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Abstract: Multi-port DC-DC converters are a promising solution for a wide range of applications
involving multiple DC sources, storage elements, and loads. Multi-active bridge (MAB) converters
have attracted the interest of researchers over the past two decades due to their potential advantages
such as high power density, high transfer ratio, and galvanic isolation, for example, compared to
other solutions. However, the coupled power flow nature of MAB converters makes their control
implementation difficult, and due to the multi-input, multi-output (MIMO) structure of their con-
trol systems, a decoupling control strategy must be designed. Various control and topology-level
strategies are proposed to mitigate the coupling effect. This paper discusses the operating principles,
applications, methods for analyzing power flow, advanced modulation techniques, and small signal
modelling of the MAB converter. Having explained the origin of cross-coupling, the existing power
flow decoupling methods are reviewed, categorized, and compared in terms of effectiveness and
implementation complexity.

Keywords: DC-DC converters; decoupling control; multi-active bridge converters; multi-port
converters; triple active bridge converter; quadruple active bridge converter

1. Introduction

The replacement of fossil fuel-based energy sources with renewable energy systems
(RES) and the transition to zero-emission electric vehicles (EV) is critical to decreasing the
rate of global warming [1]. These systems cannot exist without energy storage components.
Integrating energy storage systems (ESS) based on fuel cells (FC), batteries, and superca-
pacitors (SC) is required to increase the performance and reliability of RES [2]. Similarly,
ESS is included in EVs to supply various loads. As a result, each application has several
sources and loads, and power converters are in charge of transferring and controlling the
power flow between them.

There are generally two methods for connecting multiple sources/loads. The first
and most common way involves employing conventional two-port DC/DC converters.
Nevertheless, because many converters must be installed and they cannot directly link
all sources and loads, this strategy increases the number of power conversion stages
and the ultimate cost of the system. Additionally, communication protocols between
isolated converters are necessary for power management between two-port converters,
which complicates the control and can reduce the overall system performance. When a
larger number of sources/loads are added to the system, these difficulties become much
more severe.

In recent years, multi-port DC/DC converters have been explored and proposed to
overcome all of the issues generated by the use of individual two-port DC/DC converters
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in applications with multiple DC connections. In contrast to the traditional case, a multi-
port converter can link all DC sources and loads directly to each other. As a result, in all
operating modes, the conversion stage is reduced to one, resulting in decreased losses
during power conversion. Furthermore, because multi-port topologies share a portion of
the circuit among multiple ports, they contain fewer power components than standard two-
port converters, resulting in a decrease in the total system cost, mass, and volume. Figure 1
displays two combined RES and ESS systems based on either multiple standard two-port
DC/DC converters or a multi-port DC-DC converter. Figure la shows four two-port
DC/DC converters used to connect photovoltaic (PV) panels, battery storage, and a multi-
level inverter with multiple DC inputs. In Figure 1b, a five-port DC/DC converter replaces
all the conventional DC/DC converters. It is evident that in the traditional architecture,
the battery discharge process encounters two conversion steps, increasing system losses.
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Figure 1. Two configurations of DC/DC power conversion in an integrated RES-ESS: (a) Conven-
tional architecture based on four individual two-port DC/DC converters. (b) A multi-port DC/DC
converter-based configuration.

Several topologies for multi-port converters have been researched, depending on
the application requirements. In terms of galvanic isolation, the topologies proposed can
be divided into isolated and non-isolated multi-port converters. The multi-active bridge
(MAB) converter, a natural extension of the dual-active bridge (DAB) converter, is the most
prevalent architecture for multi-port DC/DC converters. The architecture of the MAB
converter shown in Figure 2 was presented for the first time in [3,4], and incorporates
active H-bridges coupled to a multi-winding high-frequency transformer. This MAB
converter combines the benefits of the DAB converter, such as high power density, high gain,
bidirectional power flow, and so on, with the general advantages of multi-port converters,
such as reduced conversion stages, power component count, total cost, and losses.

The features and capability of the MAB converter have made it a suitable candidate
for a wide range of applications and it has gained the interest of many researchers. MAB
converters with different numbers of ports and their combination with other converters
have been proposed for the following applications: hybrid energy storage (HESS) [4-18];
more electric aircraft (MEA) [19-25]; monopolar and bipolar DC grids [26-34]; Solid state
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transformer (SST) and modular transformer in microgrids, locomotive traction, EV charg-
ing, shipboards [35-57]; doubly fed induction generators (DFIG) in wind turbines [58];
unified power quality conditioner (UPQC) [59-62]; electric vehicle (EV) charging [63-67];
renewable energy systems (RES) such as PV modules integration with energy storage
systems (ESS), microgrids or EV charging stations [68-73]; differential power processing
converter for battery balancing, and data centers [74,75], uninteruptable power supply
(UPS) [3,76]. Since a three-port MAB converter or triple active bridge (TAB) converter can
meet the requirements in many applications, it is the most explored type of MAB con-
verter [77]. However, depending on the application, adding more active bridges to achieve
a higher number of ports has been proposed, resulting in the quadruple active bridge
(QAB) [12,17,23,39,40,43,46-49,51,52,54-56,60-62,70,78-90], penta active bridge (PAB) [41],
6-port [91], 10-port [75], and 12-port [35,92,93] MAB converters.
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Figure 2. The basic topology of a three-port MAB converter (TAB converter).

Although adding more ports can provide potential advantages over the DAB con-
verter, converter analysis becomes more complicated, and a research gap arises between
the conventional DAB and the various MAB converters. Unlike the control of the DAB
converter, which is straightforward and well-explored, the MAB converter has complicated
control. Similar to all other multi-port converters, inherent control cross-coupling between
each port is the cause of the control complexity. Sharing a part of the circuit among different
ports reduces the total number of power components, and provides considerable merits;
however, it causes inherent interaction between different ports. In other words, the control
structure of a multi-port converter is a multi-input, multi-output (MIMO) system, and any
change in one of the control loops also affects the other loops. In addition to complex
control, steady-state analysis, power flow management, and achieving optimal power flow
among the different ports can be challenging since more control variables appear in the
system. Additionally, reliability and fault ride-through issues are more significant in MAB
converters, because any fault or failure in one of the ports, negatively affects the other ports.

Since cross-coupling is a unique challenge in multi-port DC/DC converters, and it
does not exist in two-port conventional structures for DC/DC converters, many researchers
have focused on decoupling the power flow control between ports. Figure 3 demonstrates
different proposed decoupling approaches for MAB converters. Using classic linear control
theory, the interaction between control loops can be eliminated by storing the pre-calculated
gain matrix inverse as an ideal feed-forward decoupling approach, allowing proportional-
integral (PI) controllers to maintain the control outputs. However, this method has several
drawbacks; it requires an accurate dynamic model of the converter, and, since decoupling
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terms are calculated for a specific operating point, a deviation in the operating point of the
converter leads to non-optimal decoupling. Additionally, decoupling control design com-
plexity grows exponentially with an increased number of ports, and also, the calculation
and realization of the decoupling terms with ideal decoupling can be challenging. In gen-
eral, ideal decoupling may lead to a poor transient response. To have simpler decoupling
terms, some simplified decoupling schemes have been proposed which are discussed later;
however, other drawbacks still remain.

To maintain optimal decoupling performance over a wide operating range, the work
in [34] implemented a gain scheduling technique and feed-forward decoupling terms are
tuned based on the operating region. The work presented in [58,94] proposed dual-loop and
multi-loop-based controllers to reject the disturbance caused by interaction between loops,
without the implementation of feed-forward decoupling terms. Although this approach
can provide a more satisfactory transient response under step changes and uncertainties,
the controller design is relatively more complicated. Other works in [15,95] proposed
multi-loop controllers with different bandwidths to attenuate interaction between ports,
with the highest bandwidth control loop determining the power flow. A combination
of both conventional feed-forward decoupling and different bandwidth control loops is
proposed in [17]. With all of the techniques mentioned above, it is difficult to achieve a
fully decoupled control system, and they all have low to moderate dynamic responses.

Another approach, “time-sharing” is proposed in [83,93] and is an effective decoupling
method, that shares the power-transfer interval of the common port with other ports, and at
each time instant, only two ports are operating. However, this approach leads to higher
output voltage ripple and current stress on devices. In addition, the power density decreases
when more ports are included.

Because of the highly nonlinear behaviour of the MAB converter, some researchers
have implemented different nonlinear robust control approaches. The works presented
in [22,43,78] use model predictive control (MPC) to predict the current in future steps.
Although these methods have excellent performance in terms of decoupling and can
contain other constraints to have closer to optimal operation, they can incur a higher
relative computational cost in a real-time implementation (especially if more degrees
of freedom or control inputs are considered). In addition, the experimental tests and
simulation results presented demonstrated slightly higher steady-state error in the control
outputs compared to other approaches. The considerable merit of the proposed MPC-based
approach in [22] is in having a decentralized control capability, which means the local
information extracted from each submodule (port) can be used in the control process, and a
local controller can regulate the output related to each submodule. Hence, unlike linear
control-based approaches, the complexity of control design is independent of the number
of ports.

Other researchers have aimed to solve the nonlinear control-to-output equations
(online or offline), to implement effective decoupling over a wider range [35,52,96,97].
However, similar to MPC-based approaches, the computational cost of online calcula-
tion using iterative methods (e.g., Newton method) can be high, and having simplified
iterative methods or lower iteration numbers can affect the accuracy and performance.
Disturbance observer-based approaches are among other robust control methods proposed
for decoupling control of MAB converter. In [84], an active disturbance rejection control
(ADRC)-based control strategy is proposed which uses an extended state observer (ESO)
for detecting any disturbance caused by external sources, coupling effect, or any kind of un-
certainty, and a proportional differential (PD) compensator rejects the observed disturbance.
Besides a relatively straightforward implementation and high robustness, the proposed
ADRC method has a decentralized control structure. In [60], a super-twisting algorithm
based on ESO is used. A combination of conventional decoupling and sliding mode con-
trol (SMC) is presented in [86]. Other researchers have proposed alternative solutions
such as flatness control [98], black-box neural network (NN)-based approaches [21,91,99],
and adaptive control [13,85,100], for example.
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Figure 3. Different decoupling approaches.

The different control approaches for power flow decoupling have a trade-off between
complexity and dynamic performance. Hardware-level decoupling approaches are pro-
posed to neglect the coupling effect at the circuit level, without employing complex control
approaches. A series of resonant circuits connected with the winding of the common port
can modify its equivalent impedance. By selecting the resonant frequency equal to the
switching frequency, the resulting equivalent impedance will be close to zero, which means
the power transfer is locally affected by the impedance of the other port [8,71,101-103].
However, since the common ports are predefined, achieving bidirectional power flow
becomes challenging. To overcome limits on power flow direction, some researchers pro-
posed adjustable resonant tanks using a variable “electronic capacitor” [6], and variable
inductor [12], thus, the resonant frequency of the common port can be tuned based on the
operating mode. Other researchers implemented an immittance network [104], or first har-
monic synchronized (FHS) modulation [105], to extend bidirectional power flow capability

in resonant-type decoupling approaches.
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Modifying the equivalent inductance of each port by connecting auxiliary series-
connected inductors also can decouple the power flow at the topology level [87,106,107].
However, the same power flow direction limits (especially for converters with a high
number of ports) appear. This challenge can be overcome by adding one more leg to
the bidirectional H-bridge, which enables bypassing or including the external inductor
depending on the operating mode [88]. Other works proposed splitting the multi-winding
transformer into several two-winding transformers, hence, the magnetic coupling will be
eliminated [30,37,108,109]. In addition to reduced coupling, two-winding transformers
have easier design and manufacturing. Using hardware approaches, each port can be
controlled as an independent DAB converter by modifying the main topology of the
MAB converter; however, these methods usually require more active or passive power
components. It is worth mentioning that the proposed topology-based approaches are
application-oriented mainly, and can provide advantages in specific applications.

In addition to complex cross-coupling behaviour in the MAB converter, steady-state
analysis of the MAB converter is also more complicated than the DAB. The time-domain
model is the conventional and most precise approach for steady-state analysis [110]. Un-
fortunately, when applied to more advanced modulation techniques with more degrees
of freedom, time-domain analysis becomes extremely complicated. To overcome this,
fundamental component analysis (FCA) has been proposed to simplify the steady-state
design, ZVS criteria investigation, and optimization of the MAB converter [3,65,111-113].
However, higher-order harmonics of the square wave voltages and inductor currents are
not taken into account which may lead to significant inaccuracy, especially with small
phase shifts and/or small duty cycles that yield AC voltages rich in higher odd-order
harmonics. Taking higher-order odd harmonics into account in a generalized harmonic
analysis (GHA) can solve this problem [79,114-117]. Some other papers propose black-box
model-free approaches to optimally operate the MAB converter without dealing with
modelling complexities [99,118].

Many researchers have focused on other challenges in MAB converters,
such as efficiency optimization by implementing advanced modulation
techniques [9,11,61,63,65,72,79,85,99,110,118-127], and reducing conduction losses using
wide bandgap semiconductors such as Silicon-carbide (SiC)-MOSFETs [39,82,128,129],
or employing resonant circuits for reducing switching losses [130-133]. Others have ex-
plored fault ride through and analysis [5,32,50,53,81,134,135], electromagnetic interference,
and high-frequency oscillation reduction [136] in MAB converters, these aspects are not
reviewed or discussed in this paper.

Previous review papers on multi-port converters have mostly considered different
topologies or have discussed suggested applications for multi-port converters, with none
focusing on decoupling methodologies in MAB converters [2,137-144]. Triple-active bridge
converters were briefly mentioned in [145]. The objective of this study is to investigate,
categorize, and explain the merits and limitations of the various decoupling strategies that
have been proposed. Furthermore, it provides an in-depth review of the MAB converter
operating principles, modeling approaches, and modulation strategies. Section 2 discusses
the principles of the MAB converter and explains the topology, steady-state equivalent
circuit model (ECM), power flow analysis in the time domain, the fundamental compo-
nent approach, and generalized harmonic analysis in the frequency domain. Section 3
discusses the dynamic and cross-coupling behaviour of the MAB converter. Section 4 of the
paper explores and analyses the proposed linear and non-linear control-level decoupling
approaches, while Section 5 discusses and compares topology-level power flow decoupling
strategies of MAB converters.

2. Principles of the MAB Converter

This section explains and discusses the operating principles of a MAB converter.
For simplicity of analysis, the triple active bridge (TAB) topology is considered. The topo-
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logical arrangement, large-signal (steady-state) analysis under SPS modulation, dynamics,
and small signal modeling of the TAB converter are covered in the following paragraphs.

2.1. Topology of the MAB Converter

The topology of the MAB converter is derived from the DAB converter. Figure 2.
illustrates the topology of a TAB converter proposed in [3,4], and is constructed of three
active H-bridges and a three-winding high-frequency transformer (HFT). H-bridges are
connected to DC sources/loads on one side and generate three square wave AC voltage
waveforms with variable relative phases. Each H-bridge is connected to one winding of the
multi-winding HFT which is responsible for power transfer between ports. In addition,
the HFT provides galvanic isolation and can step up or down the voltage levels depending
on the turns-ratio. By varying the phase shifts between the square wave voltages, the mag-
nitude and direction of the power flow between ports can be controlled. This topology for
the TAB converter is extendable to an N-port MAB converter by adding more H-bridges
and increasing the number of HFT windings.

One of the parameters used in steady-state design to calculate the power flow in DAB
and MAB converters is the value of the series-connected inductance (leakage inductance).
As a result, a good transformer design is necessary to obtain an appropriate value for
the leakage inductance. The leakage inductance is mostly affected by the overlap of the
windings, the core shape, and the air gap. In practice, normally there is no air gap in the
AC transformer’s core to prevent excessive magnetizing current; therefore, positioning
transformer windings is a more practicable means of adjusting leakage inductance. It is
easier to tune the leakage inductance in a two-winding high-frequency transformer by
adjusting the overlap between the two windings; however, because an MWHEFT has more
windings, it is more difficult to adjust the overlap between all windings and thus to achieve
the desired value for all leakage inductances.

To address this problem, it is common to design an MWHEFT with tight magnetic
coupling between the windings, which leads to low leakage inductance, then external
inductors are connected in series with each winding based on the steady-state design.
In other words, from the practical point of view, the main topology of the MAB converter
consists of series-connected external inductors. The work in [67] proposes a normalization
design approach for the series-connected inductors in a three-port MAB converter. The work
in [19] analyzes the leakage inductance in two-winding and three-winding transformers,
and concludes, to have equal and tuned leakage inductances in an MWHEFT, cores with
symmetrical winding configurations such as toroidal cores are more appropriate, hence,
the need for auxiliary series-connected inductors can be eliminated [99,118,127,146].

Many other topologies with different numbers of ports and power components are
derived from the basic topology in Figure 2, for different proposes and applications, such
as resonant MAB converters [130-133], and modular multi-active bridge (MMAB) con-
verters [147-150]. These derived topologies are discussed further in the last section of
the paper.

2.2. Equivalent Circuit Model of MAB Converter

Developing an Equivalent Circuit Model (ECM) is essential for analyzing the operating
principles of the converter. There are two main parts in the ECM of the MAB converter,
first, the model for the H-bridges, and second, the model for the multi-winding HFT. Since
H-bridges generate square AC voltages (Uj, Uy, ..., Uy), they can be simply modelled as
square wave voltage sources. For the multi-winding HFT, various types of ECMs are inves-
tigated. The self/mutual inductance matrix is the most accurate model; however, direct
and accurate measurements of the leakage inductance matrix elements are problematic.
The work in [151] proposes a novel ECM for multi-winding HFTs, with directly measurable
parameters. Among different ECMs for MWHFT, extended T, Pi, and cantilever models are
the most popular ones, since they can provide sufficient accuracy and information about
the characteristics of the HFT for steady-state analysis of the MAB converter. However, it is



Energies 2023, 16, 5927

8 of 47

H- Bridge
Vi #rl ¢

3)

worth mentioning that the accuracy of these ECMs (extended T, Pi, cantilever) is affected by
the physical geometry of the core and physical disposition of the windings, when there are
more than three windings. Hence, some models may not have sufficient accuracy in some
configurations of the MWHEFT [152]. Review works in [153,154] provide more detailed
information about different ECMs of the MWHFT.

ECM derivation of a TAB converter is depicted in Figure 4. There are a few steps to
obtain the desired ECMs for the MAB converter:

1. MWHEFT is replaced by one of the extended T, Pi, or cantilever ECMs.

2. Each H-bridge replaced by an AC voltage source (Uj, Uy, ..., Uy).

3.  Magnetizing inductance can be eliminated since it is much greater than the leakage
inductance, and by referring parameters to the primary side, ideal transformers can
be neglected, so a Star-type (Y-type) ECM will be achieved.

4. Inorder to directly link voltage sources to each other, a star to delta (Y — A) transfor-
mation should be applied to achieve A-type ECM.
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Figure 4. MWHFT ECM derivation.

Neglecting the effect of magnetizing inductance considerably reduces design effort;
however, this assumption may decrease the accuracy of the analysis. To take the effect of
magnetizing inductance into account, the work in [155] decomposes the MAB converter
ECM into several DAB converter ECMs. In other words, to analyze the power flow between
all ports in a TAB converter, when magnetizing inductance is included, the ECM of the
TAB can be decomposed into three DAB ECMs. Although this approach can provide
more accuracy, it is not practical for a MAB with a greater number of ports (4,5, etc),
since the number of resulting DAB ECMs will be high. As a conclusion, for MWHEFT
ECM, the extended A-type is the most appropriate ECM for power flow analysis in a MAB
converter since it can directly connect ports to each other using linking inductances.

2.3. Power Flow Analysis

This part considers the steady-state performance of the MAB converter. Different
modulation techniques and modelling approaches of the MAB converter are discussed.
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2.3.1. Introduction to Modulation Techniques

Various phase shift-based modulation strategies, illustrated in Figure 5, proposed
for the DAB converter have been adapted for the MAB converter. The most conventional
technique is the single phase shift (SPS) modulation approach. Each H-bridge is driven
with a 50% duty cycle to generate a square AC voltage. By modifying and adjusting the
phase shift D;; between H-bridge i, and H-bridge j, the magnitude and direction of the
power flow can be controlled. To add more degrees of freedom for controlling the power
flow, and for optimizing the efficiency, more advanced modulation techniques such as
extended phase shift (EPS) [156], dual-phase shift (DPS) [157], and triple phase shift (TPS)
[158] modulation techniques have been investigated.

. U;
Dij 2Dii
t t
_ — Dy
(@) (b)
. U.
Ul nijU‘ I ! nijU‘ —
2Dii [ 2Dii [
J .t .t
2Dy - 2Dy
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Figure 5. Different phase shift modulation strategies: (a) SPS modulation. (b) EPS modulation.
(c) DPS modulation. (d) TPS modulation.

In the more advanced techniques, besides the outer phase shift (phase shift between
bridges), an inner phase shift (D;; for H-bridge 7, and D;; for H-bridge j) between the H-
bridge arms is used, which can vary the duty cycle of the square AC voltage from 0 to 50%.
In EPS, the inner PS is used only in one of the bridges D=0, while for DPS modulation,
the same inner PS is used in all H-bridges D;; = Dj;. TPS modulation is considered the
most general modulation technique since it includes all other modulation techniques as
special cases. In addition to the outer PS, each H-bridge can have a different inner phase
shift to independently control the duty cycle of each square AC voltage. Figure 6 shows the
correlation between the different schemes.

Since the DAB converter has just two H-bridges, the different modulation schemes are
termed appropriately based on the number of phase shifts. However, this is not the case in
the MAB (because of the increased number of bridges) which has led writers to use multiple
names for the same modulation approach, which can be a source of confusion. The SPS
and TPS techniques have received the most attention. In this paper, to avoid confusion,
the term SPS is used if only outer phase shifts are considered, and the term general phase
shift (GPS) is used if the inner phase shifts and the controllable duty ratio are considered.

Some other modulation techniques such as SPS (outer PS) plus symmetrical and asym-
metrical duty cycles, and SPS plus variable frequency have also been applied to the MAB
converter. The work in [64] proposes a new multi-pulse phase-modulation/duty cycle
control for a TAB converter, where two bridges have the same switching frequency, and the
third port has a different switching frequency. Proposed phase shift and frequency modula-
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tion could provide lower RMS current and independent power flow control. In addition,
the implementation of wide bandgap power semiconductors has allowed for achieving
higher switching frequencies (up to 220 kHz) and reducing the overall size and mass of
the converter. In [105], a technique termed “first harmonic synchronized modulation” is
implemented for the resonant TAB converter to achieve bidirectional decoupled power
flow, and to achieve zero voltage switching in the entire operating range.

(d) TPS

0<Dii<0.5
0<Dii<0.5
0<D;ji<0.5

(c) DPS (b) EPS
0<Dii0.5

0<Dii<0.5 0< Dii<0.5
0<Dii=Dji<0.5 Dii=0

(2) SPS

0<Dii<0.5
Dii=D;i=0

Figure 6. Correlation between different phase shift modulation techniques [159].

SPS is the most basic modulation technique; nevertheless, it has a limited soft-
switching range, and the conduction losses can be adversely affected under some op-
erating conditions, due to reactive power exchange. Advanced modulation techniques, like
GPS, can overcome all of the aforementioned disadvantages and allow a greater degree of
flexibility. The benefits of the advanced modulation techniques are as follows:

1. Expands ZVS criteria and reduces switching losses (especially under light
loads) [117,124,124].

2. If the DC voltages are not equal (e.g.: V; # n;;V}), using SPS modulation leads
to unequal RMS value of the square AC voltages, which leads to reactive power,
and more conduction losses. GPS modulation can modify and equalize the RMS
values of the generated AC voltages and reduce or fully eliminate the reactive power.
As a result, conduction losses are decreased [79,120,122,160].

3. Reduces peak value of the inductor current and provides lower current stress in
components [53].

4. Under conventional SPS modulation, a DC offset appears in the AC current during
transients (which decays slowly due to transformer resistance) and increases the
settling time during transients. Advanced modulation techniques are capable of
eliminating the inductor current DC offset in one switching cycle [43].

5. Advanced modulation strategies have more control freedom and can provide a more
satisfactory transient response in comparison with conventional SPS modulation.

6. Interms of fault tolerance, advanced modulation approaches such as GPS have better
performance, since they can bypass the short-circuit fault [32,57].
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7. Using a small inner phase shift in GPS modulation can reduce high-frequency oscilla-
tions of the AC voltages and currents during the switching transient, and reduce the
EMI [136].

8.  In comparison with SPS modulation, GPS can increase the power flow capability
between two ports by almost 30% [157].

2.3.2. Modelling Approaches to Derive Power Flow Relationships

Time-domain analysis (TDA) is the most accurate approach for analyzing the power
flow of a MAB converter. In order to find the power transfer between two ports i and j in
the A-type ECM, the line inductance AC current, i Ly (t), should be expressed as a function
of two AC port voltages, U;, n;;U;, phase shift ratio D;;, switching frequency fs, and the
value of line inductance between two ports L;;. The piecewise expression of the inductor
current needs to be obtained. Figure 7 shows the two voltages, the inductor current, and the
voltage drop across the inductance.

- A
Ui
nl,in —
Dj; —
t
Ui + niJUj
Vi, U;—nyU;
t
=Uit n;U;
ip.. —-U—n.U
1j i 1} T
o T ’
= \ 1 7 /
\9\/ |
iy C/ -
I . 111
v
- J

Figure 7. Voltages and inductor current waveforms under SPS modulation.

The inductor current is purely AC, and symmetric, so derivation of the current expres-
sion for a half-cycle is sufficient, hence:
(Ui +n ij Uj)t
Lj;
] M)
(U; —niiU;) (t — t1)

I: iLij(t) = iL(()) +

I (t) =i (h) +

(Ui — ny;U;) — 2ny
4fsLij
The power flow between port i and j (P;;) under SPS modulation using TDA is

u4
i, (0) = LDyl ()

TIs
Pij :Zui/Z ip.(t)dt
Ts Jo g
MUt (- Dy, vZl <Dy < X ¥
2pL, Dol Did Vo =Dy s
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where the sign of D;; determines the direction of power flow. And the maximum transferred
power occurs at D;; = :i:%.

However, this result only determines the power transfer between two ports. Consid-
ering a TAB converter, different modes of power transfer with different phase shifts are
possible as illustrated in Figure 8. Clearly, in any mode, the total power flow must sum
to zero:

Pr+P+P;=0 4)

Although TDA provides all the information about the steady-state characteristics of
a MAB converter, it is difficult to implement when complex modulation techniques (e.g.,
TPS modulation) are applied. In other words, using TDA, the analytical effort significantly
increases by having more control variables. For example, in a TAB converter with all
degrees of freedom (GPS modulation), 720 different voltage patterns appear, which need
to be analyzed to find the optimum values. The work in [110] presented a TDA of a TAB
converter with all degrees of freedom for multi-objective optimization, while the work
in [35] performed a time-domain analysis for a 12-port MAB converter with all degrees of
freedom for optimization with experimental validation.

D12>D1z> 0 D13>D12> 0 D13<D12< 0
D2 <D;3< 0 D12<0<Dy3 Dy3<0< Dy,

—0 'O—w 'O—°
\"/ N/ N/

Figure 8. Six scenarios for power flow direction in a TAB converter.

Frequency-domain analysis (FDA) is a convenient approach to remove the need for
piecewise calculation in TDA. A Fourier series can analytically represent the periodic
AC voltages and currents. Figure 9 illustrates the different components of two square
voltages and the current between them for general phase shift modulation (all degrees of
freedom). Their phasor diagram is demonstrated in Figure 9b. The voltages and current
amplitudes can be expressed as follows, where k is the harmonic order, ¢;; is the outer
phase shift between the i and j ports, and J; and J; represent the inner phase shift of the i
and j H-bridge, respectively:

Uik :w%;(ké) , k=135.7,.,
4nl]ll] cOos (k(sj)
T o k=1,3,5,7,.., 5)

\/ul et U Zui,ku]',k CcoSs (k(Pl])
ll] k= 27kaSLl']' !

—7T
k = 113/5/7/"'/ 7 S 4)1] S

NI X
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The power transferred between the two ports is given by the following expression
where 2m + 1 is the highest odd-order component that is considered:

2t U U sin (ki)

P" =
g k:zl 4k7'[fs LZ]

(6)

—7T
7 k = 1/3/5/7/-'-/ T S 471] S

SIS

Taking only the first harmonic into account considerably reduces the computational
effort of steady-state analysis and, consequently, many papers consider only fundamental
frequency analysis (FCA) [3,65,111-113]. The FCA can be imprecise since the higher odd-
order components of the waveforms are not taken into account for power flow calculation
(and the error can be considerable in some conditions), thus, its use is mostly limited
to resonant-type MAB converters. Summation of more higher-order odd components,
and using general harmonic analysis (GHA) can solve the problem of FCA. However,
with increasing harmonic order, the amplitudes and contribution to power transfer decay
quickly so, for an efficient calculation, it is important to decide where to truncate the series.
Generally, taking up to the 11th harmonic component can provide sufficient accuracy for
modelling the behaviour of the MAB converter, and for optimization [124].

Ui,k _]k(l) Llj nijUj!k

. NV
Ui, I x @ nUj
ot
Ui,3 @ nijUj:,
Uis @ nijUj,S
i L
ot (b)
Im
Ui,k Re
ot Djj i
0;;Uj
(a) (c)

Figure 9. GHA analysis: (a) Different components of the U;, U; and i;; (up to 7th harmonic. (b) ECM by
considering higher odd-order components. (c) Phasor representation of the fundamental components.

Some researchers have proposed model-free approaches for the optimal operation
of the MAB converter. The work in [118] proposes a three-dimensional ripple correlation
control (RCC) technique for a TAB converter with five degrees of freedom (two outer and
three inner phase shifts), and a three-dimensional RCC search for the optimal value of the
three inner phase shifts (4, é,, J3). Relatively simple implementation, online operation,
and robustness of the approach to uncertainties of the circuit parameters are the main
advantages of this approach. In the work in [11] a deep learning-based algorithm is
implemented, and is trained by measurement data. Similarly in [146], an artificial neural
network (ANN) is trained to determine the optimal inner phase shifts. Although model-
free approaches are robust, they are not a general unified method to study and analyze
the operating principles of the MAB converter, and they can be considered black-box
approaches that bypass modelling and design complexities. Table 1 briefly compares the
advantages and disadvantages of the four methods mentioned above (TDA, FCA, GHA,
and model-free).
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Table 1. Comparison of different approaches of steady-state analysis.

Approach Advantages Disadvantages References
The most accurate method. The high computational effort with [15,22,35,43,60,78,34,36,110]
TDA Provides the most information and insight about increasing numbers of freedom in power  [13,14,21,24,34,52,68,94,161]
. flow control. [83,89,162]
steady-state operation.
Easy to implement.
FCA Low computational cost. Low accuracy (especially for higher [76,85,100,111,163,164]
value of the inner phase shifts). [3,65,112,113]
The best approach for resonant-type
MAB converters.
GHA The most convenient method, with Relatievly high computation effort to [79,114-117,124,160]
sufficient accuracy. achieve higher accuracy. [63,72,96,165,166]
Is not a general method.
Easy to implement.
Model-free (black-box) Robust to uncetenities. Does not demonstrates the inner [91,99,118]

operation principles of the converter

3. Dynamics and Small Signal Modelling

This section discusses the dynamic behaviour of the MAB converter. For this purpose,
a small signal model of the MAB converter is required. Steady-state power flow equations
derived using different approaches such as TDA, FCA, and GHA can be used to establish
the small signal model. The physical origins and mathematical explanation of the cross-
coupling effect and the interaction between control loops are represented. Finally, different
control and topology-level decoupling techniques regarding effectiveness, robustness,
and implementation complexity are discussed and compared.

State-space averaging is a popular and effective tool to analyze and demonstrate the
dynamic behaviour of the MAB converter. The filter capacitor voltages and the trans-
former/inductor currents can be selected as the state variables. However, the inductor
current is purely AC, and its average in a period will be zero. Hence, the dynamics of the
inductor can be ignored in the analysis, and because the dynamics of the capacitors are
dominant, only filter capacitors are considered. The thesis work in [167] used a discrete-
time half-cycle averaging of the inductor current and demonstrated that the dynamic effect
of the inductors appears at high frequencies, causing a right half-plane (RHP) zero close to
the switching frequency. Consequently, the assumption (neglecting the dynamics of the
inductors) is reasonable, since the controllers work at much lower frequencies, and the
cross-regulation also appears at low frequencies. However, it is worth mentioning that the
RHP zero position depends on the circuit parameters and operating point. In this paper,
using the TDA steady-state equation, the transfer function of a TAB converter under SPS
modulation is obtained using state space averaging.

In analyzing a TAB converter, one considers that the third port is an input and is
connected to the source, while the first and second ports are outputs connected to resistive
loads. The differential equations for the capacitor voltages on ports 1 and 2 can be written
in terms of the DC side current and the load current. Neglecting the dynamics of the
inductor, and assuming a small ripple in the voltages, the DC side current is obtained from
the steady-state power flow expression divided by the port voltage to yield:

d [Dlz(l —D12)Va | Di3(1—Dy3)Va Vl]
dt 2fsL1z 2fsL13 Ry
dVy [_ D1p(1—D12)Va | Das(1— Do3)V3 Vz}

- 2fiL1 2fils,  Rg

@)

At
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Decomposing the voltages and the phase shifts into DC term and small AC variation
around at operating point, one has:

Vi=Via+7014

Vo=Voa+024

V3 =V34+7034 (8)
D1z = (D14 +dy,0) — (Daa +da,a)

D3y=0— Dy =Dya+d;a, Dy=Dya+dya

where the parameters with hat (91 4,95 4, etc.) represent the small AC signal variation,
and the parameters with capital letters, show the DC (steady-state) term. The DC side port
currents are highly non-linear functions of the control inputs, hence the equations need
to be linearized around the operating point (e.g., point A). Using the first term of Taylor
series expansion:

do » A R N

G Ttl = Gu1dy + Gioda + F1103 + Fi203
. )

do » » o A

szd: = Gp1d1 + Gods + F2101 + Fx03

where the G;; represent the control-to-output gains, and the F;; represents the port voltage-
to-output gains, which can be stated by the following expressions:

n. . Vm(l_ZDim) i=1
G — m#l 2stim ’ ]
ij = v

(1-20;) .+, . (10)
~ A i

D17 (1-D . .
_ 122(st1212),1 —j=1
_Dis(1-Dis) ; _ 4 j=2
7 7 (11)

where the voltages and phase shifts (D;;, Vj, Vi) are based on their steady-state values at
the operating point.
Considering the small signal model for the third port, the small signal ECM of the
TAB converter is represented in Figure 10. The first control-to-output transfer function is
avy 1

7 | I =0 Glli
dd; 272=0 sC1+ &

(12)

The research presented in [7] developed the state-space model for a current-fed TAB
converter with all degrees of freedom, where outer and inner phase shifts are taken into
account, and considered to be control inputs.

G1131 G d, F11‘A’2 Flz‘A’z 1
@ & & oTh [k

Figure 10. Small-signal ECM of the first port of a TAB converter.
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Cross-Coupling Behavior

While sharing a part of the converter among different ports in multi-port DC/DC
converters has several advantages, it increases control complexity. The control system for a
multi-port converter is a multivariable control system with multi-inputs and multi-outputs
(MIMO). Cross-coupling and inner control interaction are the inherent characteristics of
multi-port converters with MIMO control systems. In the case of the TAB converter, in the
Y-type ECM, the leakage inductance of the common port (3rd port) is shared between two
output ports and causes cross-coupling. In the A-type ECM, the line inductance, and the
current flow between two output ports represents the cross-coupling.

The control block diagram of a TAB converter (taking the 3rd port as an input and
two other ports as outputs) is shown in Figure 11, and the control-to-output relation is

described as follows:
~ G G]Z Fi
n =& @]l

where the Gy1, Gy2 (diagonal elements of the gain matrix) show the direct effect of the
control on the outputs, and Gy, G1» (non-diagonal elements of the gain matrix) represent
the inner interaction and cross-coupling between the two ports. The expression for the
diagonal and the non-diagonal elements of the gain matrix in (10), demonstrates that the
effect of cross-coupling terms (non-diagonal elements) is less and has opposite polarity to
the direct effect terms (diagonal elements). In other words, an increase in d1, directly boosts
vy, but reduces v, with a smaller gain.

a\l ° . @ + \/}1
G
Giz
Gy
g
G,
N G Pay
d2 [ d C.ZZ } VZ
2

Figure 11. Block diagram of the TAB converter dynamics.

The ratio of the non-diagonal element to the direct effect is known as the cross-coupling

degree, which for the MAB converter is between 0 and —1 (-1 < G” < 0). If the G” ~ 0 the
cross-coupling effect will be small, and the control complexity will be less. In steady—state
design, by increasing the number of ports (control outputs), the cross-coupling degree
becomes close to zero [168]. Figure 12 shows the area plot for the gain matrix of the three,
four, five, and six-port MAB converter, which illustrates the intensity of the cross-coupling
(non-diagonal elements) for each case per unit (p.u.). Similarly, Figure 13 depicts the %
ratio of the non-diagonal to diagonal elements of the gain matrix for numbers of ports from
three to twenty. Here it is assumed that there is one input port and the rest are outputs,
the line inductances between all ports are equal for all cases, and the phase shift ratios
between the input and output ports are identical and equal to 0.1. According to both
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@

- .

figures, the degree of cross-coupling of each port decreases with the increasing number
of ports. As an example, for the conditions mentioned, for a three-port MAB converter
|g—ﬁ| ~ 55.5% while for the ten-port MAB converter, \g—ﬁ\ ~ 13.7%. Besides the number of
ports, as mentioned in the literature, the inductance values and the operating point of the
converter (phase shift, power, and voltage of each port) also influence the magnitude of
the cross-coupling.

Ipu Ilp.u 7I1pu 1pu
0.8 p.u . 0.8 p.u . 0.8 p.u ! 0.8 p.u
0.6 p.u i 0.6 p.u i 0.6 p.u i 0.6 p.u
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(b) (© d

Figure 12. Normalized gain matrix two-dimensional area plot: (a) Three-port converter. (b) Four-port
converter. (c) Five-port converter. (d) Six-port converter.
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Figure 13. The cross-coupling degree as a function of the MAB’s number of ports.

Cross-coupling can complicate the control strategy of the MAB converter since any
sudden transient in the load or control input at one of the ports will add a disturbance to the
output of the other ports. Hence, decoupling the MIMO control into SISO control systems
is desirable to improve the dynamic performance, and reliability of the MAB converter.
Researchers have investigated different control-level, or hardware design approaches to
reduce, or ideally eliminate the interaction between control loops, which are represented
generally in Figure 3.

It is worth mentioning that the urgency for power flow decoupling depends on the
application, for example, the work in [58] proposed the MAB converter for DFIG in wind
turbines; in this application, rapid transients in the generation or the grid do not usually
occur (except under fault conditions). In other applications such as differential power
processing in data centers [75], the number of ports can be more than ten, thus, the cross-
coupling degree is relatively small compared to a three-port MAB converter (TAB). In this
sort of application, a well-designed proportional-integral (PI) controller can regulate the
outputs without any significant disturbance, hence, no additional decoupling strategy is
required. In [28], the power flow coupling in a TAB converter is intentionally utilized for
voltage balancing of the positive, and negative buses in a bipolar DC distribution grid.
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4. Control-Level Decoupling

Control-level decoupling approaches are widely explored methods for eliminating
or reducing the coupling in MAB converters. These methods do not modify the classic
topology of the MAB converter and do not require any auxiliary power components.
Several linear control-based decoupling methods have been investigated and studied in
control theory, and lately, applied to decouple the control of the MAB converter.

4.1. Conventional Feedforward Decoupling Approaches

Figure 14 depicts three, linear control-based, feed-forward decoupling approaches.
The controller section of each approach consists of two parts; in the first, a PI controller
is assigned to each control loop (G¢,, Gc,), and regulates the control output (in the figure
the control output is voltage, but it can be current or power), and the second part is the
decoupling strategy (Hy1, Hi2, Hp1, H2o, Hy, H2). Ideal decoupling was the first proposed
and is the most often implemented approach for the MAB converter. Using ideal decoupling,
the inverse of the steady-state values of the gain matrix can be implemented in feed-forward
to ideally eliminate the coupling effect, for which the decoupling terms [165] are:

H:{Hn H12} s {Gn Glz} B
Hy1 Hx G G
_ 1 { G2 _G12]
G116 — G12Gy [=G1 G
_ G116
G11G12 — G126t (14)
L= —G12Gn
G11G12 — G126y
- —G11Gn
G11G12 — G126y
G12Go2

Hyq

H;q

H,

Hence, using ideal decoupling, the overall matrix of the control system GH will be a
diagonal matrix with non-diagonal elements equal to zero:

(15)

X =GH= {Xl 0]

0 Xp

However, using ideal decoupling based on constant gains at the operating point has
several drawbacks:

1.  Ideal decoupling can lead to complex expressions for the decoupling terms and is
difficult to realize [169].

2. The conventional decoupling has a centralized control structure, which means the
number and complexity of the decoupling terms will increase with the number of
ports, especially in applications with multi-directional power flow requirements.

3.  Effective performance of the feedforward linear control-based decoupling methods,
requires a precise dynamic model of the converter [169].

4. The control-to-output behaviour of the MAB converter with large phase shift values
is highly non-linear. In general, linear control-based feedforward decouplers are not
capable of dealing with significant non-linearity, and hence their desired performance
is limited to the specific operating points in linear regions, and, the maximum power
rating is restricted [170].

5. Taking the RHP zero caused by the inductor dynamics into account, can make the
decoupling design complicated [15].

6. It can reduce the overall dynamic performance of the MAB converter [101].
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Simplified and inverted feed-forward decoupling techniques are studied and explored
in control theory, used in industrial MIMO control systems [169], and are proposed for the
MAB converter [63], to overcome issues with the complex derivation of decoupling terms
for ideal decoupling. The two remaining decoupling blocks (Hj, Hp) in the simplified and
inverted feed-forward decoupling approaches can be found using the following expressions:

—Gypo
B = G
o (16)
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Figure 14. Different conventional feedforward decoupling approaches: (a) Ideal decoupling (gain
matrix inverse). (b) Simplified decoupling. (c) Inverted decoupling.
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4.2. Other Linear Control Approaches for Decoupling

Although using simplified and inverted decoupling can reduce the computation of
the decoupling terms, problems still exist with non-optimal decoupling at other operating
points. To solve this problem, the works in [34,76,171] store pre-calculated values of the
decoupling matrix for all operating ranges. Although it was termed an online decoupling
method, it requires a look-up table and is a gain scheduling-based approach. With step
changes in the system (load, or set point), a step change in the operating point occurs
as well, and the gain scheduling may not achieve the desired decoupling performance.
The proposed method in [111] neglects pre-calculation of the decoupling terms and their
dependency on the operating point. Consequently, based on the reported experimental
tests, this method is not always totally effective in terms of decoupling and robustness
to disturbances.

Other research has proposed multi-loop controllers instead of a single-loop PI con-
troller for each port. The work in [162] proposes a TAB converter (with half bridges) for
HESS applications. In addition to simplified decoupling, two inner current control loops,
and one outer voltage loop with a current-sharing strategy are implemented. The experi-
mental test demonstrates a satisfactory decoupling performance under load step changes.
The research presented in [166], uses outer voltage feedback loops to maintain DC volt-
ages, and then their output is adjusted with inner current feedback loops and a current
reference to control the current at the ports, in addition, the inverse of the gain matrix is
implemented. The work in [172] combined TAB converters with H-bridge inverters for a
railway power system integrated with RES. In addition to ideal decoupling, five different
multi-loop control stages are proposed and implemented to fully control the voltages,
currents, and powers of all ports. Although this method provides adequate flexibility
and good transient response, it is extremely sophisticated. In order to have more control
variables participating in the system dynamics, the work in [63] uses a simplified decoupler
to decouple the outer phase shift(s) to output voltage control, and a third power control
loop is assigned to control the power transfer between two output ports (the power flow
that causes cross-coupling) by adjusting one of the inner phase shifts.

The work in [164] uses conventional decoupling and the concept of dg-frame control
based on the FCA model for power flow decoupling in a TAB converter. Low-pass filters
are used to extract the fundamental components of the transformer currents, which can
add delay to the control. The main contribution of [164] is the compensation for the delay
caused by low-pass filters in the current measurements. However, since this method only
considers the fundamental components of the measured parameters, it misses the power
flow information of higher-order components.

Using well-tuned multi-control loops without separate conventional decouplers can
provide a moderate dynamic response. The work in [15] uses asymmetrical duty cycle
control plus phase shift in a TAB converter for optimization purposes. The paper considered
the dynamics of the linking inductance and illustrated that under full load conditions,
the RHP zero can appear at 1 kHz. Since the implementation of conventional decoupling
became impractical, the work adopted different bandwidths for the controller of each port,
and hence the high bandwidth loop can determine the direction of the power flow during
the transient period. As a result, the control loops can be regulated independently and do
not interact with each other. Similarly, the work in [95] selected different bandwidths for two
power control loops to mitigate the interaction between them. The same concept (different
bandwidths for control loops) was implemented for a QAB converter [51]. The combination
of both, gain inverse matrix and different bandwidth for control loops has also been
proposed in [17].

The research presented in [58] proposes a QAB converter for the DFIG application,
where one of the ports is allocated for the rotor side, and the three other DC ports are
connected to the AC grid through additional cascaded H-bridge inverters. There are two
different current sensorless controllers proposed, for the rotor side, a dual loop PI resonant
voltage controller is implemented to strictly regulate the voltage and reduce the sensitivity
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to load disturbances. The second controller contains the dual loop voltage balance con-
troller and an internal decoupling technique to balance the voltage of three grid-side ports.
The combination of the two proposed control architectures can provide more robustness
compared to conventional decoupling methods. The disturbance rejection, and control
decoupling capability of the proposed controllers under significant load variation, and step
changes in the wind speed are validated, and compared with simple PI, and PI resonant
controllers. The work in [94], proposes two individual control architectures for controlling
the same converter as reported in [58]. The first controller contains several disturbance
attenuation loops, which can effectively reduce the disturbance overshoot in all ports.
The second controller was allocated for the elimination of the mismatch in the linking
inductance parameters, and to mitigate the power mismatch routing. Both works [58,94]
can decouple power flow in a MAB converter, without implementing conventional ideal or
simplified decouplers; however, the design effort of the proposed multiloop controllers is
relatively high.

Figure 15a illustrates the control block diagram of the proposed control structure in [94]
that contains an outer voltage control loop and multiple load disturbance attenuation loops,
where the number of the inner loops depends on the load disturbance attenuation level
and its Nyquist bandwidth limitation. C, represents the controller of the outer loop,
Cp1,Cp2, .., Cpn are the inner loop controllers, Py, Py, ..., Pen are the open loop plant model,
G, is the original plant model, and the load disturbance is represented by V,(dis). It is
demonstrated that considering Cpl = sz =..=Cppand Py = P = ... = Py = G, leads
to totally independent operation of the control loops, and the outer voltage control loop can
track the reference voltage and regulate the control output without any interaction with
inner loops.

Disturbance attenuation Disturbance attenuation Disturbance attenuation
loop #1 loop #2 loop #n o
0P P P V, (dis)
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Figure 15. Two of the multi-loop linear control-based approaches. (a) Load disturbance attenuation
presented in [94]. (b) Combination of two proposed sensorless dual-loop controllers in [58].

Figure 15b depicts the combination of two proposed dual-loop PIR voltage controllers
and the dual-loop individual voltage balance controllers in [58]. The proposed controllers
provide excellent performance in terms of voltage ripple reduction and are robust to the
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disturbance caused by load variation. G, represents the PIR controller, in which the PI
controller is allocated to reference voltage tracking, and the resonant part of the controller
limits the second-order voltage ripple, to achieve an effective disturbance rejection perfor-
mance. Gy is the virtual plant of the dual loop controller and the gain of k; is designed.
The PIR controller is expressed by the following term, in which P,, I, shows the gains of
the PI controller, and k; is the resonant gain.

I, 2k,s
G, =P — -
cont 0+s+32+w3

(17)

The virtual plant model should be G,, = G, and must accurately be determined
in order to eliminate the interaction between disturbance rejection loops, and the outer
voltage regulator loop, and strictly reject the disturbance. Hence, accurate modelling of
the actual planet model G, is required. If this condition is satisfied, the effectiveness of
the disturbance rejection controller is determined by the controller parameters G, and
ki. Finally, decoupled dual loop individual voltage balance controllers are designed to
individually balance the grid-side ports and improve the stability margin.

The work in [59] proposes a TAB converter for the integration of battery storage with
DFIG, which operates as a unified power quality controller. Similarly, PI controllers with
no decoupling strategy are proposed in [14]. The work in [173] proposed a TAB converter
for the integration of hydrogen-based fuel cells with a traction power system, where single-
loop PI controllers are implemented to maintain the currents at each port. The research
presented in [68], proposes a TAB converter for the integration of PV modules with the
battery storage system in a nanogrid. A linear simple PI controller is implemented to
regulate the DC bus voltage and a maximum power point tracking algorithm is developed
for power sharing between three ports, then a current control loop is assigned to the load
side port. The combination of these various parts of the control structure can behave as
a moderate decoupler when a disturbance happens. Although these single-loop control
strategies have a simpler structure, they lead to reduced dynamic performance under step
changes in the load or generation.

Time-sharing is an interesting modulation approach for multi-port converters because
it can provide independent power flow control between two ports of the multi-port con-
verter, and a single PI controller for each port can independently regulate the power flow.
Using this approach, only two ports are operating at each time instant. In other words,
considering an input port and two output ports in a three-port converter, the operation
period of the input port is divided among the two output ports. Figure 16 shows the
time-sharing control of a three-port converter, where T}, represents the shared period (the
input port), and D,, D3 are the time-sharing ratios of the two output ports, considering
T = 1p.u, one has Dy + D3 < 1, and there is no overlap between the operation period of
the two output ports.

The research presented in [83], proposed a QAB converter for DC power management
in smart homes, in which a hybrid time-sharing, phase shift approach is implemented to
have independent power flow control. A similar idea is implemented in [93] to control
a 12-port MAB converter, which is proposed as a multi-cell reconfigurable energy router.
Although the time-sharing method has straightforward implementation and can achieve
a fully decoupled control of power flow, it increases the output voltage ripple and larger
output capacitors are required, besides, the device stress under time-sharing is higher [83].
In addition, the power density drops with the increasing number of ports. As was discussed
in the literature, and demonstrated in Figures 12 and 13, the cross-coupling effect in a MAB
converter reduces with the number of ports. For the 12-port converter represented in [93],
the interaction between control loops is negligible, hence, using phase shift modulation
with PI controllers could also provide an adequate dynamic response. The research pre-
sented in [75,170] illustrated that individual controllers are sufficient for large-scale MAB
converters, and validated it experimentally using two 10-port MAB converters. Table 2
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compares the different linear-control-based approaches that have been proposed for the

MAB converter.

A T,,
Port 1 t
D, T, g

Port 2 t
D; T, -

Port 3 t

Figure 16. Time-sharing in a TAB converter.

Table 2. Comparison of different linear control approaches proposed for the MAB converter.

Control

Decoupling

v

f

. P
Ref. N App M Model Approach Performance Complexity (kW] wl [kHz] Year
Multi-loop . 200, 500,
5
[58] 4 DFIG SPS TDA (PIR voltage control) Moderate High 1 500, 500 20 2022
[59] 3 urQC SPS TDA PI Voltage control Low Low 1.5 484; 8, 10 2022
MV grid . . . 100, 150,
94 -]
[94] 4 integration SPS TDA Multi-loop controllers High High 1 150, 150 20 2022
.\ PIvoltage controller + 50, 50,
[68] 3 PV modules SPS TDA MPPT algorithm Low Low 0.1 1 250 2021
SPS + 54, 400,
[14] 3 HESS Duty Cycle TDA PI voltage controller Low Low 1 10 20 2008
Offshore power 300,
[89] 4 transfer through SPS TDA Multi-loop PI controller Moderate Moderate 5 100, 10 2023
HVDC 1500
(93] 12 E t Time-sharing TDA Time-sharing + High L 05 7290 200 2020
: nergy router +SPS PI voltage controller 18 ow i
LVDC in Time-sharing Time-sharing + . 400, 48,
53] 4 smart homes +SPS TDA PI voltage controller High Low 04 15,5 100 2019
Feedforward + 18,18,
[162] 3 HESS SPS TDA Multi-loop PI controllers Moderate Moderate 6 430 20 2007
[63] 3 EV charging GPS GHA Feedforward + Low Moderate 03 80, 80, 100 2022
station PI voltage controller 12
Railway Feedforward + 300, 300,
2
(172l 3 traction system GPs TDA Multi-loop PI controllers Moderate Moderate 20 300 10 2020
Feedforward + 50, 50
[20] 4 MEA SPS PI voltage controller Low Moderate 1 50,50 10 2020
- On-board Feedforward + 400, 400,
[165] 3 Charger SPS GHA PI power controller Low Moderate 1 60 100 2021
Bipolar Feedforward + 12,12,
(271 8 DC grid SPS Multi-loop PI controllers Moderate Moderate 0.03 11.6 2022
Feedforward with
[34] 3 Iso!ated ],)C SPS FCA gain schedualing + Moderate High 2 380, 380, 50 2023
microgrid 380
PI voltage controller
Feedforward + 55, 48,
[71 3 HESS GPS GHA Multi-loop PI controllers Moderate Moderate 1 100 25 2021
SPS + Feedforward +
[164] 3 4 FCA Multi-loop PI controllers Moderate High 2022
utycycle R
(in dq frame)
EV Feedforward with 400, 200
[174] 3 charging SPS TDA gain scheduling + Moderate High 3 T 20 2022
2 140
station PI voltage controller
[38] 3 DC transformer SPS TDA Feedforward + Low Moderate 2021
PI voltage controller
[11] 3 sps FCA Feedforward + Low Moderate 1 100, 75, 20 2018
PI power controller 75
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Control Decoupling . P v f
Ref. N App M Model Approach Performance Complexity [kW] [vl [kHz] Year
Feedforward with
[76] 3 UPS SPS + FCA gain scheduling + Moderate High 1.5 300, 42, 100 2008
duty cycle X 14
multi-loop PI controllers

- SPS + Multi-loop controllers 300, 12,
[15] 3 HESS duty cycle TDA with different bandwidths Moderate Moderate 25 16 20 2012

Feedforward + 270, 270,
[17] 4 HESS in MEA SPS TDA multi-loop PI controllers Moderate High 3 270’ 270’ 20 2018

with different bandwidth ’
- Solid-state SPS + Multi-loop
(52] 4 Transformer duty cycle TDA phase shift + duty cycle control Moderate Moderate 2 200~400 100 2019
Feedforward with
[171] 3 DC microgrid SPS FCA gain scheduling + Moderate High 2 380, 380, 200 50 2022
Pl voltage controller
_ Multi-loop controllers

[95] 3 HESS SPS TDA with different bandwidths Moderate Moderate 0.6 60, 60, 13 20 2015

- . . Feedforward + 400, 400,
[175] 3 DC microgrid SPS TDA PI voltage controller Low Moderate 10 18 20 2019

. . Feedforward + 400, 400,
[176] 3 DC microgrid SPS TDA PI voltage controller Low Moderate 10 19 20 2018

Differential 5
[75] 10 power SPS TDA PI voltage controller Moderate Low 0.03 for all 100 2019
processing
Feedforward +

[166] 3 Energy router GPS GHA Moderate Moderate . . . 2023

Multi-loop PI controllers

4.3. Nonlinear Control Approaches

The small signal model derivation demonstrated the nonlinear behavior of the control
to the output transfer function. Hence, nonlinear control techniques are interesting for
controlling MAB converters and can extend the operating region. The work in [35] solves
the nonlinear power flow equations of a 12-port MAB converter using a simplified Newton
iteration method. By combining the solutions obtained and the inverse of the gain matrix,
the power flow of the MAB converter can be decoupled over a wide operating range.
However, as was mentioned before, for large-scale MAB converters, the cross-coupling is
much less, and the decoupling strategy is not essential.

The research presented in [22], demonstrated that the local sub-module (H-bridge)
optimal points for power flow decoupling are the same as the global optimum solutions.
Hence, local controllers for each sub-module can decouple the power control of each port.
An MPC-based strategy is proposed for the TAB converter in [22], where the first part of
the controller aims to find the optimum future state of the DC current in the next two steps
(two-horizon) using a binary search and feedback from the DC voltages, then the second
part of the controller uses optimal predicted values for the DC current and decouples
the power flow through an open loop algorithm based on Newton’s iteration method.
Theoretical analysis and experimental tests demonstrated excellent transient response
compared to the conventional linear control approach, possibly at the expense of slightly
higher steady-state error.

The research presented in [43] aimed to predict the AC midpoint current using linear
searching. The phase shifts are considered to be close to zero, thus, a linear relationship
between the power flow (midpoint currents as well) and phase shift ratios is achieved. Then
one iteration of Newton’s method is performed to obtain the desired value for the phase
shift. The work in [78] applies MPC based on the SPS modulation, to predict the optimal
phase shift for future states. Simulation results show a good dynamic response under load
step changes, but the steady-state error is higher than the PI controller approach, and no
experimental validation tests are provided. Only SPS modulation is considered for con-
trolling the power flow in all described MPC approaches; by taking inner phase shifts into
account, the calculation of the Jacobian matrix in Newton’s method can be computationally
intensive, and other simpler iterative methods may not give adequate precision.

To enhance the effectiveness of feedforward decouplers at all operating points, other
works proposed nonlinear control-based, and black-box approaches. The work in [177],
implements the feedforward controller using a model predictive controller (MPC). The dis-
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crete first-order delay time state-space model is established, to meet the requirements of the
proposed control approach. In addition, a non-linear fast-track algorithm is implemented,
hence, the proposed control has a robust and satisfactory dynamic response, compared to
the conventional ideal, simplified, and inverted decoupling approaches. The block control
diagram of the proposed MPC-based approaches is shown in Figure 17.
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©
Figure 17. Three different MPC-based approaches proposed for the MAB converter: (a) [22]. (b) [43].
(o) [78].

In one paper [21], a multi-layer neural network is trained with 100,000 datasets,
provided by simulation of a QAB converter to observe nonlinear control-to-output relation.
Three outer phase shifts are selected as inputs, and four voltages are the outputs. Finally,
the NN-based model obtained is combined with the linearized analytically derived model.
In fact, NN results are used for accuracy compensation of the linear model and can improve
the accuracy of the linear model by 60%. However, the range for outer phase shifts
considered is [—0.3,0.3], and the remainder of the possible range (which leads to more
nonlinear characteristics) is not taken into account. Another NN-based method is presented
in [99], which employs data sets to train a neural network for RMS current optimization
and to determine the optimal inner phase shifts. Outer phase shifts are controlled by
PI controllers and decoupled with gain matrix inversion. Since the inner phase shifts
influence the dynamic performance of the converter and are determined by a pre-trained
NN, the transient response of the converter to step changes in the load is improved. In one
study [91], a feedforward machine learning-based algorithm is trained to capture the
nonlinear behaviour of a 6-port MAB converter. Although the motivation of the work is to
find corresponding optimal phase shifts at each operating point, the proposed approach
can achieve good power flow decoupling performance.

To push control robustness further, some researchers have proposed disturbance
observer-based nonlinear control approaches and algorithms, such as active disturbance
rejection control (ADRC) [84], sliding mode control (SMC) [86], and the super-twisting
algorithm (STA) [60]. Classic linear control techniques are not capable of totally attenuating
the impact of uncertainties caused by external environments, perturbation in parameters,
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and unmodeled dynamics of the system [178]. The disturbance observer-based control
techniques applied to the MAB converter, use an extended state observer (ESO) for lumped
disturbance estimation. Since the effect of cross-coupling is treated as a disturbance, it can
be observed by ESO and rejected using appropriate control strategies.

The research presented in [84] proposes a linear ESO-based linear ADRC to effectively
decouple the cross-coupling in a QAB converter. Besides providing more robustness and re-
liability, the proposed method does not require a dynamic model for the converter and only
requires information about the state of the control system (which is basically the number
of energy storage elements). It has a decentralized control structure, hence, unlike classic
control methods, the complexity is independent of the number of ports. The first part of the
control system is a linear Luenberger observer which includes the estimation parameter
for the system states. After a disturbance and corresponding fast disturbance observation,
a simple proportional derivative (PD) controller rejects the observed disturbance.

The research work presented in [86] aimed to fully eliminate the cross-coupling in a
QAB converter using an ESO-based SMC with a conventional gain inverse matrix. The con-
ventional decoupler performs most of the cross-coupling rejection, and the remaining
interaction between control loops is eliminated by the SMC. The combination of the con-
ventional and SMC decoupling approaches enhances the robustness of the control system,
and regardless of the operating point, it can fully eliminate the disturbance caused by
inherent interaction between loops. In fact, the ESO is not an essential part of SMC con-
trol; however, it can solve the chattering problem in SMC and improve its performance.
Among the different control approaches reviewed here, Ref. [86] has presented the best
decoupling performance. A super-twisting algorithm (STA) control based on an ESO is
proposed and implemented for power flow decoupling in a QAB converter and demon-
strates excellent transient response under step load changes. The control block diagrams of
these three ESO-aided control approaches proposed for the MAB converter are depicted in
Figure 18.

Adaptive control-based approaches have also been proposed for MAB converters,
and are mainly used for power flow management. The work in [100] presents a decentral-
ized adaptive control, which adapts the switching frequency and the phase shift of each
bridge of a TAB converter to control the power, and an extension of work is presented
in [179]. The work in [13] proposes an adaptive energy management strategy for a TAB-
based HESS which adaptively manages total power distribution among different types of
energy storage devices.However, all mentioned adaptive control-based approaches were
concentrated on power flow management and did not consider any robust decoupling
mechanism for step changes in the system, hence, low transient responses under step load
changes are demonstrated.

The research carried out in [85] proposes an adaptive “step perturb and observe al-
gorithm” for tracking the minimum transformer RMS current to minimize conduction
losses by adjusting inner phase shifts and regulating the active power in a QAB converter.
The proposed strategy does not require accurate modelling of the converter, and it is
LUT-free. The outer phase shifts are controlled by PI controllers and decoupled using a con-
ventional feedforward decoupler. There are some other nonlinear control-based approaches
proposed to decouple the power flow in MAB converters, such as flatness control [98,180],
and natural switching surface control [35], these are not discussed further here.

Table 3 compares different control-level papers for the MAB converter. The papers are
compared in terms of the type of control approach, decoupling effectiveness, complexity,
number of ports, implemented modulation technique, steady-state modelling approach
(TDA, FCA, GHA, and model-free), and experimental and setup specification.
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Table 3. Comparison of different non-linear control approaches proposed for the MAB converter.

Control

Decoupling

Control

P \%

f

Ref. N App M Model Approach Performance Structure Complexity [kW] [v] [kHz] Year
[22] 3 MEA SPS TDA MPC High D High 506’070 50 2023
SMC+ . . 180, 48
[86] 4 SPS TDA feedforward High C High 0.7 48,48 100 2022
[78] 4 SPS TDA MPC High C High 2022
g g
SPS+
[43] 4 SST duty TDA MPC High C High 2022
cycle
[84] 4 i]flstzg&rzalt{i]f)rsl SPS TDA ADRC High D Moderate 2 f(?rogll 100 2021
. . 150
[60] 4 UPQC SPS TDA STA High D high 14 for all 100 2022
Flatness . 60, 13,
[98] 3 HESS SPS TDA Control Moderate C high 1 60 10 2011
SST for Off-line Newton
[35] 12 locomotive GPS TDA Herl"‘flf“ * Moderate C High 6 16~25 20 2016
traction multi-loop
controllers
[163] 3 lfﬁtse;‘if)is SPS FCA NSS Moderate C High 20 1 2019
Hybrid NN
[21] 4 MEA SPS TDA + linearized Moderate C Moderate 2022
model
o1 6 SPS Model- Machine High C Moderate 0.05 12 05 2023
free learning for all
DC Feedforward
[161] 3 electric SPS TDA +adaptive Moderate C High 2019
springs droop control
Feedforward
[24] 3 MEA SPS TDA + droop Moderate C Moderate 2 200 20 2017
control
- SPS+ Online . 200~
[52] 4 SST duty cycle TDA calculation Moderate C High 20 400 100 2019
Online . .
[96] 3 SPS GHA caleulation High C High 20 2020
[97] 3 mic?ocgri 4 SPS TDA Caﬁﬂ;ﬁfm Moderate C High 15(;'075' 2023
Crid SPS + Adaptive 100
[100] 3 formin frequency FCA frequency Moderate D Moderate 1 for all 20 2022
& control control
Multi-loop 48,48
[13] 3 HESS SPS TDA adaptive + Low C High 0.5 2’50 ! 50 2023
droop control
Adaptive
[85] 4 GPS FCA perturb & Moderate C Moderate 100 25 2022
observe +
feedforward
Adaptive 100
[179] 3 SPS TDA frequency Low D Moderate 0.5 for all 20 2022
control
[99] 3 GPS Model- NN-based + High C Moderate 5 400 40 2023
free feedforward
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Figure 18. ESO-aided control approaches for MAB converter: (a) ADRC [84]. (b) STA [60].
(c) SMC [86].

5. Hardware-Level Decoupling

The implementation of control-level decoupling techniques has a trade-off between
accuracy and complexity, where conventional methods are less effective and novel ro-
bust control approaches are more difficult to design in general. To address this problem,
topology-level decoupling approaches have been investigated, with the aim to achieve
excellent decoupling and simple control design at the same time. As discussed in the litera-
ture, the linking inductance plays a crucial role in the power flow of the MAB converter,
in both steady-state and transient conditions. The physical origin of cross-coupling is when
part of the linking inductance is “shared”, as shown in (Figure 4), for example, due to the
leakage inductances in a multi-winding transformer. Therefore, topology-level approaches
generally aim to separate a MAB converter into several DAB converters by using additional
series-connected inductances or manipulating the magnetic coupling between windings.

5.1. Modified Inductance Type MAB

Considering the star-type ECM of a TAB converter with one input (e.g., port 1) and
two output ports (e.g., ports 2, 3), the transferred power to each output port is affected
by its winding leakage (L, or L3 ) inductance, and the leakage inductance of the input
port winding (L1). Since the current flowing through L; is shared between the outputs,
it impacts the delivered power to them. Clearly, by arranging for example L; < Lo, L3,
the influence of L; on the transferred power can be reduced and in this case, the power
flow to each consumer port can be controlled as if there were separate DAB converters.
However, tuning the leakage inductances in multi-winding transformers is challenging
and high values for leakage inductance are difficult to achieve.Consequently, external
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auxiliary inductors connected in series with some of the windings have been used by most
researchers to achieve the desired effect.

The idea of modified leakage inductance-based decoupling was first mentioned in [78],
then the work in [106] used the concept of modifying inductances in a three-port converter,
which consists of two conventional H-bridges and an AC to AC H-bridge with 4-quadrant
switches. The inherent leakage inductances are very small, and external inductors are
connected in series with two of the windings to create a larger equivalent inductance.
Hence, the interaction and cross-coupling between them are reduced at the topology
level. A similar idea was adapted to a QAB converter in [87], where external inductors are
connected in series with three of the output port windings so that the common inductance is
limited to the small leakage inductance of the input port winding which becomes negligible.
The ports with added inductance can have independent power control since the first port
essentially becomes an “ideal” voltage source. Although inductance modification greatly
simplifies the control design of the MAB converter, the direction of power flow is restricted,
since the input and output ports are predefined in the converter design stage by allocating
the additional inductors. In other words, in a QAB converter with one input and three
output ports (with added inductance), for example, it is not possible to re-allocate one
of the output ports as input since the added inductance would become “shared” and
there would be very significant cross-coupling between converter’s ports. In addition
to the limited power flow direction, the proposed hardware-level solution increases the
transformer losses [107]. Figure 19 depicts these different modified inductance approaches
and their ECM.
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Figure 19. Proposed topologies for modified inductance. (a) [106]. (b) [87]. (c) [88].
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To address the power flow direction limitations, the research presented in [88] pro-
posed a new topology for the QAB converter. In the proposed topology, an extra arm with
two high and low-side active switches exists at the bidirectional port. This additional arm
can bypass the external inductor to create an input port or leave it connected to create
an output port maintaining decoupled power flow in both scenarios. However, having
two more active switches in the bidirectional port(s) increases the overall cost of the MAB
converter. Additionally, if the external inductor is bypassed, and two ports are injecting
power, the linking inductance between them in the A-type ECM can be extremely low
(depending on the ratio of the leakage inductance to the external inductor), which can
cause a high inrush current. Thus, selecting a satisfactory value for the external inductor is
important. Additionally, if the two input voltages are unequal, the small line inductance
between two input ports in the A-type ECM causes high circulating power, which increases
the conduction losses [181]. To address this problem, it is important to have equal voltages
connected to input ports or to apply advanced multi-phase shift modulation to reduce the
circulating power.

The research presented in [182] aimed to achieve the desired value for the linking
inductances without using additional series inductors. A genetic algorithm approach was
used to optimize the leakage inductances based on the position of the windings, to have a
lower leakage inductance for the input winding and relatively higher leakage inductances
for the output windings. Several different transformer structures were investigated in an
attempt to obtain the desired leakage performance in terms of absolute values and ratios.

5.2. Separate Multiple Transformers

Other Hardware-level methods are based on replacing the HF multi-winding trans-
former with several conventional two-winding HF transformers. Implementation of indi-
vidual two-winding transformers in a MAB converter can provide several merits such as:

1.  Two winding transformers are much easier to design, manufacture, and optimize [183].
Moreover, desired leakage inductances are easier to achieve.

2. Since two windings can be wound on different arms of the magnetic core, two-winding
transformers can provide better galvanic isolation for high-voltage applications, espe-
cially when the voltage difference between two connected ports is considerable.

3.  The magnetic coupling between two transformers is neglected, hence, the cross-
coupling effect can be reduced or fully eliminated (depending on the connection of
the transformers).

4. In a multi-winding transformer-based MAB converter with two inputs, a small de-
viation or disturbance in their voltages or the phase shift between them can cause
circulating power and higher conduction losses, while an implementation with multi-
ple two-winding transformers can overcome this problem.

5. In the conventional MAB converter, with unequal phase shifts at the input ports, two
voltages oppose each other (for part of the period), and this leads to a reduction in
the slope of the sum of the produced magnetic flux. As a consequence of the lower
rate of change in magnetic flux, the back electromagnetic force (EMF) will be reduced
which causes high inrush currents from input ports. In the worst-case scenario when
Vi = n;;V}, a magnetic short circuit occurs [109]. Using two-winding transformers can
address the magnetic short-circuit drawback of conventional MAB converters.

6. In [41], it was suggested that an MWHEFT in a MAB converter can have problems
with saturation which are exacerbated as the number of ports (windings) increases -
although the mechanism for this effect was not fully explained or discussed.

7. Two-winding transformers can provide better heat dissipation than multi-winding
transformers [184].

8.  Using two-winding transformers, the scalability of the converter is greater, since the
implementation of a multi-winding transformer does not do not allow retrospective
addition of another port (isolated active bridge) [104].
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In fact, the main motivation for splitting the transformer in [109] was to mitigate the
power circulation and magnetic short circuit when there are two input ports. The proposed
three-port MAB converter with two split two winding transformers is shown in (Figure 20a).
Each of the transformer primary windings is fed from a voltage source through an H-bridge,
while the secondary windings are connected in series to supply the load through a 3-arm
active bridge. A similar concept is presented in [108], in which two half bridges are
implemented for the input side ports. However, adding two more switches increases
the overall cost and losses in the system. In addition, unequal power sharing between
two inputs with asymmetrical (different) phase shifts, lower power density, and uneven
component current stress are other drawbacks of the proposed approach. Although the
transformers are magnetically decoupled, the series connection of the winding makes it
electrically coupled. However, the coupling effect is reduced compared to a three-winding
transformer-based MAB converter, and the PI controller can overcome the remaining
interaction. However, the power flow can be decoupled in the specific case when the two
AC voltages produced by input bridges are synchronised.
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Figure 20. Separated multiple transformer topologies for the MAB converter: (a) [109]. (b) [37].
(o) [30].

The proposed three-port topology presented in [37] (Figure 20b), removed the addi-
tional added arm to one of the H-bridges in [109], and power flow decoupling is extended
to all operating conditions. In addition, inherent open-loop power balancing is provided
by considering a phase delay between the AC square wave voltages of two input ports.
The work presented in [149] mentioned power flow decoupling of the TAB converter by
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splitting the three winding transformers into two winding transformers. In order to abso-
lutely eliminate the interaction, two windings of the transformers are connected in parallel
and the topology is magnetically and electrically decoupled. However, the current-sharing
problem still remains.

The research presented in [30] proposes a TAB converter, with split transformers, for a
bipolar DC distribution system to isolate the DC system from the AC grid and provide
voltage balancing of the bipolar DC bus in a single stage. The topology consists of a
full H-bridge connected to the input source and two series-connected half-bridges that
provide the two voltage levels required for the bipolar DC buses (Figure 20c). Since the
two transformers are connected in parallel, the power flow is totally decoupled, and there
is no interaction during the voltage balancing. A similar topology, that consists of three full
H-bridges, is proposed in [31] to supply loads in a bipolar DC distribution grid. The work
in [80] combines a series-connected triple transformer-based MAB resonant converter
with three H-bridge inverters to create a DC to three-phase structure and HF three-phase
decoupling is implemented to reduce interaction.

To interface a medium voltage (MV) bipolar DC system with a low voltage (LV) bipolar
DC distribution system, the work in [33] proposed a converter with a new architecture
based on two series-connected modular multilevel converters (MMCs) for the MV side,
and four interleaved full H-bridge converters for the LV side to provide two required
voltage levels and high current capability. Four two-winding transformers are connected
two by two and link the MV and LV side converters together. The series connection of
transformers can reduce the cross-coupling, and hence a good dynamic performance is
achievable with only PI controllers. A similar topology for the same application is proposed
in [185].

Decoupled power flow in multi-transformer MAB converters depends on the architec-
ture and connection of the transformers, and it may not be able to eliminate the interaction
between ports. In parallel connection of transformers, there is no cross-coupling since there
is no magnetic or electrical coupling between them. In a series connection of transformer
windings, the magnetic coupling is neglected but since the current flowing through wind-
ings is the same because of the series connection, an interaction between ports appears;
however, it is weaker than cross-coupling in a MAB converter with a multi-winding trans-
former. If more transformers are added to the system to increase the modularity of the
converter, a strong interaction between ports can appear again.

The topology of the Modular multi-active bridge (MMAB) converter is proposed
in [149] to increase scalability, modularity, and the freedom to have different characteristics
for the connected port loads/sources. In the proposed topology for MMAB, each port
(module) consists of an H-bridge and a transformer, hence, different multi-port architectures
will be available by combining each module. In fact, MMAB has both characteristics and
features of DAB and MAB converters. The connection of modules can create the same
star or A-type ECM of the MAB converter with individual two-winding transformers,
and create cross-coupling. Control-level decoupling approaches can be applied to attenuate
the interactions [148]. An iterative algorithm is proposed in [147] and applied to solve the
nonlinear control equations and obtain the desired values of phase shifts (control inputs) to
have independent power flow control. In one study [150], a dq-frame representation of the
active power transfers is demonstrated, and the power flow decoupling term is derived to
be implemented using feedforward in the control system.

5.3. Resonant-Type Decoupling Approaches

Implementation of a series resonant circuit in a MAB converter was proposed in [186]
for the first time, to improve the switching losses, where two resonant tanks are included in
two ports of the TAB converter. A QAB converter with four LCL resonant tanks is proposed
in [187]. Other papers used different resonant circuits for the MAB converter; however, none
of them discussed the cross-coupling issue or decoupled power flow using a resonant-type
topology-level decoupling approach [131,132,187]. Implementation of resonant circuits
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can provide other advantages, using a capacitor connected in series with the transformer
windings can modify the equivalent impedance, and if the resonant frequency is selected
to be equal to the switching frequency, the effect of leakage inductance on power transfer is
eliminated. The port with f, = f; can be considered to be an input port, and other ports
with f, < fs will achieve decoupled power flow control and behave as output ports [102]
(Figure 21a).

The research presented in [188] investigated resonant-type decoupling for the first
time (Figure 21b). The proposed topology is a TAB converter with a multi-resonant circuit,
where several passive elements are implemented to create several resonance frequencies.
Then based on the established small signal model, dependency of the cross-coupling degree

(%) to the resonant tanks parameters and the ratio of switching frequency to the resonant
frequencies are analyzed. Suitable values for the resonant elements and frequencies are
selected to reduce the interaction and cross-coupling degree. Research presented in [71]
proposed a TAB converter, which demonstrates decoupled power flow, based on two full
H-bridges and a resonant half-bridge for integration of a storage system with PV panels.

In [103], a TAB converter with two resonant half bridges and one full H-bridge is
proposed. In [105], a TAB converter with two resonant full H-bridges and one normal
full H-bridge is proposed. Each resonant tank includes a resonant capacitor and inductor,
and an auxiliary inductor connected in parallel, which helps to maintain ZVS with bidirec-
tional power flow. The “first harmonic synchronized” approach is implemented and it is
demonstrated that the voltage conversion ratio is independent of the transferred power
and only determined by the duty cycle. Hence, bidirectional decoupled power flow can be
achieved using this method. Detailed dynamic behaviour of the resonant QAB converter is
investigated in [46], and a power ripple decoupling based on two proportional resonant
(PR) controllers is designed to enhance decoupling behaviour. Power flow decoupling in a
current-fed TAB converter is proposed in [8]; however, it only discusses the closed-loop
characteristics of the proposed converter. The small signal modelling, dynamic behaviour,
and closed-loop controller design of a current-fed resonant TAB are studied in [101].

Resonant circuits can be used to provide decoupled power flow at the circuit level
without any control complexity; however, the effectiveness of the decoupling, strongly
depends on resonant circuit parameters. Due to manufacturing tolerance and standard
values, finding passive components with appropriate values and tolerances is challenging.
To address these drawbacks, some researchers have proposed the implementation of
variable capacitors and inductors to achieve “precise” values based on resonant circuit
design [6,12].

A resonant TAB converter with variable capacitance is proposed in [6] (Figure 22a)
that can overcome the mismatch in resonant circuit parameters.Each resonant circuit in
the proposed topology consists of a switch-controlled capacitor, which is a 4-quadrant
active switch in parallel with one capacitor and series-connected with another capacitor.
The equivalent capacitance of the variable capacitor can be changed by tuning its 4 quadrant
switch phase shiftto achieve the desired impedance and resonant frequency.

A similar concept was implemented using a variable inductor in [12] (Figure 22b).
A variable inductor is based on a EE core with one main winding (AC winding) wound
on the center arm, and a control winding (DC winding) that is placed on both arms.
By injecting a DC current into the control winding, the magnetic core is made to operate
close to saturation, which modifies the core reluctance, and the main winding inductance.
However, a variable inductor requires an external DC current source normally which
increases the overall cost of the system.
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Figure 21. Resonant-type topologies of MAB converter: (a) [102]. (b) [188].
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It has worth mentioning, normally in resonant-type decoupling with fixed resonant
frequency (and generally in many other types of topology-level approaches), if the number
of ports is more than three, bidirectional power flow capability may not be an option,
because the input and output ports are predefined at the circuit design level. It seems,
however, that the approaches with variable component parameters may be less restricted.
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Besides overcoming the mismatch in the resonant circuit parameters, the allocation of input
and output ports may be possible by tuning the resonant frequencies.

A combination of both separate two-winding transformers and resonant circuits is
presented in [104]. It is explained that connecting an independent voltage source to a current
bus, or an independent current source to a voltage, leads to decoupled power flow control
of each port. An immittance network can be implemented in the transformer winding
to create an independent current source. The topology investigated for the immittance
network-based TAB converter and its ECM is illustrated in Figure 23a, in which the two
primary windings of the separate transformers include the LCL immittance networks to
create two independent current sources. The secondary windings of the transformers are
connected to the third H-bridge which behaves as a voltage bus, and hence each of the ports
can have independent power flow controls. Figure 23b illustrates the proposed topology of
a triple transformer resonant QAB converter in [80], where the common port contains a
series LC resonant circuit.
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Figure 23. Proposed topologies of resonant-type MAB converter with separate transformers:
(a) Voltage bus-based immittance network of TAB converter [104]. (b) Triple transformer resonant
QAB converter [80].

In addition to discussing topologies and methods for decoupling power flow at the
circuit level, the research presented in [189] emulated a negative inductance to eliminate
the effect of the leakage inductance of the common port winding. This was accomplished
by applying an external voltage to the leakage inductance with the same amplitude as
the voltage drop across the leakage inductance. Using this method requires a controllable
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external voltage source and, accurate real-time measurement and sampling of the inductor
current (or square wave voltages) are essential for effective decoupling performance which
can limit the practicality of the concept.

All of the hardware-level decoupling methods discussed above are briefly compared
in Table 4. Since all hardware-level approaches require modification of the main topology
of the MAB converter, and usually more power components are included, the approaches
are compared in terms of the number of passive and active components, and the HFT type
(number of windings, or number of separated transformers). Additionally, specifications of
the experimental test setups (if provided), modulation technique, considered application,
number of ports, and the publication year are also mentioned.

Table 4. Comparison of different hardware-level decoupling approaches proposed for the MAB

converter.
Decoupling N N N
Ref. App M Approach Switches HFT Inductor Capacitor P kwl ViV £ [kHz] Year
Integration .
Modified 3- 5 3 141, 48,
[106] AC()gfriké\QggtSS GPs inductance 16 windings (3 for filter) (for filter) 380 2018
Modified 4- 7 4 160
1871 SPS inductance 16 windings (4 for filter) (for filter) 2 for all 100 2021
- Modified 3- 3 200,100,
(1071 sPs inductance 12 windings 2 (for filter) 2 100 2022
o Modified 4- 4
[85] §PS inductance 18 windings 3 (for filter) 2023
Modified 3- 3 50,50,
[182] SPS inductance 12 windings (for filter) 70 20 2021
Multiple- 3 7 230,
[188] SPS resonant 12 windings 4 (3 for filter) 0.75 92, 95 2018
(for 2 ports) 8 115
RES and 3 4 12,
[71] HESS SPS Resonant 10 indi 3 3 for fil 0.3 24, 40 2019
integration windings (3 for filter) 110
- FHS- FHS-PWM 3- 5 110
[105] ESS PWM +Resonant 12 windings 4 (3 for filter) 1 for all 100 2021
SPS + 3- 7 6 200, 120,
[1o1] duty cycle Resonant 12 windings (4 for filter) (3 for filter) 1 150 50 2022
3- 3 60, 150,
[102] GPS Resonant 12 windings 3 (1 for filter) 2 50 50 2022
3 8 400, 60
[103] RES SPS Resonant 8 . 2 (2 for 0.74 foa 50 2022
windings N 200
resonant)
SPS + 3- 6 4 60,72,
(5] duty cycle Resonant 12 windings (4 for filter) (2 for filter) 200 50 2022
Resonant 4 7
[46] SST SPS +PR 16 indi 3 4 for fil 2 380 16 2022
controllers windings (4 for filter)
HESS SPS + Resonant + 3- 5 14,46,
[190] in EVs duty Cycle feedforward 12 windings 2 (3 for filter) 6 800 10 2022
[6] HESS GPs Variable 16 3 3 6 15 62,72, 50 2022
resonant windings 110
. 4
[12] HESS 4 SPS + Variable 16 & (variable 8 15 200 2023
uty Cycle resonant windings -
inductors)
Resonant 96,
[104] Rfjtg“iglfnss GPs (Immittance 12 wmzl'm . 4 A ffher) 1 7, 100 2022
8 network) 8 300
Resonant + .
SPS + Triple 7
[80] EV charger duty cycle sep:;%’;ed 16 HFT 3 (4 for filter) 2 400 120 2022
Negative 3 3 50,
[189] RES SPS inductance 12 indi 3 for filt 2.6 100, 1 2013
emulation windings or tfter 170
SPS + Separated Dual 40~60
(109 duty cycle HFTs 14 HFT 0 s for all 15 2017
Separated Dual 5 48, 230,
[108] RES sPs HFTs 10 HFT 0 (1 for filter) 1 300 20 2022
Bipolar SPS + Separated Dual
1301 DC system duty cycle HFTs 8 HFTs 0 5 2 380 50 2022
[37] SST SPS Separated HFTs 12 Dual HFT 0 1 1 7(1/020/ 20 2021
3- 5 85, 100,
[131] HESS SPS Resonant 12 windings 2 (3 for filter) 1 200 20 2017
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6. Discussion, Outlook, and Conclusions

The main purpose of this paper was to explore and review the many power flow
decoupling techniques proposed for the MAB converter. In doing so, the paper has also
discussed different steady-state modelling approaches, different modulation methods,
equivalent circuit models (especially for multi-winding transformers), and the physical
origin of cross-coupling. In contrast to other review papers on multi-port DC/DC con-
verters, which mainly concentrated on alternative topologies, this paper has focused on
the MAB converter with a particular emphasis on the power flow coupling issue. Since
2004, when the fundamental topology of the three-port MAB converter was proposed
as an extension of the DAB converter, it has attracted the interest of researchers due to
its potential benefits and has been proposed for a variety of applications. By modifying
the classic topology and implementing advanced modulation techniques, more than 100
scholarly journal articles published after 2020 investigated and enhanced the operation
of the MAB converter. In addition, several new applications for MAB converters with
different numbers of ports are proposed.

With the addition of more ports to the DAB converter’s fundamental topology, the re-
search gap between the dual-port DAB converter and the multiport MAB converter grows.
In general, the research conducted to improve the MAB converter can be divided into
six categories:

1.  Steady-state modelling: More control variables are offered by the MAB converter,
which complicates the time-domain analysis. FCA, which approximates the wave-
forms and considers only the fundamental component in the frequency domain,
greatly simplifies the analysis but reduces its precision. Using GHA and taking into
account higher odd-order components of the waveforms can compensate for the lack
of precision without sacrificing simplicity.

2. Optimisation: Many researchers aimed to reduce both switching losses and conduc-
tion losses to flatten the efficiency curve for the entire operating range. Advanced
modulation such as GPS can reduce the switching losses by expanding ZVS criteria
and reducing the conduction losses by eliminating the reactive power. Others em-
ployed wide band-gap power semiconductors such as SiC-MOSFETs or used resonant
circuits to reduce the conduction losses.

3.  Transformer design and modelling: The leakage inductance plays a key role in the op-
eration of the MAB converter. However, designing the MWHEFT is more complicated
than conventional two-winding HFTs. In addition, deriving a simple and accurate
ECM with measurable parameters is another challenge with MWHFTs.

4. Reliability and fault tolerance: Fault detection and ride-through become increasingly
important in MAB converters, as a fault in one port can impact the operation of the
other ports. Several research papers sought to analyze the fault ride-through in MAB
converters by bypassing the faulty port or attempting to remove DC current bias
using advanced modulation techniques.

5. Application-oriented research: Many authors focused on specific applications, then
adapted or modified the fundamental topology of the MAB converter or integrated it
with other types of converters, such as DC/AC inverters, to satisfy the requirements
of the applications considered.

6. Power flow decoupling control: Since cross-regulation in the MAB converter is the
most unique challenge that complicates the control structure, and it does not exist in
the DAB converter, it is the most extensively researched topic among other related
MAB converter research gaps.

This paper examined the cross-coupling behaviour, contrasting the effectiveness and
limitations of the proposed power flow decoupling techniques for the MAB converter.
Using conventional feedforward gain matrix inverse and linear-control-based PI controllers
can partially decouple the power flow, which can be enhanced by implementing additional
control loops or gain scheduling of the feedforward decoupler based on the operating
point. However, the control design complexity will increase. Others have proposed
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nonlinear control techniques such as MPC and ESO-aided techniques such as ADRC,
STA, SMC, and NN-based methods for a more robust control system with enhanced
dynamic response and nearly no coupling effect. ESO-assisted techniques could offer the
most adequate transient response of all control-level methods. Among the robust control
approaches discussed in the paper, ADRC has the simplest implementation in addition to
its outstanding performance and decentralized control structure.

In an effort to eliminate decoupling control complexities, hardware-level decoupling
strategies have recently become popular. Although they can allow independent control
loops, they require more power components such as inductors, capacitors, HFTs, or active
switches in the topology, which can increase the overall cost, mass, or volume of the
converter. The modified inductance method requires the fewest additional components
compared to other circuit-level strategies; however, the conduction losses may be greater
due to circulating currents.

Resonant-type and separate multiple transformers-type approaches require a greater
number of power components than multiple winding transformers, but they offer addi-
tional benefits beyond circuit-level decoupling. In the case of the resonant type, it can
decrease switching losses, improve EMI performance, protect the transformer against satu-
ration due to the series capacitance, and enhance reliability. Additionally, implementing
multiple two-winding HFTs can provide additional benefits, given that the design and pro-
duction of two-winding HFTs are simpler than that of MWHFT, and they are not susceptible
to magnetic short circuits under asymmetrical phase shifts. In the literature, the benefits of
separate magnetic components are thoroughly addressed, and the investigation of MMAB
converters is prompted by these significant prospective benefits.

In conclusion, the design of the decoupling controller is highly dependent on the
application requirements; for applications with frequent step changes, a more robust
controller, such as ADRC, SMC, MPC, etc., is necessary. On the other hand, using separate
transformers, modifying the topology based on the application requirements, and/or
combining them with robust control approaches, advanced modulation, or resonant circuits
cannot only achieve excellent decoupling performance, but also increase reliability, boost
efficiency, and reap the benefits of conventional two-winding HFTs. In other words, each
aspect and research topic of the MAB converter (e.g., decoupling, optimization, etc.) has
been thoroughly investigated individually, and previous research has primarily focused
on improving one aspect while largely neglecting others; therefore, a multi-objective,
application-oriented investigation that takes all aspects into account could be a viable
research topic.
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Abbreviations

The following abbreviations are used in this manuscript:

MAB Multi-Active Bridge

DAB Dual Active Bridge

MMAB Modular Multi-Active Bridge
TAB Triple Active Bridge

QAB Quadruple Active Bridge
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PS Phase Shift

SPS Single Phase Shift

GPS General Phase Shift

EPS Extended Phase Shift

DPS Dual Phase Shift

TPS Triple Phase Shift

ADRC Active Disturbance Rejection Control
MPC Model Predictive Control

SMC Sliding Mode Control

STA Super-Twisting Algorithm

ESO Extended State Observer

TDA Time Domain Analysis

FDA Frequency-Domain Analysis
FCA Fundamental Component Analysis
GHA General Harmonics Analysis
RCC Ripple Correlation Control

FFT Fast Fourier Transformation

NN Neural Network

RES Renewable Energy System

EV Electric Vehicle

ESS Energy Storage System

HESS Hybrid Energy Storage System
FC Fuel Cell

SC Super Capacitor

UrQcC Unified Power Quality Conditioner
MEA More Electric Aircraft

SST Solid State Transformer

DFIG Doubly Fed Induction Generator
UPS Uninterruptible Power Supply
MIMO Multi-Input Multi-Output

FHS First Harmonic Synchronized
ZVS Zero Voltage Switching

HFT High Frequency Transformer
MWHFT  Multi-Winding High-Frequency Transformer
RHP Right Half Plane

PI Proportional Integral

PD Proportional Differential

PIR Proportional Integral Resonant
PR Proportional Resonant

EMF Electromagnetic Force

ECM Equivalent Circuit Model

MMC Modular Multilevel Converters
LUT Look-Up Table
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