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Abstract—Multiactive-bridge (MAB) converter is gaining high
interest as a multiport converter topology due to its multidirectional
power flow capability, zero voltage switching, and galvanic isolation
between ports with voltage step-up/down. One of the key compo-
nents of the MAB converter is the high-frequency n-port magnetic
link. Ann × n impedance matrix is a full order model to represent
an n -port passive network, without losing any information seen
from the ports. In this work, a full-order impedance matrix-based
model for an MAB converter is introduced, and a systematic ap-
proach is devised to find the optimal modulation parameters which
minimize the converter losses. This approach is deployed to obtain
desired power flow, minimize conduction losses, and analyze zero-
voltage-switching (ZVS) conditions. A frequency domain model is
developed which uses the impedance matrix to solve for the branch
currents. The inductance matrix of the high-frequency ac link is
further used with the frequency domain model to analyze the port
ZVS conditions by investigating the inductive energy in the high
frequency ac link. The work is experimentally verified on a GaN
based four-port 250-W MAB converter with its ports rated at 200 V,
30 V, 16 V, and 8 V.

Index Terms—Conduction loss estimation, frequency domain
modeling, full-order inductance matrix, multiactive-bridge (MAB)
converter, optimal modulation, zero-voltage-switching (ZVS)
modeling.

I. INTRODUCTION

THE multiactive-bridge (MAB) converter is a versatile mul-
tiport converter topology which is capable of providing

multidirectional power flow using a coupled n-port magnetic
link. Derived from the well-established dual active bridge (DAB)
converter [1], [2], [3], this topology provides benefits includ-
ing zero-voltage-switching (ZVS), low component count and
scalability to large number of ports. Due to these advantages,
especially enabled by the use of wide-bandgap devices, there
has been a increased adoption of MAB derived topologies
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in a multitude of applications including smart home energy
routers [4], solid-state-transformers [5], [6], electric vehicle
onboard chargers [7], battery management systems [8], and more
electric aircraft power distribution systems [9]. Due to the elim-
ination of intermediate conversion stages, the MAB converter
has been investigated as a suitable candidate in applications with
local energy generation and storage [10], [11], [12]. By enabling
direct power flow among ports, additional losses incurred in
typical two-stage systems are alleviated leading to improved
efficiency [5].

To control the power flow between the ports, single phase
shift (SPS) control has been primarily used due to its simplicity
and availability of closed-form equations for power transfer and
RMS currents [13], [14], [15]. However, the major drawback
in SPS control is the large circulating current in the ac link
when operating at nonunity reflected voltage gains [16], [17]. To
improve on this issue, based on Triple Phase Shift control in DAB
converters, the duty-ratio are used as additional control variables
to optimize for conduction losses in MAB converters [7].

Another key element in a MAB converter is the high fre-
quency magnetic structure (which is comprised of multiwinding
transformer and branch inductors) used for coupling the ports
of the converter. Modeling of these magnetics plays a key role
in obtaining optimal modulation variables. In [17], star model
was used to represent the magnetic structure. While allowing
for a simplified analysis, these reduced order models rely on
assumptions of certain cross-coupling terms to be negligible,
and thus fail to fully capture the coupling relationships in
multiport magnetic links with complex magnetic designs [18].
For example, the magnetic coupling in asymmetric-leakage
integrated multiport transformers, where the leakage energy is
used to integrate the series branch inductors, cannot be fully
represented using such models [19], [20]. Nevertheless, even in
the case without any leakage integration, it is common to have
complex magnetic structures that create coupling relationships
that deviate from the assumptions made to represent using a
reduced order model [21]. In such cases, if the MAB converter
is modeled with a reduced order model, discrepancies arise, re-
sulting in substantial deviations from the desired operating point.
This results in inaccuracies in the resultant port power levels,
loss of ZVS operation, and suboptimal modulation parameters
which in turn lead to increased converter losses. The authors
in [20] and [22] presented a full-order n× n inductance and
resistance matrix, capturing all the coupling relationships in an
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n-port network, which will be effectively utilized in this work
for obtaining the optimal modulation parameters.

For MAB converters with a higher number of ports, with
the introduction of duty-ratio control, the number of operating
modes increase dramatically. Modeling an MAB converter using
time-domain approach prevalent in DABs [23], can complicate
the overall analysis to achieve the optimal modulation variables
due to the increased number of operating modes. In [7] and
[24], generalized harmonic approximation-based frequency do-
main modeling approach was used to find optimal modulation
parameters in an MAB converter. Even though the above meth-
ods utilized the duty-ratio variables for control, the objective
function to find optimal modulation parameters was based on
the squared RMS currents or minimization of reactive power
which was used as a proxy for conduction losses. While such
methods would work for a symmetric design with nearly equal
specifications for all the ports, it would lead to suboptimal results
when used in a more sophisticated design with asymmetric port
voltage/power specifications. Furthermore, in [7], the investi-
gation of ZVS conditions were performed by identifying the
direction of current, which did not guarantee ZVS transition
based on the energy requirements [25], [26]. A detailed ZVS
analysis of the modular three-port MAB converter topology was
presented in [27] by using time domain mode-wise analysis.
This method only utilized SPS control, which would limit the
performance, especially at operating points with a nonunity-gain
for the reflected voltages from each port. Due to the large
number of operating modes involved in time domain analysis,
the method is not easily extendable for an MAB with increased
number of ports. In [17], the authors presented a multivariable
modulation strategy for an n-port MAB converter. The ZVS
conditions are evaluated using a Thevenin equivalent circuit
for the star-model of the transformer. As explained later in this
article, since the star-model being a reduced-order model, it fails
to capture all coupling relationships in multiwinding transformer
structures [18]. Furthermore, the loss optimization algorithm
uses proxy variables to model the conduction and switching
losses [17], which do not accurately capture the complex branch
current dependent loss mechanisms in multiwinding transform-
ers [21], [22].

In summary, the key limitation in the modeling methods
in the existing literature is the analysis of the MAB with its
magnetic link represented using reduced-order models (e.g.,
star model). In such cases, if the MAB converter is modeled
with a reduced order model, discrepancies arise, resulting in
substantial deviations from the desired operating point. This
results in inaccuracies in the resultant port power levels, loss of
ZVS operation, and suboptimal modulation parameters which
in turn lead to increased converter losses. To address these
limitations, the following are the key contributions of this article.

1) A generalized n-port frequency domain modeling ap-
proach which utilizes the n× n impedance matrix of the
ac link to obtain optimal modulation parameters of the
MAB converter. The use of frequency domain model-
ing instead of time domain modeling provides a unified
method to integrate the large number of phase-shift and
duty ratio variables into a single framework without the

Fig. 1. MAB converter topology with each port configured as full-bridge.

need for mode-wise analysis. As the impedance matrix-
based modeling approach allows to completely model the
n-port passive network, it is able to accurately capture
the magnetic coupling and hence the power flow in MAB
converter.

2) A port equivalent inductance and equivalent reflected
voltage based on the full-order inductance matrix of the
magnetic link, which is subsequently used to develop the
ZVS criterion. This enables accurate representation of the
equivalent inductance seen by the port to simplify the ZVS
analysis of an MAB converter to well-established DAB
converter. Furthermore, the model is directly compatible
with results obtained from finite-element-analysis (FEA)
tools, allowing it to evaluate complex magnetic shapes
designed for MAB converters in a practical design flow.

3) In addition to the inductance matrix, the resistance matrix
of the n-port network is also incorporated into the pro-
posed impedance matrix based model to further improve
the modeling accuracy and capture loss mechanisms that
are distinctive to multiwinding transformers. The opti-
mal modulation parameters obtained using the proposed
method ensure that the MAB converter operates in the
desired operating point in terms of power flow, while
reducing the conduction loss and enhancing the ZVS
performance, compared to the existing methods.

The rest of this article is organized as follows. Section II
introduces the impedance matrix-based modeling method for
MAB converter. In Section III, a systematic algorithm to find
optimal modulation parameters for a given operating point is
presented. The proposed model is validated through simulations
and experiments in Section IV. Finally, Section V concludes this
article.

II. PROPOSED MAB CONVERTER MODEL

In this section, the formation of ac link impedance matrix
and the proposed methodology to derive the branch currents,
power transfer and other quantities will be discussed. To define
the circuit parameters, the four-port MAB converter topology
shown in Fig. 1 is considered. The circuit topology is comprised
of four dc ports, with voltages V1, V2, V3, and V4. Each port
is connected to a full-bridge circuit, where each bridge leg is
switched at a frequency of fsw with complementary switching
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Fig. 2. Modulation variables in MAB converter with phase shift modulation.

logic having 50% duty ratio. As illustrated in Fig. 2, by using
the modulation parameters δi and ϕi (where i is the port index),
the duty-ratio and phase shift (w.r.t. port 1) of the quasi-square
wave branch voltage (vbi) is controlled, respectively. The high-
frequency inverting terminals of each full bridge is interfaced
with the high frequency magnetic link which is comprised of a
four-port transformer (TX) and external series branch inductors
(Lbi).

A. Impedance Matrix Representation of MAB AC Link

Without the loss of any magnetic coupling information, a
four-port transformer can be represented using a 4× 4 induc-
tance matrix [18]. In addition to the transformer, if external
branch inductors are connected to each transformer port as
shown in Fig. 1, they are directly added to the diagonal terms in
the transformer inductance matrix, thereby modeling the entire
magnetic link using a single inductance matrix (L) as given
in (1), where lii refers to the self inductance term of each
transformer port and lij ; i �= j are the mutual inductance terms
in the multiport transformer [18]. The inductance matrix of a
multiport transformer can be obtained by using several methods,
including FEA simulations or experimental measurements as
discussed in [20].

L =

⎡
⎢⎢⎢⎣

l11 + Lb1 l12 l13 l14

l21 l22 + Lb2 l23 l24

l31 l32 l33 + Lb3 l34

l41 l42 L43 l44 + Lb4

⎤
⎥⎥⎥⎦ . (1)

In addition to the inductive properties in the high frequency link,
it is vital to model the resistances introduced by the transformer,
branch inductors, and the semiconductor switches. At high fre-
quency operation, the magnitude and phase of respective branch
currents in the transformer affect the effective ac resistance in
a multiport transformer [21]. Therefore, it is inaccurate to use
only a series resistance term to model the ac resistance of each
transformer port, which does not capture the dependency on port
current. To address this, this work uses the resistance matrix
of the transformer [22], thereby enabling accurate modeling of
transformer losses in the MAB converter. It should be noted that
the elements in the resistance matrix are frequency dependent,
and can be extracted using an FEA simulation of the transformer.
In addition to the transformer, resistances of the series branch
inductors (Ri

Lb) and the ON-state resistance of series switches
in the conduction path (Ri

ds,total) are directly included in the

diagonal terms of the final resistance matrix (R), where Rbi =
Ri

Lb +Ri
ds,total and i is the port index. For a full-bridge as there

are always two switches in the conduction path of the branch cur-
rent,Ri

ds,total is twice the ON-state resistance of individual switch
(Rds,on), (i.e.,Ri

ds,total = 2Ri
ds,on). While for a half-bridge, since

there is only one series conducting switch, Ri
ds,total = Ri

ds,on. It
should be noted that while the switch resistances are modeled
as constant values in this work, the presented framework allows
for these resistances to be further parameterized as a function of
temperature, drain currents, and gate voltages.

R(ω) =

⎡
⎢⎢⎢⎣

r11 +Rb1 r12 r13 r14

r21 r22 +Rb2 r23 r24

r31 r32 r33 +Rb3 r34

r41 r42 r43 r44 +Rb4

⎤
⎥⎥⎥⎦ .

(2)
The resistive and the inductive elements of the MAB high-
frequency link are combined to create the effective impedance
matrix, Z(ω) as given in (3). Here, ω = 2πkf , where f is the
frequency of sinusoidal excitation.

Z(ω) = jωL+R(ω). (3)

B. Generalized Harmonic Approximation

As illustrated in Fig. 2, the branch voltages are quasi-square
wave shapes composed of multiple frequency components.
However, the impedance matrix in (3) is defined for a single
frequency. Therefore, to analyze how the ac link behaves for a
quasi-square voltage waveform, the branch voltages are decom-
posed into corresponding harmonic components using Fourier
analysis. The branch voltage can be written as a superposition of
multiple harmonics (4), where Vi is the port voltage of ith port,−−→
Vbi,k is the kth harmonic coefficient of branch voltage as given
in (5). Also, hi takes a value of 2 or 1 depending on whether a
half bridge converter or a full-bridge converter is connected to
the ith port, respectively. Here, ωsw = 2πfsw and Hmax refers to
the number of harmonic components used in superposition.

vbi(t) =

Hmax∑
m=0

k=2m+1

∣∣∣−−→Vbi,k

∣∣∣ sin
(
kωswt+ ∠−−→Vbi,k

)
(4)

−−→
Vbi,k =

4Vi

khiπ
cos (kδi) e

−jkϕi . (5)

The relationship between branch voltages and branch currents
can be expressed as (6) by using the impedance matrix for kth
harmonic component, where Vk = [

−−→
Vb1,k

−−→
Vb2,k

−−→
Vb3,k

−−→
Vb4,k]

T ,

Ik = [
−−→
Ib1,k

−−→
Ib2,k

−−→
Ib3,k

−−→
Ib4,k]

T , and Zk = Z(kωsw)

Vk = ZkIk. (6)

Fourier series coefficient corresponding to kth harmonic of
branch current (

−−→
Ibi,k) is obtained by solving (6) for Ik using

matrix inverse operation as shown in (7)

Ik = Z−1
k Vk. (7)
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The harmonic components of branch currents obtained in (7)
are superimposed as shown in (8) to obtain the time-domain
reconstruction of the branch current.

ibi(t) =

Hmax∑
m=0

k=2m+1

∣∣∣−−→Ibi,k

∣∣∣ sin
(
kωswt+ ∠−−→Ibi,k

)
. (8)

Furthermore, by using the Fourier series coefficients of branch
voltage and currents, important circuit quantities (port power,
port RMS current, and conduction loss) can be obtained in
frequency domain.

The switch ON-resistance and track resistances comes in series
with the current path, and hence are added to the diagonal terms
of the R matrix. Since the effect of ON-resistance of the switches
is modeled, the switches can be considered lossless and the
power seen on the high frequency bridge port is same as the
power seen on the dc side. Therefore, the active port power of
the MAB converter is expressed using the following:

Pi =

Hmax∑
m=0

k=2m+1

1

2
Re(

−−→
Vbi,k · −−→Ibi,k

∗). (9)

With this information, the switching cycle average load current
(Ii) taken from (or supplied to) each port can be expressed as

Ii =
Pi

Vi
=

1

Vi

Hmax∑
m=0

k=2m+1

1

2
Re(

−−→
Vbi,k · −−→Ibi,k

∗). (10)

Moreover, the port RMS current is written as follows:

ibi,rms =

√√√√√
Hmax∑
m=0

k=2m+1

1

2
(
−−→
Ibi,k · −−→Ibi,k

∗). (11)

With the resistance matrix already defined in (2), an expression
for the conduction losses (Pcond) can be written as follows:

Pcond =

Hmax∑
m=0

k=2m+1

1

2
ITkRkI

∗
k (12)

where Rk = R(kωsw) is the resistance matrix corresponding to
the kth harmonic.

C. DAB Equivalent Representation of MAB Port

A key benefit of the DAB and MAB topology family is the
possibility of achieving ZVS switching across wide operating
range, resulting in substantially lower switching losses. The
analysis of ZVS conditions for DAB converters has been well-
investigated in literature [25], [26], [28]. As derived in [25] for a
DAB converter, the sufficient condition for ZVS of a particular
port depends on the branch current direction, current magnitude,
branch voltage, effective series inductance (also referred to as
the leakage inductance), and the reflected branch voltage from
the other port. While obtaining the reflected voltage and total
series inductance is straightforward for a DAB converter, this is
not the case for the MAB converter due to the complex magnetic
coupling.

Fig. 3. DAB equivalent representation of port 1 of MAB converter.

To accurately investigate the ZVS transition of the jth port
of the MAB converter, it is required to obtain the equivalent
reflected voltage from all the other ports (Veq:j) as well as
the equivalent series inductance (Leq:j). Due to the increased
number of ports as well as modulation parameters in the MAB
converter topology, a large number of operating modes exist.
By using the impedance matrix based MAB converter model
introduced above, a unified method to obtain Veq:j and Leq:j is
presented hereinafter.

In this work, the objective is to simplify the MAB port which
needs to be analyzed as a DAB converter configuration. This
enables the use of existing knowledge base for DAB ZVS
analysis for the case of MAB converter. For the purpose of ZVS
analysis, only the inductive energy in the ac link is considered
by setting Rk = [0], simplifying Zk as follows:

Zk = jkωswL. (13)

Without loss of generality, port 1 is used as the reference,
to derive the expressions for

−−−−→
Veq:1,k and Leq:1. As discussed

before, the inductance matrix is a physical property of the high
frequency ac link and does not depend on the voltages applied by
each port. It can be noted that

−−→
Vb1,k in Fig. 3(b) is generated by the

switching action of the full bridge circuit in port 1, while veq:1,k
is generated by the combined effect of voltages applied from
other ports. Hence, by equating all the branch voltages other than
that of the port 1 to zero, makes

−−−−→
Veq:1,k = 0 in Fig. 3(b). The port

1 current,
−−→
Ib1,k, corresponding to scenario can be equated in two

ways to solve for Leq:1: 1) from Fig. 3(b) as given in (14); 2) by

using (7) and (13) by substituting
−−→
Vbi,k = 0 (where i = {2, 3, 4})

as given as follows, where [L−1](w,v) is the element in row w
and column v of the inverse inductance matrix:

−−→
Ib1,k =

−−→
Vb1,k

jkωswLeq:1
(14)

−−→
Ib1,k =

[L−1](1,1)

jkωsw
· −−→Vb1,k. (15)

By equating R.H.S. of (14) and (15), the value of Leq:1 is
obtained as follows:

Leq:1 =
1

[L−1](1,1)
· (16)

With the value obtained for equivalent series inductance Leq:1

in (16), the next step is to compute the value of Veq:1,k by setting−−→
Vb1,k to zero. In this scenario, the port 1 current,

−−→
Ib1,k, can be

written in two ways: 1) from Fig. 3(b) as given in (17); and 2)
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by using (7) and (13) as given as follows:

−−→
Ib1,k = −

−−−−→
Veq:1,k

jkωswLeq:1
(17)

−−→
Ib1,k =

1

jkωsw
· row1(L

−1) ·

⎡
⎢⎢⎢⎣

0

Vb2,k

Vb3,k

Vb4,k

⎤
⎥⎥⎥⎦ . (18)

By equating R.H.S. of (17) and (18), the expression for the the
equivalent reflected voltage from all the other ports on port 1
(
−−−−→
Veq:1,k) is obtained as follows:

−−−−→
Veq:1,k = −Leq:1 · row1(L

−1) ·

⎡
⎢⎢⎢⎣

0

Vb2,k

Vb3,k

Vb4,k

⎤
⎥⎥⎥⎦ . (19)

D. General Solution for jth Port of n-Port MAB

The above solution can be generalized for jth port of ann-port
MAB to find Leq:j and

−−−→
Veq:j,k as shown as follows:

Leq:j =
1

[L−1](j,j)
(20)

−−−→
Veq:j,k = −

n∑
m=1
m �=j

[L−1](j,m)

[L−1](j,j)
· −−−→Vbm,k. (21)

It should be noted that,
−−−→
Veq:j,k corresponds to the kth harmonic

of the Veq:j . To obtain the time domain reconstruction of Veq:j ,
harmonic superposition is used as shown in (22).

veq:j(t) =

Hmax∑
m=0

k=2m+1

∣∣∣−−−→Veq:j,k

∣∣∣ sin
(
kωswt+ ∠−−−→Veq:j,k

)
. (22)

To summarize, the Leq:j of the jth port can be obtained by the
(j, j)th element of the L−1 matrix and Veq:j,k can be obtained
from the jth row element of L−1 by using (21). Hence, just
by taking the inverse of L matrix once, the Leq:j and the
scaling factor to the branch voltages to obtain Veq:j,k of all the
ports can be obtained. It is worth mentioning that the proposed
impedance matrix-based frequency domain modeling approach
provides a convenient method to analyze the MAB converter
operation, especially in terms of simplifying the ZVS analysis.
The proposed framework uses a simple set of matrix operations
where the solution is directly extendable for an n-port MAB
converter, while capturing all magnetic coupling relationships
through the full-order inductance matrix.

E. ZVS Criterion for MAB Full-Bridge Port

With the values obtained for Leq:j and veq:j(t), each MAB
port can be analyzed for ZVS criterion as a DAB converter.
Extending from the results obtained for DAB converter in [25],
a comprehensive analysis of the ZVS transition is presented
hereinafter for the jth port of the MAB converter to find the

TABLE I
NECESSARY AND SUFFICIENT CONDITIONS FOR ZVS TURN-ON

Fig. 4. Illustration of charge flow during ZVS transition using proposed DAB
equivalent representation of MAB converter jth port. (a) Turn-ON transition of
Sj:1 & Sj:4. (b) Turn-ON transition of Sj:1 .

necessary and sufficient conditions. The switching transitions
of the full-bridge port is divided into two categories: 1) when
vbj is a square-wave (δj = 0); 2) when vbj is a quasi-square
wave (δj �= 0). Table I tabulates the conditions for complete ZVS
transition of each switch in port j. Here,ELeq:j

= 1
2Leq:ji

2
bj(t0),

where t0 is the switching instance. Qoss(Vj) =
∫ Vj

0 Coss(v)dv
refers to the total charge in switch output capacitance when
blocking a voltage of Vj , and Coss(v) is the voltage depen-
dent nonlinear output capacitance of the switch. veq:j(t0) is
the equivalent voltage from other ports obtained using (22).
Fig. 4(a) illustrates the charge flow for ZVS turn-ON scenario
for Sj:1 and Sj:4. At the beginning of the transition, Sj:2 and
Sj:3 are turned OFF. Since ibj(t0) < 0, the output capacitance of
Sj:1 andSj:4 are discharged while output capacitance ofSj:2 and
Sj:3 are charged. The total charge that needs to be displaced is
2Qoss(Vj), which flows out of veq:j(t0). Therefore, the energy
required for this process is −2Qoss(Vj) · veq:j(t0). It should
be noted that the source Vj does not consume any net energy
in this transition. The Fig. 4(b) illustrates the example charge
flow for ZVS turn-ON scenario for Sj:1 with δj �= 0. Assuming
Sj:1 and Sj:2 to be the leading leg, Sj:3 is ON and Sj:4 is OFF.
At the beginning of the transition Sj:2 turns OFF. Assuming
ibj(t0) < 0 a net charge of 2Qoss(Vj) flows out of veq:j(t0),
charging the output capacitance of Sj:2 to Vj and discharging
the output capacitance of Sj:1 to 0V. Furthermore, during the
process of chargingSj:2, a net charge ofQoss(Vj)flows out ofVj

to supply energy. Hence, the total energy required for this tran-
sition is Qoss(Vj) · (−2veq:j(t0)− Vj). Similar analysis can be
conducted for all the transitions to obtain the minimum energy
conditions in Table I.
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Fig. 5. Flowchart illustrating the key steps involved in obtaining optimal
modulation parameters.

Fig. 6. (a) Experimental setup: 1) Port 1 DC Power Supply. 2) Port 2 DC
electronic load. 3) Port 3 DC electronic load. 4) Port 4 DC electronic load.
5) MAB hardware prototype. 6) Oscilloscope. 7) Auxiliary power supply.
(b) Four-port MAB converter. (c) Four-port planar magnetics with branch
inductors.

III. ALGORITHM TO FIND OPTIMAL MODULATION

PARAMETERS

In this section, a systematic algorithm for obtaining the modu-
lation parameters (δi and ϕi) of the MAB converter is presented.
The algorithm is executed using the results obtained in Section
II and with the purpose of achieving the optimal converter
operation with minimal losses.

The optimization variables are δi and ϕi for i = 1, 2, . . ., n
whereas the fixed variables are the port dc voltages, Vi. There
are three parts which formulate the nonlinear constrained opti-
mization problem which are as follows: 1) Equality constraints:
Where the resultant boundary conditions should be equal to the
reference boundary conditions; 2) inequality constraints: Where
the resultant boundary conditions should be greater than (or
less than) the reference boundary conditions, and 3) objective

Fig. 7. Equivalent circuit waveforms for operating point: [V1, V2, V3,
V4, Pout]; [160 V, 22 V, 11 V, 7 V, 225 W].

function: A function which comprises of the major optimization
targets that should be minimized (or maximized). Within the
context of the optimal modulation of the MAB converter for a
given operating point, the equality constraints are the resultant
port powers (9), which must equal the referenced powers (Pi,ref)
as shown in (23).

Pi = Pi,ref for i = 1, 2, . . ., n. (23)

The safe operation of the proposed converter is attained by
ensuring that the instantaneous inductor branch currents never
exceed the maximum switch current ratings over the switching
cycle. Hence, the inequality boundary conditions are set as the
maximum instantaneous branch currents (ibi,max), which should
always be less than the maximum switch current (iSi,max) in the
corresponding ports, as given in (24).

ibi,max < iSi,max for i = 1, 2, . . ., n. (24)

The objective function of this nonlinear optimization algorithm
is to minimize the total losses (Ploss) present during the converter
operation which in turn maximizes its efficiency. The two major
loss mechanisms that are considered in the optimization process
are the conduction loss (Pcond) and switching loss (Pswitch). The
overall constrained optimization problem is summarized in (25).

min
[δ1,...,δn,ϕ2,...,ϕn]

Ploss(= Ploss + Pswitch)

δi∼[0,π/2];ϕi∼[−π/2,π/2]

s.t. Pi = Pi,ref

ibi,max < iSi,max. (25)

In this article, the conduction loss is calculated using (12).
Whereas, to determine the switching losses, the turn-ON switch-
ing transitions are initially categorized as either a full-ZVS or
a hard-switching transition. It should be noted that the turn-OFF

losses are considered to be negligible for this case study due
to the use of GaN switches in the hardware prototype. This
switching transition categorization is performed using the en-
ergy conditions and the current direction requirements shown in
Table I. In this analysis, a dead-time of 60 ns is considered. In this
study, a ZVS transition is considered to have no switching losses
present resulting from the use of GaN switches in the hardware.
Whereas, in the event of a hard-switching transition, the switch-
ing losses are computed using the method in [26]. However,
when Si or SiC switches which have nonnegligible turn-OFF
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Fig. 8. Experimental waveforms of branch voltages and branch currents for EM1, EM2 and proposed method at {[V1, V2, V3, V4], [P2:P3:P4]}
= (a) {[160V, 28V, 14V, 7V], [0.6 : 0.25 : 0.15]}, (b) {[190 V, 30 V, 16 V, 8 V], [0.6 : 0.25 : 0.15]}, (c) {[160 V, 22 V, 11 V, 7 V], [0.6 : 0.25 : 0.15]},
(d) {[160 V, 30 V, 16 V, 8 V], [0.6 : 0.25 : 0.15]}.

Fig. 9. Efficiency comparison between the existing and proposed modu-
lation approach; “*” represents the experimental efficiency measurements,
{[V1, V2, V3, V4], [P2:P3:P4]} = (a) {[160 V, 28 V, 14 V, 7 V], [0.6 : 0.25 :
0.15]}, (b) {[190 V, 30 V, 16 V, 8 V], [0.6 : 0.25 : 0.15]}, (c) {[160 V,
22 V, 11 V, 7 V], [0.6 : 0.25 : 0.15]}, (d) {[160 V, 30 V, 16 V, 8 V], [0.6 :
0.25 : 0.15]}.

losses are used, the losses incurred in the ZVS turn-ON transition
can be modeled using the method demonstrated in [29]. Due to
the highly nonlinear nature of the MAB modulation variables
and circuit parameters present in the optimization algorithm,
a gradient-based numerical optimization routine utilizing the
MATLAB Optimization Tool Box “fmincon” is implemented in
this approach. As an alternative, to avoid potential local-minima

TABLE II
AVERAGE COMPUTATION TIME COMPARISON

related issues in gradient-based methods, other heuristic/global
search optimization routines can be used. Evaluating the trade-
off between the execution time and the desired optimization
accuracy is a factor when selecting the preferred optimization
tool. The major steps in the proposed constrained nonlinear
optimization algorithm for obtaining the optimal modulation
parameters are summarized in the flowchart shown in Fig. 5.

In order to compare the computational burden of the exist-
ing and proposed method, the averaged execution times are
measured on MATLAB R2021b running on a computer with
Intel Core i3-10100 CPU and 16 GB of RAM. The results are
provided in Table II for the four-port MAB converter discussed
in Section IV.

IV. RESULTS AND DISCUSSION

A four-port MAB converter design is used to validate the
proposed modeling and optimal modulation scheme. The key
specifications of the MAB converter are tabulated in Table III.
In terms of the ac link, a planar transformer with external branch
indicators is used. A photograph of the magnetic structure is
shown in Fig. 6(c). To obtain the inductance and resistance
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Fig. 10. Loss breakdown comparison between the existing and
proposed modulation approach, {[V1, V2, V3, V4], [P2:P3:P4]} =
(a) {[160 V, 28 V, 14 V, 7 V], [0.6 : 0.25 : 0.15]}, (b) {[190 V, 30 V, 16 V,
8 V], [0.6 : 0.25 : 0.15]}, (c) {[160 V, 22 V, 11 V, 7 V], [0.6 : 0.25 : 0.15]},
(d) {[160 V, 30 V, 16 V, 8 V], [0.6 : 0.25 : 0.15]}.

Fig. 11. ZVS performance comparison between the existing and pro-
posed modulation (PM) approaches, {[V1, V2, V3, V4], [P2:P3:P4]} =
(a) {[160V, 28 V, 14 V, 7 V], [0.6 : 0.25 : 0.15]}, (b) {[190 V, 30 V, 16 V,
8 V], [0.6 : 0.25 : 0.15]}, (c) {[160 V, 22 V, 11 V, 7 V], [0.6 : 0.25 : 0.15]},
(d) {[160 V, 30 V, 16 V, 8 V], [0.6 : 0.25 : 0.15]}.

TABLE III
FOUR-PORT MAB CONVERTER SPECIFICATIONS

matrix of the magnetic design, a comprehensive eddy current
FEA simulation sweep is conducted for the entire structure using
ANSYS Maxwell. The L and R corresponding to 100 kHz are
shown in (26) and (27). The obtained modulation parameters
are realized in Texas Instruments’ TMS320F28377D DSP using
curve-fit equations and is provided as feed-forward, as presented
in [17]. A constant dead-time of 60 ns is provided between the
complementary switching pulses.

L(mH) =

⎡
⎢⎢⎢⎣

3.9204 0.9800 0.4901 0.2450

0.9800 0.2463 0.1225 0.0612

0.4901 0.1225 0.0623 0.0306

0.2450 0.0612 0.0306 0.0156

⎤
⎥⎥⎥⎦ (26)

R(mΩ) =

⎡
⎢⎢⎢⎣

166.64 22.09 11.92 5.42

22.09 18.99 2.59 1.22

11.93 2.59 11.62 0.80

5.43 1.23 0.801 3.72

⎤
⎥⎥⎥⎦ . (27)

By using the FEA-extracted high frequency link information,
the port equivalent DAB configuration is created for each port to
investigate the ZVS transitions. By using (20), the obtained port
equivalent inductances are shown in (28). Furthermore, the FEA
obtainedLmatrix information is used to simplify (21) as given in
(29). It should be noted that with the proposed approach, veq:j(t)
for each port is obtained by the summation of each branch
voltage multiplied by a scalar term, which itself is independent
of the modulation variables and harmonic number. This makes
the entire ZVS evaluation process computationally efficient and
substantially improves the scalability of the proposed method
to MAB converter with large number of ports. As an example,
the Fig. 7 illustrates the reconstructed time-domain waveforms
for the port 1 equivalent circuit. veq:1(t) represents the resultant
equivalent voltage by combing the effects from all other ports
coupled through the magnetic link. The instantaneous voltages
and currents at the switching transitions are used to analyze the
port 1 in terms of ZVS.

Leq(μH) =
[
13.09 1.315 1.048 0.299

]
(28)

⎡
⎢⎢⎢⎣

veq:1(t)

veq:2(t)

veq:3(t)

veq:4(t)

⎤
⎥⎥⎥⎦=

⎡
⎢⎢⎢⎣

0.000 2.515 1.592 2.705

0.253 0.000 −0.019 −0.003

0.127 −0.015 0.000 0.022

0.062 −0.0007 0.0062 0.000

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

vb1(t)

vb2(t)

vb3(t)

vb4(t)

⎤
⎥⎥⎥⎦ .

(29)
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Fig. 12. Switching transition of port 1 bottom switch for: (a) EM1 at TEM1 in Fig. 8(a), (b) EM2 at TEM2 in Fig. 8(b), and (c) proposed method at TPM in
Fig. 8(c).

To compare the performance of the proposed framework
against existing methods, Fig. 8 shows the experimental results
for branch voltages and currents of the MAB converter for
various port voltages and power levels. Fig. 8(a), (d), and (g)
shows the experimental result for conventional control of MAB
converters with only phase shift control (referred to as existing
method 1, EM1) [13], [14], [15]. The modulation of the converter
with both phase shift and duty ratio control is shown in Fig. 8(b),
(e), and (h) and this method is referred to as existing method
2 (EM2) [17]. In the above two methods (EM1 and EM2),
star-model of the magnetic link, which is a reduced order model
is used. Fig. 8(c), (f), and (i) shows the experimental result using
the proposed method incorporating phase shift, duty ratio, and
the full order impedance matrix of the high frequency ac link. It
should be noted that, since there are different combinations of
modulation variables to obtain the same power flow, the profile
of branch voltages and currents are different in all three methods.

The branch voltages in EM1 are square waveforms, due to the
absence of duty ratio control. In contrast, the branch voltages in
EM2 and the proposed method can be either a square wave-
form or a quasi-square waveform. With increased flexibility in
modulation and better representation of the magnetic coupling,
the proposed method finds the optimal modulation parameters
to reduce the losses in the system. This is validated by the
comparison of efficiencies of all the three methods and the
observation of switching transitions, explained hereinafter.

The efficiency of the MAB converter obtained by using the
proposed method is compared with the existing methods in
Fig. 9, where the experimental measurements are denoted by
“*”. Along with the usage of duty-ratio control (which pro-
vide more degrees of freedom) the increased knowledge of the
magnetic coupling and improved estimation of conduction loss
using R matrix enables the proposed method to have superior
efficiency compared to EM1 and EM2. The slight discrepancy
in the experimental efficiency could be attributed to the variation
in the ON-state resistance of the switches and ESR losses in the
capacitors.

The converter loss breakdown corresponding to the same
set of operating points (shown in Fig. 9) are illustrated in
Fig. 10. In terms of switching losses, the EM1 does not use the
switching losses in the objective function as it does not model
soft-switching behavior in the MAB converter. Therefore, EM1
primarily uses conduction loss minimization to improve the con-
verter efficiency without having any control over the switching

loss. This could potentially lead to high switching losses in
the converter negating the benefits achieved from conduction
loss minimization. In EM2, the ZVS conditions are identified
using the star-model of the MAB converter’s magnetic link with
the corresponding port referred inductance value. Subsequently,
the non-ZVS (hard switching) switching transitions are used to
create a proxy for the switching losses. Since both conduction
and switching losses are based on proxy variables in EM2,
the relative magnitude information is not accurately captured
when creating the objective function for the total losses in the
converter, leading to inaccurate representation of total losses
in the converter. Furthermore, the star-model of the magnetic
link is not a full-order model, which leads to inaccuracies in
terms of analyzing the energy condition to achieve ZVS. In
contrast, the proposed method uses the full order inductance
matrix to derive the expressions for ZVS conditions, and for the
non-ZVS operating points the switching losses are estimated
accurately considering the both the direction and magnitude
condition (energy condition) of branch currents as shown in
Table I.

The comparison of switching behavior in the MAB converter
using existing (EM1 and EM2) and proposed method for the
same set of operating points are shown in Fig. 11. The high
switching losses observed in EM1 in Fig. 10 can be explained
by observing Fig. 11 where it is evident that the half-bridge leg
1 of the port 1 incurs a hard switching transitions leading to
increased switching losses. Since port 1 processes the highest
amount of power/voltage, achieving ZVS in port 1 is critical to
minimize the switching losses in the converter. In contrast, the
proposed method achieves complete-ZVS for all the switching
transitions in the port 1 minimizing the switching losses in the
converter across all operating points. As the objective in the
proposed method is to minimize the total losses in the converter,
the proposed method achieves complete-ZVS in all switching
legs especially in light-load conditions where the converter
conduction losses are low and comparable to the switching
losses.

Furthermore, the proposed methodology to determine and uti-
lizeLeq:j and veq:j (where j= 1, 2, 3, or 4) results in modulation
parameters that ensure full soft switching. This is validated from
the switching transitions of each port for the three methods. As
an example, Fig. 12 are expanded versions of time instances
TEM1, TEM2, and TPM of Fig. 8, with the drain-source voltage
of bottom switch in port 1 leg, corresponding gate-source voltage
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and branch current of port 1. It can be seen that the modulating
parameters obtained using EM1 results in hard turn ON, while
EM2 leads to incomplete ZVS and the proposed method leads
to complete ZVS transition, resulting in lowest losses. The
above experimental results show the efficacy of the proposed
method over the existing methods when implemented on the
same hardware prototype.

V. CONCLUSION

A comprehensive approach to model and obtain optimal
modulation parameters for an n-port MAB converter is pre-
sented in this article. The proposed model utilizes the full-order
impedance matrix of the high frequency ac link to capture all
magnetic coupling relationships, as well as resistive characteris-
tics which affect the power flow, ZVS criteria, and the losses in
the converter. An analytical method is devised to determine the
equivalent inductance and equivalent reflected voltage from each
port using the inductance matrix. These values are further used in
the port equivalent representation of the MAB converter which
enables accurate evaluation of ZVS criteria for all the switching
transitions. Furthermore, the resistance matrix along with the
branch currents are used to accurately capture the conduction
losses incurred in the system. With the proposed methods for
finding the switching and conduction losses with the frequency
domain modeling of the converter, an algorithm is proposed to
find the optimal modulation parameters. The proposed scheme
is then validated experimentally using a four-port GaN-based
MAB converter hardware prototype. It is validated that using
a full order impedance matrix modeling, which captures the
complex coupling and loss mechanisms, the proposed optimal
modulation method enhances the efficiency of the system. In
addition to improved operation of existing designs (higher ef-
ficiency and ZVS), the proposed modeling and optimization
approach also provides a generalized platform for design space
optimizations of MAB converters, which can be used optimally
design switches and magnetics for MAB converters. With ac-
curate estimation of voltages and currents in the system, the
framework also allows for addition of other loss mechanisms to
expand the optimization objective functions and constraints.
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