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Abstract

Abdennour Merrouche, abdennour.merrouche@promes.cnrs.fr
Abdennour Merrouche, abdennour.merrouche@promes.cnrs.fr

This article presents the design and development of a three-port, three-phase Multi-Active Bridge (MAB)
converter adapted for domestic applications. The primary goal is to establish an autonomous electrical
energy storage system utilizing photovoltaic (PV) sources and hydrogen as the storage medium. The
converter is strategically designed to facilitate energy exchanges between different renewable energy
sources and the electrical loads within the structure. Composed of three three-phase inverters and a
transformer for magnetic coupling, each port enables bidirectional power flow and is galvanically isolated.
Energy flow regulation is achieved through phase shifting of control commands among the three inverters.
This type of converter enables enhanced flexibility and efficiency in integrating renewable energy sources
with domestic energy systems, thereby advancing the transition towards sustainable energy applications.

1 Introduction

With the acceleration of climate change, the
importance of prioritizing the use of renewable
energy sources to reduce CO2 emissions from
fossil fuels has become imperative [1]. However,
despite the considerable advantages of renewable
energies, their intermittent nature, dependent on
weather conditions, poses a major limitation. To
overcome this intermittency, the use of energy
storage means appears as a promising solution.

Currently, batteries are the most commonly
used energy storage devices, particularly in the
context of photovoltaic installations. However,
it is essential to explore other energy storage
alternatives in order to optimally and sustainably
meet the increasing demand for renewable energy.

Hydrogen is emerging as a promising solu-
tion for energy storage, due to its remarkable
physical properties as well as its non-toxic and
non-polluting nature [2]. Furthermore, its abundant
availability on Earth makes it an attractive candi-
date. The storage system would involve the use
of an electrolyzer to produce hydrogen through

electrolysis, as well as a fuel cell to regenerate
electrical energy from the stored hydrogen.

In [3], a simulation of annual photovoltaic pro-
duction and average annual consumption for four
people shows that during the winter period, photo-
voltaic production is not sufficient to cover domestic
consumption, while there is a surplus of production
during the summer. The idea would therefore be
to convert this surplus produced in summer into
hydrogen, in order to generate electrical energy
during the winter period. Hydrogen thus presents a
viable solution for long-term storage.

Furthermore, the use of these different en-
ergy sources requires a power conversion system
capable of interfacing these sources. To enable this
interconnection, a multi-source converter is neces-
sary. The two most commonly used structures are
Fig. [1]: the first is the grid architecture using a DC
voltage bus [4], where different conversion stages
are applied for each source and the converters are
connected to the common voltage bus. The second
structure is the multiport structure. Among the
multiport topologies, the Multi-Active Bridge (MAB)
stands out as an extension of the dual-active
bridge (DAB) [5]. The MAB consists of H-bridges



magnetically coupled by a transformer. The
advantages of this topology include high power
density, bidirectional power transfer, and galvanic
isolation between the sources.
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Fig. 1: (a) DC bus grid architecture, (b) Multiport struc-
ture.

In this study, the converter choice focused on a spe-
cific multiport converter: a three-port three-phase
multi-active bridge.

2 Multi-Active Bridge : Theoretical
Study

2.1 Structure of the converter

A demonstration of concept viability has been
accomplished through the integration of three
energy sources utilizing a specialized converter
designed for this specific application. In Fig. [2|
the schematic illustrates the interconnection of the
energy sources via three-phase inverters (A, B and
C) and a custom-designed transformer acting as a
coupling element.

Each inverter generates a magnetic flux within the
transformer. In a balanced state, the magnetic
fluxes generated by the three inverters nullify
each other, resulting in minimal power exchange.
However, by fine-tuning the control parameters of
the inverters to manipulate the phase difference
between their control commands, we induce a
magnetic imbalance, enabling the transfer of

energy from one source to another. This principle,
known as "phase-shift” control, forms the basis of
our approach.

The transformer plays a crucial role in the
converter setup. Its successful implementation
demands meticulous modeling and precise
dimensioning.

2.2 Power Flow Expression

The multiport transformer consists of three legs,
each containing three independent phases belong-
ing to a different inverter. Thus, each inverter has
one phase in one of the legs of the transformer
(see Fig. [3). This configuration enables magnetic
coupling between the inductances.

It is crucial to consider both the self-inductances
and the mutual inductances to ensure an accurate
representation of the system. In Fig. the
representation of the self and mutual inductance of
phase 1 of inverter A can be observed.

The expression for the voltages and currents of the
windings in Eq. (1) is:

Vla Lla ]V[laZ(z ]Wla3a ]‘/fla?)c Ila,
V2a AfZala L2a ATQaSa ]LIZaSc d 12a
Vaa | = | M3ata Msa2a  L3a M3a3c 2 Isa
. . . . . dt| .
‘/3c ]V[‘Scla ]WSCQa A[303a o L3c I‘Sc

(1)
Thanks to the symmetrical properties of the
self-inductance and the mutual-inductance matrix,
we acquire a 9x9 inductance matrix, where each
parameter is easly measurable.

The calculation of power flow between in-
verters, based on phase shift control, necessitates
a comprehensive consideration of various factors.
Notably, the inclusion of self-inductances and
mutual inductances for each phase within the
inverter. In the context of phase shift control,
understanding and quantifying the self-inductances
of each phase are essential as they directly impact
the energy exchange dynamics. By integrating
these considerations into the calculation frame-
work, a more accurate depiction of power flow
dynamics between inverters under phase shift
control can be achieved, enabling effective power
flow management strategies.

In the referenced study [6], it was demon-
strated that the inductance matrix provides a
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Fig. 2: Electrical circuit of the three-port three-phase multi-active bridge.

Leg1 Leg 2 Leg 3
1A 2A T+ ] 3A Inverter A
1B 2B 3B
1C F 2C 3c

Fig. 3: Representation of the windings of the three-port
transformer.
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Fig. 4: Representation of the self and mutual inductance
of phase 1 of inverter A.

method to establish a relationship between the
magnetizing inductance and the leakage induc-
tance inherent within the system. In references [7,
8], an N-branch transformer can be represented by
an equivalent T-model, as illustrated in Fig. 5} The
equivalent T-model [9,10] comprises a magnetic
inductance, three leakage inductances, and an
ideal transformer. The impedances and voltage
sources of the inverters B and C are referred to
the primary, which is in this case the inverter A.
Ly represents the Leakage inductance and L, the
Magnetizing inductance. The equivalent source

Ly

Fig. 5: T-model of the three-port transformer.

voltages at the B and C secondaries, as well as the
related leakage inductances, are given by Eq. (217)
[6].
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L¢ "Cyclic self-inductance” represents the interac-
tion between the self-inductance and the mutual
inductances within the same inverter.

M represents the cyclic mutual inductance, which
considers the effect between the mutual induc-
tances within the same leg and those of the same
inverter.

If we consider the equivalent T-model, taking phase
1 of each inverter as a reference, it is possible to
quickly calculate the power supplied by the three
energy sources (see Eq. (B)(©)(10)). Vi repre-
sents the midpoint potential, while V, denotes the
input voltage of inverter A and serves as a refer-
ence. Additionally, V, and V, represent the input
voltages of inverters B and C, respectively, phased
by angles ¢, and ¢, relative to V,. Specifically,

Vo= [VM;OO]a va = [VM;SOab]s and Ve = [VM7 @ac}-
sin(pap) sin(pac
L VR ) o
‘o 2Lqw.cx
SR o))
b 2L’fb.w a

3V2 (szn(cpab) + Siné;oac) _ Sin(@ac)'a)
Pc _ c
2L .
(10)
With o = (2 +Lfa+L/ +L} )

2.3 Multiport Transformer Modeling

Effective modeling of the magnetic coupler proves
essential during the converter’s design phase, as
outlined in reference [11]. This modeling process
serves two critical purposes: firstly, it validates the
converter’s operational principles, and secondly, it
facilitates optimization of the coupler’s geometry
for the intended application. Employing an ana-
lytical modeling approach based on a geometry-
dependent reluctance model is key to achieving
accurate representation of the magnetic coupler’s
behavior. By leveraging such modeling techniques,
insights into the dynamic interactions within the
magnetic coupler can be gained. These insights
enable fine-tuning of design parameters, ensuring
optimal performance and efficiency. Furthermore,
this modeling approach supports informed decision-
making throughout the design process. As depicted
in Fig. [6 the transformer comprises upper and
lower plates and cylindrical-shaped legs. This sym-
metrical configuration ensures an even distribution
of port powers [12], resulting in equally sized induc-
tances.

Fig. 6: 3D geometry of the three-port transformer.

The dimensions of the magnetic coupler are
influenced by various parameters, including the
length L, and width W, of both upper and lower
plates, as well as the thickness T, and air gap P
between them. Additionally, factors such as the air



gaps C at the legs of the transformer, the length
L¢ and radius r of the transformer legs, and the
distances d1 and d2 that define the position of the
leg relative to the plate, play significant roles in
determining its overall dimensions.

Taking into account a linear model for the
magnetic behavior of the 3C90 material, character-
ized by a relative permeability (ur) of 2300, we can
establish a straightforward reluctance model that
relies on these parameters (see Fig. [7).
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Fig. 7: Reluctance model circuit of the three-port trans-
former.

The reluctances Rp (plates air gap), Ry p (plate),
Req (leg air gap), and Ry (leg) are defined by the

following Eq. (11H{14) :

P
,UO'SPgap

(11)

Rpg =

Rrp = 12
e po-fir-Sp (12)
C
Recg = 5 (13)
1. TTT
L
Rio=—""— (14)
Ko - . TTT

Spgap @and Sp represent the cross-sectional area of
the plate and the leg, respectively. The reluctance
circuit, similar to an electrical circuit, enables
the determination of equivalent reluctances
seen from each source N;(t). This facilitates
the determination of self-inductances I, and
mutual inductances M;;, and the establishment
of the theoretical inductance matrix based on the
geometric parameters of the transformer. We
obtain the following 9x9 inductance matrix (in uH) :

3.10 —-1.55 —-1.55 3.10 —-1.55 —1.55 3.10 —1.55 —1.55

-1.55 310 -1.55 -1.55 3.10 -1.55 -1.55 3.10 —1.55
—-1.55 -1.55 3.10 -1.55 -1.55 3.10 —1.55 -1.55 3.10
3.10 —-1.55 —-1.55 3.10 —-1.55 —1.55 3.10 —1.55 —1.55
-1.55 310 -1.55 -1.55 3.10 -1.55 -1.55 3.10 —1.55
—-1.55 —-1.55 3.10 -1.55 —-1.55 3.10 -1.55 —1.55 3.10
3.10 —-1.55 —-1.55 3.10 —-1.55 —1.55 3.10 —1.55 —1.55
-1.55 310 -1.55 -1.55 3.10 -1.55 -1.55 3.10 —1.55
—-1.55 —-1.55 3.10 -1.55 —-1.55 3.10 —-1.55 —1.55 3.10

In the analysis of a magnetic circuit within
the framework of the linear approximation of
Hopkinson [13], it involves perfect magnetic
circuits. These circuits are linear (with con-
stant relative permeability wpr) and free from
magnetic leaks (where all the flux created by
the windings appears in the magnetic circuit).
Therefore, it is not possible to determine leakage
inductances from this theoretical inductance matrix.

To complete the modeling of the transformer,
finite element analysis allows for electromagnetic
simulation of the transformer in 3D. Thanks to the
software COMSOL Multiphysics we can obtain
the magnetic induction in the transformer under
nominal operating conditions (see Fig. [8).

The voltage applied across the terminals of
the transformer windings is 33V at a frequency
of 50kHz. The maximum inductance in the trans-
former is approximately 200mT, which falls within
the linear zone of the B(H) curve of the 3C90
material. This confirms that it is well below the
saturation point, and that the transformer operates
within the desired parameters and ensures its
effective functionality.
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Fig. 8: 3D simulation of the magnetic induction (mT) of
the three-port transformer.

This electromagnetic simulation also facilitates the
extraction of the inductance matrix by employing
the method of measuring the open-circuit voltage
at each winding when a driving voltage is applied to
the other winding. Equations and allow for
the calculation of the self and mutual inductances.

1 V::aili
Li=—1I 1
w m( Teoitt ( 5)
1 Veoild
My = —1 1
I W m( Icoili> (16)

We obtain the following 9x9 inductance matrix (in
uH) :

32432 -11384 -11385 3.0203 -1.1360 -1.1360 2.9065 -1.1361 -1.1361
-L1384  3.2433 -11387 -1.1360 3.0206 -1.1363 -1.1361 2.9067 -1.1364
-L1385 -11387 3.2432 -11360 -1.1363 3.0204 -1.1361 -1.1364 2.9066
30203 -11360 -1.1360 31753 -L.1348 -1.1348 3.0177 -11360 -1.1360
-11360 30206 -1.1363 -1.1348 3764 -11351 -1.1360 3.0180 -1.1363
-11360 -1.1363 3.0204 -11348 -1.1351 31764 -11360 -1.1362 3.0178
29065 -1.1361 -1.1361 30177 -11360 -11360 3.2432 -1.1384 -1.1384
-11361 29067 -11364 -1.1360 3.0180 -1.1362 -1.1384 3.2435 -11387
-11361 -1.1364 2.9066 -1.1360 -1.1363 3.0178 -1.1384 -11387 3.2432

With this matrix, we can either determine the
leakage inductances and calculate the power flow
P = flpap, dac] from Eq. or simulate the
converter on Ltspice by coupling the inductances
using the coupling coefficient k;; Eq. (17).

M;;
VLiL;
2.4 Simulation of the Converter

With simulation we can accurately replicate and an-
alyze the behavior of the converter. Through com-
prehensive simulation and modeling techniques, we
can assess various performance metrics, including
efficiency, voltage regulation, and power transfer
characteristics.

kij = (17)

We can compare the results obtained from differ-
ent methods. Tables [f] and 2] present the power
flow between the inverters for different phase-shifts,
with Table [1]| corresponding to a phase-shift of
dap = dac = —10°, and Table [Z corresponding
to a phase-shift of pap = dac = —20°. Compar-
ing these results provides valuable insights on the
power exchange dynamics between the inverters.

Pa(W) | Pg(W) | Pc(W)
Theoretical | -1979 1320 495
T-model -1979 1320 495
LTspice -2048 1424 458
COMSOL -1976 1457 467

Tab. 1: Power flow for ¢ a5 = pac = —10°

PA(W) | Ps(W) | Po(W)
Theoretical | -4032 2395 1021
T-model -4032 2395 1021
LTspice -4165 2587 955
COMSOL | -3907 2739 973

Tab. 2: Power flow for ¢ s = pac = —20°

The results obtained from these different methods
reveal that when negative phase-shifts are applied
to inverters B and C, inverter A supplies power to
inverters B and C. The negative sign of the power
value indicates that it supplies power, whereas
a positive value indicates that it receives power.
This analysis sheds light on the directional flow
of power within the system and underscores the
significance of phase-shift control in regulating
energy exchange between the inverters.

In the case of the Theoretical and the T-model we
obtain the same results. Despite the similarity in
magnitudes, differences emerge between the LT-
spice, COMSOL, Theoretical, and T-model results.
This discrepancy stems from the theoretical and
T-models not accounting for magnetic flux leakage,
as they operate within the linear approximation of
Hopkinson, assuming perfect magnetic circuits.
Consequently, these models may not fully capture
the complexities of real-world behavior, resulting
in variations in the simulated results compared
to those obtained from software simulations like
LTspice and COMSOL.

Until this stage, all simulations have utilized a sinu-
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Fig. 9: Simulation results. (a) voltages of the three phases of inverter A. (b) currents in the windings of inverter A.
(c) currents in the windings of inverter B. (d) currents in the windings of inverter C.

soidal waveform voltage. However, the converter
will employ a six-step control. In Fig. [9 the wave-
forms and amplitudes of the voltage across the
transformer windings, as well as the currents flow-
ing through each transformer winding, are illus-
trated. The simulations conducted on LTspice using
six-step control enable us to anticipate the behav-
ior of the converter prior to experimental testing.
This provides us with the opportunity to analyze the
voltage and current waveforms for different phase-
shifts.

3 Experimental Testing of the Con-
verter

Figure the transformer has been fabricated
and assembled, featuring plates and legs with
cylindrical shapes, constructed using 3C90
material. Within the transformer, the PCBs of the
three inverters integrate the windings, each coil
comprising N = 2 turns. These PCBs are arranged
in a stacked configuration. The control board
regulates the switches of the inverters, facilitated
by rotary encoders, allowing for precise adjustment
of the switching frequency and phase shifts ¢4
and ¢ 4¢. Experimental testing is conducted under

open-loop control conditions.

Following the completion of the converter,
the actual inductance matrix was measured
using an impedance analyzer. Subsequently, the
measured matrix was compared with both the
theoretical matrix extracted from the reluctance
model and the finite element analysis matrix
extracted from the electromagnetic simulation
using COMSOL software. This comprehensive

Fig. 10: Experimental setup of the three-port three-
phase Multi-Active Bridge converter.

comparison enabled a thorough validation of



the theoretical predictions and simulation results
against empirical measurements. Such validation
is essential for ensuring the accuracy and reliability
of the theoretical and simulation-based approaches
in predicting the transformer’s behavior and
performance under various operating conditions.
We obtain the following 9x9 inductance matrix (in
WH) :

332 —-091 —-096 3.00 -1.08 —-1.10 286 —1.10 —1.12
—-0.93 355 -—-1.22 —-1.05 324 —-1.35 —-1.08 3.08 —1.37
-0.99 -123 376 —-1.09 -136 341 -1.10 —-1.39 3.28
3.02 -1.06 -1.10 319 -1.10 -1.12 3.03 —-1.08 —1.13
—-1.08 322 -—-136 -1.10 335 —1.40 -1.09 3.24 —1.38
—-1.11 -1.36 340 —-1.10 -1.35 3.52 —-1.12 —-1.35 3.42
291 -1.08 -1.13 3.00 -1.12 -1.15 3.22 —1.11 -1.14
-1.10 3.12 -1.39 -1.12 320 -1.39 —-1.07 3.40 -—1.38
-1.13 -139 330 -1.15 —-141 339 -1.10 —-1.35 3.68
The initial tests of this converter were con-

ducted with an input voltage of V;,, = 20V for
each inverter, employing a switching frequency of
Fs = 50k H z, and allowing for phase shifts ¢ 45 and
¢ ac to vary within the range of —10° < ¢ < 13°.
These tests aimed to explore the converter’s behav-
ior under different phase-shift configurations and
provide insights into its operational characteristics
across a broad spectrum of operating conditions.

We can graphically represent the relation-
ship between exchanged powers and phase shifts
in Fig. [T1] This graphical representation allows
for a clear visualization of how changes in phase
shift affect the power exchange dynamics between
the inverters. By analyzing this evolution, we can
gain valuable insights into the optimal phase-shift
settings for maximizing power transfer efficiency
and achieving desired operational performance.

The power mapping of the converter illustrates
the validity of the Multi-Active Bridge’s operating
principle and showcases its capability to regulate
energy exchange between different sources
through the adjustment of phase shifts between
the inverters. This validation underscores the
effectiveness of the converter’s design in facilitating
dynamic control and efficient management of
power flow, highlighting its potential for various
applications requiring precise energy distribution
and control.

In Fig. the waveforms and amplitudes of the
voltage across the transformer windings, as well
as the currents, depict the maximum currents for
each inverter, with phase shifts ranging from -10°
to 13°. Each inverter is configured with a specific

100
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—100

—-100
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—200

—300

—100
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Fig. 11: Experimental power mapping of the three-port
three-phase Multi-Active Bridge converter.

phase shift combination to achieve its peak current.
For inverter A, the current reaches its maximum
when both ¢45 and ¢4 are set to -10°. In the
case of inverter B, the current peaks at p4p = 13
and ¢ 4c = 10. Similarly, for inverter C, the current
reaches its peak at p 4 = —10 and ¢p4c = 13. This
detailed analysis provides valuable insights into the
optimal phase shift configurations for maximizing
current flow in each inverter, facilitating informed
decision-making during system optimization and
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Fig. 12: Experimental results. (a) voltages of the three phases of inverter A. (b) currents in the windings of inverter
A. (c) currents in the windings of inverter B. (d) currents in the windings of inverter C.

control design. The Multi-Active-Bridge relies heav- 5
ily on the low values of leakage and magnetizing
inductances of the transformer, typically in the mi-
crohenry range.
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