlled in both directions. The port #2 current
alters direction tracking the ramped power set-point. It can
be further observed that port #1 acts as the slack port of the
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Figure 17: Transient behavior of the control currents and voltage
during a load step of QAB system configuration with: (a) Lσ1 = 0
pu, (b) Lσ1 = 0.6 pu.

converter as the QAB converter transitions from a 2 source-2
load (2S-2L) mode of operation to a 1 source-3 load (1S-3L)
mode. Thus, the bi-directional power flow control of the QAB
converter is validated.

The power flow dynamic decoupling performance of the
proposed QAB converter is validated by performing multiple
experiments on the prototype. The experiments are divided into
two case studies similar to the simulations in Section IV-B:

1) a step load in the load port #4 to investigate the effect of
the relatively slower voltage loop on the current loops in
port #2 and port #3.

2) simultaneous step change of current set points in port #2
and port #3 to study the effect of the current loops on
the efficacy of the voltage control loop in port #4.

In addition, two sets of experiments are carried out: (a) the
conventional QAB configuration with an external inductor
of Lσ1 = 0.6 pu is connected to the slack port winding
transformer, and (b) the proposed QAB configuration without
an external inductor as a leakage inductance connected to the
slack port winding transformer. The results obtained from the
two configurations are compared to evaluate the effectiveness
of the proposed configuration in terms of power flow decou-

pling.
The load step is realized on port #4 by switching a resistive

load of 130 Ω in parallel with an existing load of 35 Ω. The
dynamic behavior of the converter port currents and voltages is
shown in Figure 17. Figure 17a shows that the port currents of
port #2 and port #3 are not affected by the load step change
in port #4 when there is no extrenal leakage inductance is
added to the slack port transformer windings (Lσ1 = 0 pu).
The voltage dip at the load dc bus is 17 V. In case of the
conventional QAB configuration (Lσ1 = 0.6 pu), the load
port voltage dip is approximately 22 V. Simulation findings
have also shown similar behavior as reported in Figure 10a.
The cross-loop interference generated by the voltage loop is
corrected by faster current loops regardless of the leakage in-
ductance of the master port. In conclusion, the proposed QAB
configuration has faster voltage restoration performance during
load step compared to the conventional QAB configuration.
However, in both the configurations the cross-coupling effect
of the slower voltage loop on the current loops is negligible.

The interference due to the current control loops on the
voltage loop obtained from the experimental results is studied
in this section. The current reference points at port #2 and
port #3 are changed simultaneously (I2,set-point = 4A to 2A to
4A, I3,set-point = -2A to -4A to -2A). The transient response
of the dc bus voltage during this event is observed for both
the converter configurations with and without external leakage
inductances. Figure 18 and Figure 19 show the transient
behavior of the load dc bus voltage and the controlled currents
of the proposed QAB configuration (Lσ1 = 0 pu) and the
conventional QAB configuration (Lσ1 = 0.6 pu) respectively.
The full decoupling of the control loops is observed from
Figure 18a without any disruption to the dc bus voltage due
to the current loop control operation. However, in case of the
conventional converter configuration (Lσ1 = 0.6 pu), the dc
bus voltage is affected by the control action in the current
control loops as shown on Figure 19. Figure 19b shows that the
dc bus voltage drops approximately 24 V (15% of the nominal
bus voltage) during the current set-point changes in port #2
and port #3 before the voltage control restores the dc bus
nominal voltage. Similar results are obtained by simulation in
Section IV-B. In conclusion, the proposed QAB configuration
shows complete dynamic decoupling of the control loops
independent of individual control bandwidths.

VI. CONCLUSION

The main challenge of MAB converter design is to control
the power flow between different sources in a highly coupled
multi-winding transformer resulting in a coupled multi-input
multi-output (MIMO) system. The contribution of this paper is
the proposed MAB converter configuration with magnetically
decoupled power flows, which enables the regulation of power
flows independently of the controller bandwidth. The MAB
configuration is based on making a port with low leakage
inductance (≤ 0.05 pu) act as a rigid-voltage source on
the transformer magnetizing inductance while adding external
inductors (1 pu) to the rest of the ports. Simulations show the
proposed configuration decomposes the MIMO system into
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Figure 18: Dynamic performance of the control currents and voltage during set-point alterations in port #2 and port #3 with QAB configuration
with Lσ1 = 0 pu. The current set point in port #2 is changed from 4A to 2A and back to 4A. The current set point in port #3 is changed
from -2A to -4A and back to -2A. (a) overall transient waveforms, (b) transient waveforms during the first set-point change.
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Figure 19: Dynamic performance of the control currents and voltage during set-point alterations in port #2 and port #3 with QAB configuration
with Lσ1 = 0.6 pu. The current set point in port #2 is changed from 4A to 2A and back to 4A. The current set point in port #3 is changed
from -2A to -4A and back to -2A. (a) overall transient waveforms, (b) transient waveforms during the first set-point change.

independent single-input single-output (SISO) systems with
no mutual interaction. Experiments carried out on a 2 kW,
100 kHz four-port MAB converter laboratory prototype verify
the converter operation and decoupled power flow control. In
summary, the proposed design solves the problem of power
flow coupling inherent to MAB converters without losing any
advantage of the MAB converter family. Thus, it allows an
increase in the number of ports without increased control
complexity leading to higher system reliability and robust-
ness. However, the decoupling condition slightly increases
the design complexity of the multi-winding transformer. In
conclusion, the MAB converter with the proposed configu-
ration is highly attractive to a wide range of applications
requiring interfacing of multiple dc sources like rooftop PV,
storages, and loads with galvanic isolation. The effect of

the asymmetrical leakage inductance distribution on the soft-
switching boundaries of the MAB converter is an interesting
direction for future research.
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