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Abstract—This paper addresses the design of a radial basis
function neural network (RBFNN)-based sliding mode control
(SMC) approach to mitigate cross-coupling effects in a triple
active bridge (TAB) converter. Based on a reduced-order model
(ROM), a conventional SMC is first designed; subsequently, an
RBFNN is employed to estimate the lumped disturbance term —
representing cross-coupling effects and system uncertainties — in
real time. Simulation results obtained using MATLAB/Simulink
show that the proposed hybrid approach achieves effective decou-
pled power flow control with a fast transient response across four
operating mode scenarios. A comparative analysis reveals that
the proposed RBFNN-SMC substantially reduces cross-coupling
effects relative to conventional SMC and PI control, offering
a faster transient response and superior disturbance rejection.
Furthermore, the hybrid architecture maintains a robust stability
margin under parametric uncertainties, outperforming conven-
tional PI control in decoupling bandwidth and overall transient
response.

Index Terms—Multiport converter, cross-coupling effects, Slid-
ing mode control, Radial basis function neural networks.

I. INTRODUCTION

As distributed power systems grow rapidly—integrating re-
newable energy sources, DC microgrids, and EV charging
stations—the multi-port converter (MPC) is positioned as a
promising solution, providing a single, compact power elec-
tronic interface to manage multiple sources and loads simul-
taneously [2]. Among other MPC topologies, the triple active
bridge (TAB) has gained prominence due to its galvanic isola-
tion, high power density, bidirectional power flow capability,
and ease of soft-switching implementation [3], [4]. The TAB
extends the dual active bridge (DAB) converter by using a
three-winding high-frequency transformer (HFT) to integrate a
third port. The presence of an HFT results in strongly coupled
power flow among ports. Therefore, developing effective con-
trol strategies to suppress these cross-coupling effects presents
both a necessity and a significant challenge.

To mitigate cross-coupling effects and achieve decoupled
power flow in TAB converters, existing solutions generally
fall into two categories: hardware-based and software-based
[5], [6]. Among the software-based approaches, conventional
techniques typically rely on two strategies. The first sim-
ply adds model-based feedforward terms—based on current
estimations—to linear PI controllers [7]. The second uses

decoupling matrices from linearized reduced-order models
to cancel out cross-coupling [8], [9]. These linear control
approaches are inherently constrained by their reliance on
a fixed operating point, limited bandwidth, and parameter
sensitivity. To overcome these issues, advanced control strate-
gies offer a more effective solution. In [10], the authors
used hardware-based sliding mode control (SMC) to enhance
decoupled power flow, and in [11], cross-coupling effects are
treated as a disturbance, for which an extended state observer
(ESO) is designed to estimate and cancel it in real time. A
hybrid approach combining diagonal matrix decoupling with
differential flatness control is employed in [12] to decouple
power flow and improve the dynamic performance of a TAB
converter. Techniques based on artificial intelligence [13],
[14] show promise in decoupling power flows, providing a
solution to overcome the issues of model dependency and
computational complexity.

Despite the merits of these advanced techniques, many still
face challenges such as reliance on accurate system models,
high computational burden, or limited ability to handle real-
time disturbances. To overcome these limitations, this paper
presents the design of a radial basis function neural network
(RBF-NN)-based sliding mode control (SMC) approach to
mitigate cross-coupling effects in a TAB converter. This hy-
brid technique leverages the RBFNN’s ability to accurately
estimate cross-coupling dynamics in real time while retaining
the robustness, fast response, and ease of implementation
inherent to SMC. The rest of the paper is organized as follows.
In Section II, the mathematical model of TAB converter is
presented. The hybrid controller combining RBFNN and SMC
is derived in Section III. Simulation results of the controller,
under normal and abnormal conditions are illustrated in Sec-
tion IV. Finally, conclusions are given in Section VI.

II. MATHEMATICAL MODELING OF TAB CONVERTER

Fig. 1-a depicts the topology of the isolated TAB converter.
It consists of three full bridges (FBs) linked through a three-
winding high-frequency transformer. Each FB p (p = 1,2,3)
is connected to a DC source p via a filter capacitor C),. The
total leakage inductance L,, ensures the power flow transfer
between the ports. Using the A-type (Fig. 1-¢) primary-
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Fig. 1: (a) TAB DC-DC Converter, (b) Delta equivalent circuit.

referred equivalent circuit of the TAB converter and assuming
that the losses are neglected, the power transfer between any
two ports can be defined as follows:
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where vg., and vg.; are the voltages on the port ¢ and port
J respectively, ¢;; = ¢; — ¢; is the phase shift between port
i and port j, n;; % is the turn ratio of the j-th port with
respect to the i-th port, L;; the equivalent leakage inductance
between port 7 and j defined by (2), and L
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As one can see from (1), the power flow transfer can be
controlled by varying ¢;;. The power provided or received
by each port is defined by (3). In order to guarantee energy
conservation, the total power should be equal to zero (4).
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The current 7; (5) at port ¢ is defined by dividing the power
P; (3) by the voltage vq;-
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A. Reduced Order Model

In this subsection, a reduced order model (ROM) is de-
veloped for the TAB converter, neglecting the high-frequency
dynamics of the transformer currents and simplifying its anal-
ysis by focusing on the dominant slow-frequency dynamics of
the output filter capacitors . Applying Kirchhoff’s laws to port
i (1 = 2, 3), the converter dynamics are described by:
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By deriving (7) and substituting (6) and (5) , the DC output
current dynamics at each port is given by the following first
and ROM:
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Due to the non-linear and variable structure nature of power
converters, linear control strategies are unable to provide sat-
isfactory performance under large disturbances and parametric
uncertainties. Sliding mode control (SMC) is particularly well-
suited for these converters due to its inherent robustness,
fast dynamic response, and design simplicity [15]. In this
section, the SMC law is first designed to establish a baseline
sliding manifold and ensure nominal stability and convergence.
Then, as a second step, a RBFNN is integrated to adaptively
approximate disturbances such as cross-coupling effects and
unknown system dynamics and compensate for them in real
time. This two-steps approach preserves the robust features
of conventional SMC while improving transient recovery, en-
hancing stability, and reducing dependence on accurate system
parameters [16]-[18].

A. Sliding mode control

Before proceeding to the SMC law design for each TAB
converter’s port, the dynamic model of the TAB converter is
reformulated into a more convenient form. First, an auxiliary
control variable u; is introduced, which relates to the phase
shift ¢,; through the following nonlinear transformation:
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Conversely, ¢1; can be obtained from w; via the inverse
mapping:
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Using this transformation, the TAB ROM (8) can be written
in the following form:

Yi = bojui + fi (11)

where u; is the control input defined by (9), y = iq4c, is
the output current at port ¢ to be controlled, by; (12) is
a known control gain, and f; (13) represents the lumped
total disturbance, including cross-coupling effects, internal
dynamics, and parametric uncertainties.
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The controller design follows a two-stage procedure. First, a
sliding surface o;, defined by (14), is selected to guarantee zero
steady-state tracking error. Second, a control law is designed
to drive the system’s trajectories toward and maintain them on
this surface, ensuring the desired asymptotic dynamics.

o; =€; + 041'/61‘7 Vi € {2,3} (14)
In (14), e; = Yirer — Y; is the tracking error, y; ¢ is the
reference output current, and «; > 0 is the integral sliding
gain. To ensure stability on the sliding surface, the existence
condition of the sliding mode given by (15) must be fulfilled.

hmoaiai <0 (15)
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To satisfy this condition, an exponential reaching law is
adopted, defined as:

O.'Z' = —57;01' — mmgn(al) (16)

where (3;,n; > 0 are the gains controlling convergence, and
sign(o;) is the sign function.

Differentiating (14) and setting it equal to (16) yields the
control law given by
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After designing the control law, it is essential to analyze the
stability of the closed-loop system by defining a quadratic
Lyapunov function candidate (18) for each port— the sum
of which serves as the total Lyapunov function for the entire
system — as the basis for assessing the system’s dynamic
behavior.
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Taking the derivative of (18) with respect to time and substi-
tuting (17) results in V; given by

Vi = —Bio? — niloil (19)

Since B; > 0 and 7; > 0, it follows that % < 0 for all
o; # 0. This satisfies the Lyapunov stability criterion, ensuring
asymptotic convergence to the sliding manifold o; = 0 and
guaranteeing the asymptotic stability of the system.

B. RBF Neural Network Approximation

The effectiveness of the SMC law given in (17) relies crit-
ically on accurate estimation and cancellation of the lumped
disturbance f; (13). To address this requirement, an RBFNN
is adopted to approximate f; with high precision, thereby
enabling effective mitigation of cross-coupling among the TAB
converter ports. The RBFNN architecture, depicted in Fig. 2,
consists of three layers: an input layer, a hidden layer with
Gaussian activation functions, and a linear output layer. For
each port of the TAB converter, the RBFNN is implemented
online, employing the following network algorithm:

Output Layer

Input Layer

Fig. 2: RBF neural network architecture.
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where x; is the input vector defined as the tracking error (21),
m 1is the number of hidden layer nodes, j = 1,2,...,m is
the j neuron node in the hidden layer, h;(z;) € R™ is the
Gaussian basis function vector, cj is the center point vector,
b; is the width vector, WW;* is the optimal weight vector, and

K
g; is the bounded approximation error satisfying |e;| < &; max-

Vi€ {2,3} Q1)

Ty = €;

In this paper, a single-hidden-layer RBFNN architecture with

m = 10 neurons is adopted to achieve favorable trade-off

between control performance and computational efficiency.
The total disturbance is approximated by the RBF NN as

fi = W h(x;) (22)
and the approximation error is:
fi=fi— fi=Wlhi(@) +ei, el < €iman (23)

where €; pqe > 0 and Wi =Wr— Wi. Substituting (22) into
(17), the control law is re-defined as:
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In order to reduce the chattering effect, the sign(o;) function in
the controller (24) is replaced by saturation function sat(*-).
Consequently, the new SMC law is defined as /

(24)

u; = b07i <—fAZ + aze; + Bio; + 7; sat <Z>> (25)



where A; > 0 is the boundary layer thickness, and sat(-) is
saturation function. Substituting (25) into the sliding mode
dynamics and using (23) yields:

bi = —WlEhi(x;) — e; — Bios — misat (Z) (26)
To prove the stability of the integrated system, we define a

composite Lyapunov function that includes both the sliding
surface and the weight estimation error:

1w~
W?WO, >0 (27
27

Differentiating (27) with respect to time, substituting (26), and

noting that V~Vi = —Wi, we obtain:

3
V = Z ( — O'lWlThl(l‘z) — 0;&; — ﬁlaf

i=2 (28)

—mn;o;isat <Zl> — ;me)

The adaptation law is chosen to cancel the TW; term:
W = —v;0:hi(x;) (29)

Substituting (29) into (28) simplifies to:
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The stability analysis is carried out for distinct operational
boundaries based on A;:

a) Outside the Boundary Layer (|o;| > A;): Here
sat (Z ) = sign(o;), so o;sat = |o;|. Hence
3
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Since B; > 0, ensuring that the robust switching control gains
are strictly designed such that 7; > ¢; max guarantees that V<
0 for all |o;| > A,. This forces the system states to reach the
boundary layer in finite time.

b) Inside the Boundary Layer (lo;| < A;): Here
sat(Z-) = &, givi
3 "
Zz_;{ <ﬂ+Ai)Ul 0'8} (32)

Applying Young’s Inequality to the bounded approximation
error term yields —oye; < %507 + 57 0. Where £; > 0

is a positive design scalar. Substituting this back into (32))
isolates the boundary bounds:

K 1
V< Z { < + —Z - 2) o + mef,max} (33)

By selectively setting the parameter arrays to satisfy
(ﬁi ~) > %, Equation (33) guarantees that vV <0
whenever the sliding variable state leaves the compact residual
boundary set defined by:

2
7,max

i (20+ 3 i)

According to the extended Lyapunov theorem, this structurally
proves that practical tracking stability is achieved inside the
boundary envelope A,;, while the weights W; are guaranteed
to remain strictly bounded.

o] >

(34)

IV. SIMULATION RESULTS AND DISCUSSION

Using MATLAB/Simulink, numerical simulations are
conducted to evaluate the performance of the hybrid
RBFNN-SMC controller (Fig. 3). The parameters of the
overall system are listed in Table I. To assess the performance,
four distinct operating modes are examined: 1) Port 1 supplies
both ports 2 and 3; 2) Port 1 supplies port 2 with port 3
disconnected; 3) Port 3 supplies port 2 with port 1 discon-
nected; and 4) Ports 2 and 3 supply port 1. Throughout these
operation modes (Fig. 4-a), the RBFNN-SMC successfully
ensures accurate power sharing and highlights the bidirectional
versatility of the TAB converter. Most importantly, the adaptive
nature of the RBFNN effectively learns and mitigates the
non-linear cross-coupling effects between the ports in real-
time by predicting the lumped disturbance. Consequently, the
control signal, illustrated in Fig. 4-b, remains smooth and
free of chattering throughout the simulation. The benefits
of this smooth control extend to the sliding dynamics (o;),
as illustrated by the 3D phase-space trajectories of the sliding
manifolds in Fig. 5. Upon a step change in the power reference,
the state trajectories are quickly driven to the sliding planes
(0; = 0) during the reaching phase, after which, they slide
smoothly along the ideal tracking line toward the origin,
demonstrating the excellent transient performance of the adap-
tive mechanism. To validate the effectiveness and robustness
of the proposed hybrid RBFNN-SMC strategy, a comparative
study was conducted with a conventional SMC and a linear

TABLE I: TAB Converter and controllers’ parameters

Value

5, 5 kW
800, 400, 400 V
0.25, 0.25, 0.25 Q

Parameter

Rated power: P», P3
Port voltage: Vgc1, Viacas Vies
Internal resistance: Rg.1, Rge2, Raes

Transformer turns ratio: ni:n2:ns3 1:0.5:0.5
Port inductance: L1, Lo, L3 80, 80, 80 uH
Port capacitance: C2, C3 2500, 2500 uF
Switching frequency: fsw 10 kHz

RBFNN-SMC for port i:

i, Bis Miy A 260, 8000, 300, 0.1
N2 of neurons in the input layer 1
N@ of neurons in the hidden layer 10
N? of neurons in the output layer 1

Pl-based IDM Epiy ks, 1074, 50
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consecutive operation modes.

PI-based controller employing an inverted decoupling matrix
(IDM). While the PI-IDM approach is widely used for its
simplicity, its theoretical details—such as small-signal model-
ing and decoupling matrix synthesis—are not elaborated here;
the reader is encouraged to refer to references [S5]- [8] for
an in-depth discussion. The control strategies are evaluated
under three consecutive nominal disturbances: 1) 50% load
decrease at port 3 (t = 0.15s), 2) 20% input voltage drop
(t =0.3s), and 3) 100% leakage inductance deviation at port
2 (t = 0.45s). As shown in Fig. 6b, the proposed RBFNN-
SMC significantly outperforms both benchmark controllers,
achieving the fastest convergence and the most robust dis-

(b) Port 3 sliding manifold o3

Fig. 5: 3D phase-space trajectories of the sliding manifolds
under power step changes.

turbances rejection. Conventional SMC provides stable but
slower convergence than the RBFNN-SMC, while the PI-based
IDM shows the largest overshoot and longest settling time,
especially under inductance deviation. By approximating the
coupling terms dynamically, it maintains the highest precision
even during the most severe mode transitions. These findings
confirm that the adaptive learning capability of the RBF neural
network enhances the robustness of the sliding mode controller
against parametric uncertainties and external disturbances.
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Fig. 6: Output current response subject to three disturbances:
load variation P at port 2, input voltage V.1 drop at port 1,
and leakage inductance Lo deviation at port 2.

V. CONCLUSION

This paper investigates a robust hybrid RBFNN-SMC strat-
egy for cross-coupling mitigation in a TAB converter. The
design process began with a conventional SMC based on a
reduced-order model; then, an RBFNN was used online to
adaptively estimate and cancel the lumped disturbance term
representing cross-coupling effects and system uncertainties.
Using a quadratic total Lyapunov function, the stability of
the closed-loop system has been proven. Simulation results
obtained under four operating mode scenarios validate the
controller’s effectiveness in achieving precise power sharing
and decoupled power flow. A comparative evaluation with con-
ventional SMC and PI-based IDM controllers under parametric
uncertainties and external disturbances demonstrates that the
proposed RBFNN-SMC outperforms both benchmarks, ex-
hibiting faster convergence and superior robustness.
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