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Abstract—Modular multi-active-bridge (MMAB) converters
have emerged as promising solutions for efficient power conver-
sion in integrating various distributed energy resources, energy
storage systems, and loads. However, existing studies predom-
inantly rely on centralized controllers, which limit modular
scalability due to the lack of software modularity. This also poses
significant computational burdens for the centralized controllers.
To address these challenges, this paper proposes a decentralized
control method based on a decoupled MMAB converter. The
decoupling is achieved by eliminating the inductance from one
port, thereby simplifying the control complexity. Based on the
decoupled MMAB converter, a decentralized control scheme is
proposed, which is composed of a PI controller for frequency
synchronization and a proportional controller for direct phase-
shift regulation. This combination ensures accurate module syn-
chronization and rapid transient responses. A detailed parameter
design is obtained using small-signal analysis. Additionally, a
thorough inductance design methodology is provided to maintain
the phase shift within a stable operating range. Simulation results
validate the effectiveness and superior dynamic performance of
the proposed decentralized control strategy.

Index Terms—Modular multiactive bridge (MMAB) converter,
decentralized control, stability

I. INTRODUCTION

Modular multi-active-bridge (MMAB) converters are in-
creasingly recognized as crucial solutions for advanced elec-
trical power conversion and efficient energy management [1],
[2]. As illustrated in Fig. 1a, an MMAB converter comprises
multiple H-bridge submodules linked through transformers to
a wired link high-frequency (HF) AC bus, which enables
voltage conversion, galvanic isolation, and modularity while
maintaining high efficiency. These features make MMAB
converters particularly well-suited for interfacing with various
distributed energy resources, energy storage systems, and
loads operating at diverse voltage levels, As a result, MMAB

converters are suitable for many emerging applications, such as
microgrids, electric vehicles and battery management systems
[3]–[5].

Despite their advantages, the inherent coupling among ports
in an MMAB converter makes it a complex multi-input-
multi-output (MIMO) system, posing significant challenges
in control design and implementation. To address this issue,
many decoupling methods have been proposed to achieve
independent power flow regulation across ports [6]–[14]. How-
ever, these approaches rely on centralized control architectures,
wherein measurement acquisition, control computations, and
PWM generation are managed by a central processor. Such
centralized schemes often limit system scalability and plug-
and-play functionality, since hardware modularity is not ac-
companied by comparable software modularity. Furthermore,
centralized control can impose substantial computational bur-
dens, especially as the number of modules increases.

To fully realize hardware and software modularity and
enable effective plug-and-play capabilities, decentralized con-
trol strategies are promising alternatives. However, deploy-
ing decentralized control in MMAB converters presents two
primary challenges. The first challenge arises from the lack
of synchronization among digital controllers due to inherent
crystal frequency discrepancies in the processors of each
submodule. These discrepancies result in slightly different
PWM frequencies and time steps, leading to a continuous
increase in phase shift between submodules and thus making
it difficult to achieve system equilibrium. To address this, [15]
proposed a frequency control-based decentralized approach.
However, it faces a slow dynamic response and potential
stability problems.

The second challenge is the intrinsic power flow coupling
among modules. Localized controllers at each port inevitably
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Fig. 1. MMAB converter. (a) Standard MMAB converter. (b)Decoupled
MMAB converter.

influence other ports, leading to complex dynamic interactions
and potential instability. Existing software-based decoupling
methods typically rely on inter-port communication within a
centralized framework, making them difficult to implement in
fully decentralized systems [6]–[12]. On the hardware side,
methods such as inserting resonant capacitors [13] or tuning
per-port inductors [14] have been proposed. However, these
approaches are often sensitive to parameter variations and may
fail to achieve complete decoupling due to the unavoidable
presence of transformer leakage inductances.

In [16], a decoupled MMAB converter is introduced by
eliminating the inductance at one designated port, effectively
achieving power decoupling while retaining the inherent ad-
vantages of the standard MMAB converter. Based on this
decoupled structure, this paper introduces a decentralized
control strategy, with a proportional (P) controller for phase
shift and a PI controller for frequency. The P controller
enables rapid transient response to load variations, while the
PI controller mitigates mismatches stemming from crystal os-
cillator frequency errors. Additionally, the inductance design is
discussed to limit the phase shift between each module within
the acceptable range for maintaining the system stability.

The rest of this paper is organized as follows. Section II
details the proposed decentralized controller for the decoupled

MMAB converter, along with a small-signal analysis for
parameter design. Section III discusses the hardware methods
to constraint phase shifts within a stable region. Section IV
presents simulation results validating the effectiveness of the
proposed approach. Section VI concludes the paper.

II. PROPOSED DECENTRALIZED CONTROL METHOD

A. Decoupled MMAB converter

Fig. 1a illustrates the schematic diagram of a standard
MMAB converter. For each port i, Vi represent the input
voltage, Ni is the turns ratio of the transformer, Ci is the
input capacitor and Li is the sum of the auxiliary inductor
and leakage inductance of the transformer. It is assumed that
leakage inductance is reflected to the primary side, and the
magnetizing inductance is infinite. Single-phase shift modula-
tion is implemented to regulate the power flow across ports.
Without consideration of power losses, the output power for
port i over one switching cycle can be expressed as [14]:

Pi =
∑

j=1,2..N,j ̸=i

ViVjdij(1− |dij |)
2N2

1 fsLij
(1)

where dij is the phase shift between port i and j, and Lij is
defined as:

Lij =
Li

N2
i

+
Lj

N2
j

+
LiLj

∑n
k=1,k ̸=i,j N

2
k/Lk

N2
i N

2
j

, ∀i ̸= j (2)

It is evident that Pi depends on the voltage and phase
shift of all ports, indicating the power coupling between
each port. Such coupling poses substantial challenges for
decentralized control schemes as the local controller of each
module for voltage or power regulation inevitably affects the
other ports. These interactions create complex cross-coupling
dynamics, potentially leading to undesired phenomena such as
unexpected power-sharing behavior, resonance conditions, or
circulating currents.

Moreover, maintaining stability requires the phase shift dij
within the interval [−0.5, 0.5] according to (1). Exceeding this
interval reverses the monotonic relationship between Pi and
dij , thereby resulting in instability problems. This constraint
is particularly challenging to satisfy in scenarios where some
ports absorb power (positive phase shift) while others deliver
power (negative phase shift), as their combined effect may
easily push dij beyond the stable interval. Due to the lack
of inter-module communication, decentralized control methods
struggle to limit phase shifts accurately. This complexity is
further exacerbated by crystal frequency discrepancies among
processors as it can cause continuous and unknown phase drift.

To address these challenges, a decoupled MMAB converter
was proposed in [16] as shown in Fig. 1b. This modified
topology involves eliminating the inductance at one port (e.g.,
port 1) by removing its transformer and auxiliary inductor.
Such modification transforms the MMAB converter into N
dual active bridge (DAB) converters sharing port. This con-
figuration allows the bus voltage vb to be solely determined by
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Fig. 2. Diagram of the proposed controller.

port 1, restricting power transfer exclusively between port 1
and each other port, thereby effectively decoupling the power
flows. The output power for port i during a switching period
can be derived as [17]:

Pi =
V1Vidi(1− |di|)

2NifsLi
(3)

Compared to the standard MMAB converter, the decoupled
MMAB converter retains most advantages, such as electrical
isolation, flexibility and scalability. By effectively decoupling
power flows, this hardware modification significantly simpli-
fies decentralized control implementations, as variations in
non-slack ports minimally affect other modules. Additionally,
the stability requirement is relaxed, with the phase shift within
the prescribed interval only between each port and the slack
port, rather than among all possible port combinations. It is
noted that this approach makes system stability heavily reliant
on the slack port, thereby requiring robust protection and
redundancy strategies to enhance overall reliability. This is
not discussed further since it is out of scope.

B. Proposed Control Method

In the decoupled MMAB converter, port 1 serves as the
slack port, which operates at a fixed switching frequency and
provides the reference phase shift for the other ports. The
proposed decentralized control scheme for the remaining ports
is illustrated in Fig. 2. It is noted that these ports can represent
voltage sources, current sources, or loads, with the primary
difference of the controller being the control objectives. For
simplicity, this paper focuses on the load scenario.

The proposed controller comprises two loops: a PI controller
for frequency control and a P controller for phase shift control.
These loops operate with different objectives, where the PI
loop compensates for the frequency error and the P loop
deals with rapid transient response. The detailed operation is
described below:

Due to inherent crystal oscillator frequency discrepancies
among the local processors, each port operates at a slightly

different switching frequency, leading to gradual phase shifts
between submodules. Relying solely on phase shift control
could lead to persistent steady-state errors due to continuous
compensatory actions without achieving equilibrium. These
frequency errors vary with operational conditions and thus
cannot be compensated for in advance. To address this issue,
the PI frequency control loop is utilized to compensate for
these frequency mismatches. Specifically, the voltage errors
caused by frequency mismatch between each port and the
slack port are fed into the PI controller, which adjusts the
local frequency until these voltage deviations are eliminated.
Consequently, synchronization between modules is maintained
without requiring inter-module communication.

However, relying solely on frequency control can introduce
dynamic performance challenges, since power flow directly
depends on instantaneous phase shifts. Given that the integral
of frequency corresponds to phase shift, the PI controller for
frequency behaves as an integrator with a quadratic integrator
for phase shift control. This can result in frequency oscillations
and slow dynamic responses. To overcome these limitations,
an additional P controller for direct phase shift control is
incorporated. Although the exact phase shift between each
module remains unknown, this supplementary P loop rapidly
translates measured voltage deviations caused by dynamic load
changes into immediate phase shift corrections d′i, thereby
significantly improving transient response speed and system
stability.

C. Small signal analysis

Small-signal analysis is crucial for evaluating the dynamic
performance and stability of the proposed control scheme. This
analysis involves modeling the decoupled converter, where the
reduced-order model is adopted for simplicity and accuracy
[17]. In this simplified model, each port is represented as a
first-order system, where ii is the average current over one
switching cycle (see Fig. 2). Assuming the power flow is
positive (di > 0), ii can be calculated according to (3):

ii =
NiV1di(1− di)

2fsLi
(4)

According to Fig. 2, the large-signal model of port i is
represented by:

Ci
dvi
dt

=
Niv1di(1− di)

2fsLi
− ioi (5)

Assuming a constant slack port voltage v1, the small-signal
model is derived by perturbing variables vi, ii, and di:

sCiṽi = k0d̃i − ĩoi (6)

where ko is defined as

k0 =
NV1(1− 2D)

2fsL
(7)

where ˜ represents the perturbed values and capital letters
denote the equilibrium point values of each variable. In this
paper, port i can be modelled as a CPL with power PCPLi
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TABLE I
SYSTEM PARAMETER

System Parameter Description Value

V1 Voltage of slack port 100 V
Vi Voltage of port i 200 V
Li Inductance of port i 8 µH
f Switching frequency 50 kHz
Ci dc-link capacitor 470 µF
Ni Turns ratio of port i 1
Dr Phase shift for rated power 0.2
RL Equivalent load resistance 5 Ω

and an associated parallel resistance Ri. Therefore, ĩoi can be
calculated as:

ĩoi =
ṽi
Ri

− ṽiPCPLi

V 2
i

(8)

According to Fig. 2, d̃i can be obtained by:

d̃i = (kp +
kp1
s

+
ki1
s2

)( ˜vref − ṽi)−
f̃d
s

(9)

where f̃d is the small signal of frequency error. Substituting
(8))-(9) into (6), ṽi can be expressed as:

ṽi =
k0

[(
kps

2 + kp1s+ ki1
)

˜vref − sf̃d

]
s3Ci + s2

(
1
Ri

− PCPLi

V 2
i

+ k0kp

)
+ sk0kp1 + k0ki1

(10)
It is evident that the steady-state voltage deviation caused

by a frequency error f̃d is zero if ˜vref = 0 and s = 0. This
indicates that the proposed controller can maintain accurate
voltage regulation even in the presence of frequency discrep-
ancies among modules.

The stability conditions for (10) are derived using the
Routh–Hurwitz criterion:{

k0kp > PCPLi

V 2
i

− 1
Ri

kp1(k0kp − PCPLi

V 2
i

+ 1
Ri

) > ki1Ci

(11)

The most serious case is considered where the load is purely
a constant power load with rated power (PCPLi = Pr). By
integrating this with (3) and (11), kp should satisfy:

kp >
Dr(1−Dr)

Vi(1− 2Dr)
(12)

where Dr is the phase shift of port i for rated power. In this
paper, Dr is set as 0.2, which will be discussed in the next
section. Other system parameters are detailed in Table I.

The bandwidth of the controller can be designed as at 1/10
of the switching frequency for fast dynamic response. With
a switching frequency set at 50 kHz, the parameters kp, kp1
and ki1 are set as 0.014, 14 and 300 respectively to achieve a
bandwidth of 5.04 kHz (see Fig.3) while satisfying the stability
constraints in (11).

Fig. 3. Bode diagram of the proposed scheme.

III. LIMITATION OF PHASE SHIFT

As discussed in Section II-A, maintaining the phase shift
di within the interval [−0.5, 0.5] is critical for ensuring sys-
tem stability. In centralized control systems, where switching
frequencies are synchronized across all ports, it is straightfor-
ward to achieve it by directly applying a saturation element
within the phase-shift control loop. In contrast, decentralized
control inherently introduces minor frequency discrepancies
between individual module processors, making the phase shift
di influenced by both frequency and phase shift control loops.
Consequently, alternative control strategies must be designed,
which can be classified into software and hardware methods.

Software-based methods, in the absence of inter-port com-
munication, generally rely on estimating the phase shift di
according to (3) while assuming a known and constant slack
port voltage. However, this estimation could cause errors, as
(3) neglects practical factors such as real-world power losses
and inductance tolerances caused by manufacturing variations,
temperature fluctuations, and component ageing. Considering
these factors, the phase shift di can be recalculated as:

di =


1
2 −

√
1
4 − 2fαiLiPi

NiηiV1Vi
Pi > 0

− 1
2 +

√
1
4 + 2fαiLiPi

NiηiV1Vi
Pi ≤ 0

(13)

where αi represents the inductance tolerance coefficient, and
ηi is the power efficiency of port i. Fig. 4 shows the sensitivity
of di to these tolerances, with the inductance tolerance of 10%
and a power efficiency of 95%. The result demonstrates a
maximum error of approximately 37 %, where the calculated
di is only 0.315 while the actual phase shift approaches 0.5.
This significant deviation arises from the high sensitivity of
the phase shift against the output current when di is close to
0.5, which is the region requiring accurate limitation.

In addition to steady-state inaccuracies, transient conditions
further exacerbate estimation errors. (3) is based on the av-
erage value over one switching cycle under the assumption
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Fig. 4. Phase shift sensitivity against power loss and inductance tolerance.

that the output voltage vi remains constant. However, this
assumption becomes invalid during transient conditions. For
example, a sudden load increase may momentarily cause the
capacitor to discharge, which results in an abrupt increase in
the measured output power and thus incorrectly increasing
the estimated phase shift. This can trigger premature control
actions to limit or reduce the phase shift. Consequently, the
actual phase shift, which should naturally increase in response
to higher load, is instead limited. This contradictory control ac-
tion can lead to a substantial drop in output voltage, potentially
triggering undesired protection mechanisms and destabilizing
the system’s operation. One possible solution is to estimate
the phase shift based on the mid-point current according to
[18]:

di =
2fsLiIMi

Vi
(14)

where IMi
is the middle current over one switching cycle.

While this method can detect phase shifts during transient re-
sponse, it demands high-sampling-rate current sensors, thereby
increasing system cost. Meanwhile, this method still suffers
from the inductance tolerance error.

Considering these practical challenges, accurate real-time
estimation of the phase shift proves complex and unreliable
in practical applications. Even if the phase shift could be
accurately estimated, the resulting control approach would
remain complicated due to the intertwined nature of frequency
and phase shift loops. To address this, this paper proposes the
hardware limitation by increasing the maximum power with
a sufficient safety margin. This can be easily achieved by
designing inductances considering power losses, inductance
tolerances, and additional operational margin:

Li =
NiλiηiV1Vi

8αifsPr,i
(15)

where Pr,i is the rated power of port i and λi represents
the margin coefficient, which is set as 0.8 in this paper.
Additionally, an operating efficiency of 90% and a 10%
inductance tolerance are taken into account. Under these con-
ditions, the calculated phase shift required to deliver the rated

Fig. 5. Operation waveform in two-port mode.

power is 0.206 in the ideal case, which provides a substantial
safety margin compared to the maximum limit of 0.5. It is
noted that this hardware-based approach intentionally reduces
the operating phase shift rather than wasting actual power
capability since other parameters, such as MOSFET ratings,
are determined based on rated power. As a result, this hardware
strategy effectively limits the phase shift within stable bounds
without additional complexity or cost, thereby enhancing sys-
tem reliability and simplifying the control scheme.

IV. SIMULATION RESULTS

To validate the effectiveness of the proposed decentralized
control scheme for the MMAB converter, a three-port MMAB
prototype was implemented in MATLAB/Simulink utilizing
the PLECS toolbox. Key simulation parameters are detailed
in Table I.

The MMAB converter operates in either two-port or multi-
port modes, depending on the number of active ports. Fig.
5 compares the output voltage and current waveforms of the
proposed method against the frequency control approach from
[15] in a two-port scenario. A frequency deviation of -5 Hz
is applied to port 2. At 0.1 s, the output power of port 2
decreases from 6 kW to 4 kW, and at 0.15 s, the output voltage
is increased from 200 V to 210 V. The proposed method
demonstrates rapid dynamic responses to both transient events,
with settling times of approximately 0.004 s. In contrast, the
frequency-based control exhibits significant oscillations lasting
around 0.05 s. This improved performance is attributed to the
P controller for phase shift, which quickly translates voltage
deviations due to dynamic changes into immediate phase shift
corrections. Conversely, frequency control requires integral
action to adjust the phase shift, resulting in slower transient
responses and oscillatory behavior.
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Fig. 6. Operation waveform in three-port mode.

Fig. 6 further illustrates the output voltage and current
waveforms for a three-port operation scenario. Port 2 expe-
riences a frequency deviation of -5 Hz, while port 3 deviates
by +10 Hz. At 0.1 s, the output power of port 2 increases
from 4 kW to 6 kW, followed by a voltage increase from
200 V to 210 V at 0.15 s. The results confirm that the pro-
posed decentralized method achieves rapid transient responses
and effectively maintains stable performance across all ports.
Moreover, dynamic changes in one port minimally impact the
operation of other ports, which highlights the advantage of the
decoupled MMAB converter configuration.

V. CONCLUSIONS

This paper introduced a decentralized control scheme based
on the decoupled MMAB converter topology. The proposed
controller integrates a P controller for phase shift control
and a PI controller for frequency regulation. Specifically, the
P controller ensures fast transient responses to load varia-
tions, whereas the PI controller effectively compensates for
frequency mismatches caused by crystal oscillator discrepan-
cies. Parameter selection was analyzed through small-signal
modeling to ensure stability and performance. Additionally,
the inductance design was carefully discussed to constrain the
phase shift within a stable operating range by accounting for
practical considerations such as power losses, inductance tol-
erances, and safety margins. Simulation results have validated
the rapid dynamic response and effectiveness of the proposed
decentralized control strategy.
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