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conventional schemes often degrade under dynamic operating conditions. To
address these limitations, this paper applies an intelligent adaptive hybrid control
structure to the field-oriented control (FOC) of a six-phase induction motor (SPIM)
for EV traction drive applications. The main research contribution of this work is
twofold. First, an adaptive RBF neural-network-tuned PI controller in the outer
speed loop is integrated with a Super-Twisting Sliding Mode controller augmented
by a plug-in Repetitive Controller (STSM-RC) in the inner current loop, enabling
mitigation of inter-loop coupling effects, harmonic current components, and
robustness degradation under uncertainties. Second, the proposed hybrid control
architecture is systematically applied and evaluated in an EV-oriented context,
providing performance insights under dynamic loading and real-time execution
constraints not explicitly addressed in prior SPIM control studies. The STSM-RC
current controller ensures finite-time convergence, robust current regulation, and
effective suppression of chattering and periodic disturbances, enabling smooth
torque production. Meanwhile, the adaptive RBF-PI speed controller identifies
SPIM nonlinear dynamics online and automatically adjusts control gains to
maintain accurate speed tracking under varying load conditions. Comparative
results demonstrate improved dynamic response, enhanced robustness, and reduced
steady-state errors compared with conventional control schemes. The effectiveness
of the proposed approach is validated through MATLAB/Simulink simulations and
real-time simulations executed on a CPU-based OPAL-RT OP5707 platform, with
system responses monitored using an external oscilloscope.
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1. Introduction

In recent years, six-phase induction motor (SPIM) drive systems have gained increasing
attention due to their high torque capability, improved efficiency, reduced torque ripple, enhanced
fault tolerance, and lower voltage and current stress per inverter leg [1], [2]. These advantages make
SPIM drives well suited for demanding applications such as railway traction, electric ship propulsion,
aerospace, and, in particular, electric vehicle (EV) traction systems, where high reliability and fast
torque response under dynamic operating conditions are critical. EV propulsion drives are required
to operate efficiently over a wide speed range while maintaining rapid torque response during
acceleration, regenerative braking, and load disturbances. In this context, SPIM drives provide
compelling benefits for EV applications, including inherent fault tolerance, reduced current stress,
and improved thermal performance, which directly enhance system reliability and operational safety.
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However, EV-oriented operating conditions-such as frequent speed transients, load torque
fluctuations, and harmonic disturbances induced by power electronic converters-pose significant
challenges to conventional PI-based FOC schemes. Fixed-gain controllers often suffer from degraded
tracking accuracy and limited robustness when subjected to such highly dynamic scenarios.
Therefore, the development of advanced control strategies that can simultaneously ensure fast
dynamic response, strong disturbance rejection, and real-time feasibility is of critical importance for
SPIM-based EV traction drives [3], [4].

Numerous nonlinear control approaches have been explored to mitigate these issues, including
linear output-feedback methods [5], [6], sliding-mode control (SMC) [6]-[10], backstepping
techniques [11]-[15], fuzzy-logic-based controllers [16]-[19], and neural-network-based schemes
[20]-[25]. Although these methods can improve robustness, they often demand high computational
resources, rely on precise system modeling, and may exhibit limited performance when applied
individually to highly nonlinear systems. These limitations have motivated the development of
hybrid control strategies for SPIM drives [26]-[59]. Specifically, hybrid neural-network-based
control methods help to enhance nonlinear control capability by approximating complex motor
dynamics. While such approaches can improve tracking performance under uncertainties, they often
suffer from high computational complexity, sensitivity to learning parameters, and convergence
issues. Moreover, many neural-network-based controllers do not provide explicit Lyapunov-based
stability proofs, which restricts their applicability in real-time and safety-critical EV traction systems.
First-order sliding mode control (SMC) offers strong robustness and fast current regulation in SPIM
drives; however, its discontinuous control action induces chattering, leading to increased switching
losses and degraded current and torque quality. In addition, first-order SMC alone is generally
insufficient to effectively suppress harmonic and periodic disturbances inherent in inverter-fed SPIM
systems. Conventional PI controllers with fuzzy-logic-based gain tuning are widely used in SPIM
drive systems due to their simple structure and intuitive design. Although fuzzy-tuned PI controllers
can improve robustness against parameter variations and load disturbances, their performance largely
depends on heuristic rule bases and membership functions, resulting in limited adaptability under
highly dynamic operating conditions and a lack of rigorous stability guarantees in multiphase drive
applications.

To overcome the limitations of fixed-gain PI controllers in high-performance SPIM drives, this
work adopts an RBF-based PI structure in the outer speed loop. The RBF neural network
continuously captures the nonlinear characteristics of the machine and adjusts the PI gains online,
allowing the speed controller to maintain good dynamic response, enhanced robustness, and low
steady-state error across different operating conditions while preserving the simplicity required in
industrial systems. For the inner current loops, where fast dynamics and strong disturbance rejection
are essential, a hybrid controller combining the Super-Twisting Sliding Mode (STSM) algorithm
with an improved second-order sliding-mode structure is employed. This design mitigates the
chattering and excessive control effort commonly associated with conventional SMC while ensuring
finite-time convergence and high accuracy. To further suppress periodic and harmonic disturbances
typically present in inverter-fed SPIM drives, a plug-in repetitive controller (RC) is integrated into
the STSM framework. This combination significantly enhances current-tracking precision and
improves the rejection of load-torque harmonics within the FOC scheme. The effectiveness of the
proposed approach is validated through MATLAB/Simulink simulations and real-time simulations
executed on a CPU-based OPAL-RT OP5707 platform, with system responses monitored using an
external oscilloscope. The paper is organized into five sections, in Section 2, the basic theory of the
model of the SPIM and the SPIM drive are presented. Section 3 introduces the proposed RBF NN
tuning PI _STSM controller. Simulation and discuss are presented in Section 4. Finally, the
concluding is provided in Section 5.

2. Model of SPIM Drives and Vehicle Propulsion

The proposed drive system consists of a six-phase induction motor supplied by a six-leg voltage-
source inverter (SPVSI) through a common DC-link, as depicted in Fig. 1. To facilitate the analysis
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and controller design, the Vector Space Decomposition (VSD) method is employed. Instead of
working directly in the original six-dimensional stator variable space, the VSD approach
reformulates the machine quantities into three orthogonal two-dimensional subspaces: the
fundamental subspace responsible for torque and flux production, and two auxiliary subspaces which
do not contribute to the electromagnetic energy conversion.

This decomposition is performed using a 6x6 linear transformation matrix, which maps the
phase variables into the corresponding orthogonal components in the stationary reference frame. The
detailed form of the matrix and its derivation can be found in standard VSD-based modeling literature
[1]. By separating the controllable (energy-converting) and uncontrollable, the VSD technique
significantly simplifies the control structure of the SPIM drive and allows independent design of the
fundamental and harmonic-mitigation controllers.
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To develop the dynamic model of the six-phase induction motor, several standard simplifying
assumptions are adopted. The stator and rotor windings are considered to be sinusoidally distributed,
magnetic saturation is neglected, and both core losses and mutual leakage effects are ignored. Under
these assumptions, the electrical and mechanical behavior of the SPIM can be expressed in the
stationary reference frame, leading to the following mathematical representation of the stator and
rotor voltage-current relationships.

[Vs] = [Rs]lIs] + P([Ls]lUs] + [Lin ] 11D
0 = [Ry]lx] + P([Ly 1] + [Ln 115D

where: [V], [1], [R], [L] and [Lm] are voltage, current, resistant, self and mutual inductance vectors,
respectively. P is differential operator. Subscript r and s related to the rotor and stator resistance
respectively. Since the rotor is squirrel cage, [Vr] is equal to zero. The electromechanical energy
conversion only takes place in the DQ subsystem. The torque equation can be written as follows:

2

Te = 3n,(Wrgira — rpirg (3)

where: respectively, Te, np, ¥rD, WrQ, irD, irQ are the electromagnetic torque that generated by the
motor, number of pairs of poles, the rotor flux, rotor current, respectively.

Direct control of the SPIM in the stationary reference frame is generally difficult, as the stator
and rotor currents appear as time-varying sinusoidal quantities, similar to the case of conventional
three-phase induction machines. To simplify the control design and obtain current components with
DC characteristics, the machine model is commonly transformed into the rotating (dq) reference
frame. This requires applying a suitable coordinate transformation that maps the stationary (D,Q)
variables into the synchronously rotating (d,q) coordinates. The corresponding transformation matrix
used to perform this mapping is expressed as follows:

cos(6,) —sin(6,)
40 = |sin(5,)  cos(,) ] @)
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Fig. 1. A SPIM drive general diagram

where Or is the rotor angular position referred to the stator as shown in Fig. 1.

Under the field-oriented control (FOC) framework, the motor variables are transformed into the
synchronous (dq) reference frame, where the flux- and torque-producing components become
decoupled and appear as DC quantities in steady state. Using the coordinate transformation together
with the relationships in (1) and (4), the six-phase induction motor model can be rewritten in compact
space-vector form. The resulting differential equations describe the stator flux, rotor flux, and
electromagnetic torque dynamics directly in the (dq) rotating frame, providing a convenient basis for

controller design.
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The electromagnetic torque and the sliding frequency are expressed as follows:

3 L ]
T, = Ean—T‘PrlSQ

)

(6)
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To propel the EV, the SPIM must generate torque for the wheels as performing in Fig. 2, This
illustrate the proposed transmission diagram in electric vehicle. Key factors influencing the EV’s
dynamic model include road conditions, inclines, acceleration ability, aerodynamic resistance, etc.
The proposed control strategy takes these dynamics into account. The model is based on vehicle

mechanics and aerodynamics principles [18]. The total tractive force is given by:

Fre =Fr + Fie + Faqg + Fig + Fyq )
Accordingly, Eq. (8) can be rewritten as Eq. (9).

dv
dt

where Fte: tractive force; Frr: rolling resistance; Fhc: hill climbing force; Fla: linear acceleration
force; Fwa: angular acceleration force; m: EV mass; g: gravitational acceleration; v: vehicle speed;
urr: rolling resistance coefficient; p: air density; A: frontal area; Cd: drag coefficient; f: slope angle;
FL: external disturbance; r: wheel radius; G: gear ratio; T: required torque; vr: motor speed. In Fig.
3, under FOC, the electromagnetic torque Te is expressed simply as:

1
Fio = uyymg + mgsinf +EpACdv2 +m—+ F, )

TFee
T, = 10
"= (10)
] 1 ) dv
P = vF;, = v(u,,mg +mgsmf+§pACdv +mE+FL) (11)
Under the FOC strategy, the electromagnetic torque can be simplified as:
T, = Kigq (12)

where Kt is the torque constant; isq is the stator current component in the dq frame.
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Fig. 2. Proposed transmission diagram in EV (left) and Mechanical forces acting on EV (right) [18]

The power required to drive the EV at speed v must compensate for the resistive forces:

From the vehicle dynamic model (1)-(3), the required torque of the in-wheel motor can be
expressed as:
Tm

7 = Imotor = Ktisq (13)

where isq is the stator current command corresponding to the desired torque; n is the number of
traction motors in the EV. The torque equation for the in-wheel SPIM is given by:

Wy

d
T, =] dt + Bw, + Thotor (14)
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dw, T

T, = + Bw, + — 15
e ] d t wT n ( )
where J is the moment of inertia of the in-wheel SPIM including the tire; B is the viscous coefficient.
Assuming constant SPIM parameters, the overall EV dynamic model including the SPIM torque
equation is written as:

r? \dw, T 1 5 _
T.=1\{J +mm W—F Bw, +E(uwmg + EpACdv + mgsing + FL> (16)
Simplifying gives:
%\ dw,
Te: ]+mm dt + Ba)r+ TL (17)

Where TL is the load torque including effects from rolling resistance, acrodynamic drag, road slope,
and external disturbances.

3. The Proposed Hybrid Control Structure for SPIM Drives
3.1. RBF_PI Control for Outer Speed Control

3.1.1. RBF Control

The Radial Basis Function (RBF) neural network used in the speed loop is a three-layer
feedforward structure with a single hidden layer. Although the output layer is linear, the network
exhibits nonlinear mapping characteristics through the radial basis functions. RBF networks possess
universal approximation capability and can represent nonlinear dynamics with high accuracy. In
addition, their training process is simple and free from local-minimum issues, allowing fast
convergence and making them suitable for real-time adaptation in SPIM speed control.

Suppose the input vector of the RBF is x=[x1, x2, ... xn]T ; the radial vector is h= [h1, h2, ...
hn]T; where hj is Gaussian function with the following mathematical relation:

2
X —C;
h; = exp [—%} (G=12,..,m) (18)
j

The center vector of the network at node j, the radial width vector and weight vector W of the
network: c¢j= [¢j1, ¢j2, .... ¢jm,]T. The radial basis width vector B and are: b= [bl, b2, .... bm,]T
where bj is the basis width parameter of node, and is greater than zero; The weight vector of the
network is w and w= [wl, w2, .... jm,]T . Network output is.

ym(k) _W1h1+W2h2 + "'+Wmhm (19)

Defining a performance index function is.

1
E(0) = 300 = ym (O 20)

According to the gradient descent method, the iterative algorithm of weight output, node center
and radial basis width parameters can be written as:

wi(k) =w;j(k — 1) + Aw + afw;(k — 1) — w;(k — 2)] (21)
C]l(k) = Cji(k - 1) + T]Ab]l + a[cji(k - 1) - Cji(k - 2)] (23)
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Aw;(k) = —nly (k) — ym(K)]h; (24)
2

X-¢

Ab; = [y (k) — ym (k) ]w;h; ”b—?,’” (25)
]
x]' - Cji

chi(k) = [YOut(k) - ym(k)]Wj b2 (26)

]

where 1 is learning rate, a is momentum factor. The Jacobian algorithm is:

m
0y (k) _Oym(k) _ Z e Cji — X1

dAu(k) ~ dAu(k) — 27

3.1.2. RBF_PI Controller

In the incremental PI scheme, the control action is computed from the variation of the tracking
error rather than its absolute magnitude. The error at each sampling instant is defined simply as:

e(k) = y* (k) = ym(k) = wy (k) — w.(k) (28)
The controller inputs consist of the speed tracking error and its related variation signals, defined as:
xc(1) =¢ek)—ek—1)
xc(2) = e(k)

Based on these inputs, the incremental PI controller updates its output using the change in error:

(29)

Au(k) = kp[xc(D)] + kq[xc(2)] (30)

The NN updates the PI indicators online by adjusting its weights according to the current error
signals:

E0) = 3¢2(0) 31)

The PI gains are updated online using gradient-based adaptation:

0E 0E 0y 0Au dy
My = 5 = Moy anuak, e g M

6E 0E 6y aAu dy (32)
Ay = =1 G = T 5 aau ok, — TE0) gay ¥ (@)

where 0y/OAu is the Jacobian information in Eq. (27), the nonlinear behavior is captured online by
the RBF NN, which provides the updated parameters for the PI controller. The configuration of the
RBF-based PI controller is illustrated in Fig. 3.

3.2. STSM for the Inner Current Control Loops

The enhanced nonlinear sliding surfaces for the current control loops are defined based
on the (d)- and (q)-axis current errors as follows [60], [61]:

Sm(k) =

€isa + 1. |€isa |V ?sat (g
Sl(k)] [ a T M1 |€isa (€isa) (33)

Sz (k)

where: 1, are positive coefficients. The stator current errors are defined as the differences between
the reference and measured current components:

1/2
Eisq T A,. |ei5q| sat(eisq)
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Fig. 3. The structure of the RBF NN (a) and The RBF-PI control structure (b)

- .
Eisd = lsd — lsd
{ isd = sa s (34)
gisq - lsq - lsq

We assume that the disturbance vector (d_m(k)) exhibits periodic behavior with a fundamental
period (N) [35]:

T o

Based on the disturbance-rejection condition in [35], the sliding function vector is defined as:

pysat(sy(k))
Hzsat(sz (k)

where: @,u; > are positive coefficients. The control expression:

Sm(k +1) = ¢S (k) + [ + yldp(k) = dp(k = N)] (36)

[w(k)] = [um (k) + ug* (k)] (37
Based on the super-twisting algorithm [35], [u,, (k)] are defined:

ul(k)] lC1|S1(k)|1/Zsat(Sl(k)) + blfsat(sl(k))dt 5

[t ()] =
a0 15, ()1 2sat (s, (K)) + by f sat(s, (k))dt

where: cj,2,b1,24: are positive coefficients. [udls (k)] are the disturbance vectors be given the system
to cancel periodic disturbances and they are defined:

dis €isq(k) + yisat(s;(k +1
[udis (k)] = u}r (| _ [ isa (k) + y1sat(sy( ))] (39)
udS(k)|  Leisq(k) + yzsat(sy(k + 1))
where: y; ,, are positive coefficients. Lyapunov functions are chosen:
12 21 2 2
V= §[V1 + Vil = > [s1(k)* + 52 (k)“] (40)
Differentiate both sides Eq. (40) we get:
dv 1(k) dSz (k)
= 0= w500 =2
dsy (k) _ d[fisd+l1-|£isd|1/25at(£isd)] dsy(k) _ d[isd—isd] n d[A1leisal Y2 sat (isa)| 41)
dt dt dt dt
where: 1/2 = 1/2
dsy(k) _ d[eisq+lz-|£isq| Sat(gisq)] dsy(k) _ d[i;q—isq] d[)lz-|£isq| Sat(gisq)]
at dt at ~ dt dt
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On the other hand, to satisfy the stability condition according to Lyapunov theory, the sliding
surface differential function is chosen as follows:

ds, (k)
dt

Combining expressions Eq. (5); Eq. (33) - Eq. (41), u"s, s, virtual control vectors are chosen
as follows:

= —[um (k) + udis (k)] (42)

L, (di; d[A,. €5l ?sat(g; .
(a0 = f{ 5t 4 g = Lytodsg = b + L] uf”(k)]}
1/2
N LS dl';q 3 3 d [/12- |£isq| Sat(gisq)] dis (43)
usq(k) = ? dt + alsqg — stelsd - brwewrd + dt + [uz(k) + Uz (k)]

3.3. Stability Analysis

The Lyapunov function for the closed-loop system is given in Eq. (40). Taking its time
derivative yields (41). By combining expressions Eq. (41) and Eq. (42), we obtain:

1% ; i
= =~ [s1 0 [w(0) + uft (0] + 5,00 o () +u* ()]

[s; (k)] = [Swrd + 4. |5wrd|1/25at(5wrd)]
With:

[, ()] = [c4]5,(K)|M2sat(s, (k) + by [ sat(s, (k))dt] = s1(0)[u (k) + ufS (k)] > 0Vey,q
[uds (k)] = eyra (k) + y1sat(s; (k + 1)) (44)

[ [5200] = [ear + s l€wr|/2sat (0]
4 [u(B)] = [C2|52 (K)|*2sat(s,(k)) + by f sat(s, (k))dt] = s,(k) [uz(k) + u‘zzis(k)] > 0Ve,,,
L [ug™ (k)] = ewr(k) + yssat(ss(k + 1))

From equation (44) we get:

av
I < Owithv{A; y; u > 0} (45)

Thus, the system is always stable according to Lyapunov stability theory.

4. Simulation and Real-Time Verification Using the OPAL-RT OP5707XG System

The vector-controlled IFOC induction motor drive system is investigated through both
numerical simulation and real-time verification to comprehensively evaluate the performance of the
proposed control strategy. The overall control structure is implemented in MATLAB/Simulink, as
illustrated in Fig. 4, where the proposed RBFPI STASMRC controller is compared with the
conventional PI and RBFPI SM based schemes under identical operating conditions. In addition,
real-time validation is carried out using a CPU-based OPAL-RT OP5707XG platform to assess real-
time feasibility and implementation effectiveness. The combined simulation and real-time studies
provide a systematic validation framework for the proposed control approach. SPIM parameters:
220V, 50 Hz, 4 pole, 1450 rpm. Rs = 10.1Q, Rr =9.8546Q, Ls = 0.833457 H, Lr = 0.830811 H, Lm
=0.783106H, Ji = 0.0088 kg.m2.

4.1. Simulation Model and Test Conditions

4.1.1. The Performance of the Proposed Controllers Under Speed-Reversal Responses and
Rated Load

To quantitatively evaluate the dynamic performance, the PI, RBFPI-SM, and proposed
RBFPI-STASMRC controllers are tested under identical Simulink conditions, including the same
motor parameters, sampling time, reference speed profile, and rated load torque. A speed-reversal
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test from 130 rad/s to —130 rad/s is applied at t = 2.5 s. The rated load torque is appliedatt=1.5 s
and removed at t = 3s to emphasize transient behavior and disturbance rejection capability.
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Fig. 4. SPIM drive system employing the proposed control architecture for EV applications

As shown in Fig. 5 and summarized in Table X, the conventional PI controller exhibits the
longest settling time and the highest overshoot, reflecting its limited robustness under nonlinear and
load-varying conditions. The RBFPI-SM scheme improves transient performance by reducing
overshoot and error indices; however, residual tracking errors remain. In contrast, the proposed
RBFPI-STASMRC controller achieves the shortest settling time and significantly lower ISE and
IAE values, confirming superior dynamic response and faster error convergence.
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Fig. 5. Simulink- The dynamic performance of PI, RBFPI-SM, and proposed RBFPI-STASMRC control
schemes, showing the speed, torque, and iy, stator current

Ngoc Thuy Pham (RBFPI_STASMRC Control Strategy for SPIM Drives in Electric Vehicle Applications)



International Journal of Robotics and Control Systems
ISSN 2775-2658 661

Vol. 6, No. 1, 2026, pp. 651-669

4.1.2. The Performance of the Proposed Controllers Under Disturbance Load

Fig. 6 presents the robustness evaluation of the PI, RBFPI-SM, and proposed RBFPI-
STASMRC controllers under rated load disturbance conditions. The responses include rotor speed,
electromagnetic torque, and phase-a stator current, with a zoomed view highlighting transient
behavior. The conventional PI controller exhibits noticeable speed deviation and slow recovery when
the load disturbance is applied. The RBFPI-SM approach improves disturbance rejection by reducing
the speed dip; however, residual oscillations remain during transient intervals. In contrast, the
proposed RBFPI-STASMRC controller maintains the speed response close to the reference with
minimal deviation and faster recovery. Moreover, the RBFPI-STASMRC scheme produces smoother
torque dynamics and reduced current oscillations compared with PI and RBFPI-SM controllers,
confirming superior robustness and enhanced current regulation under load variations.
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Fig. 6. Simulink the robustness of PI, RBFPI SM and RBFPI STASMRC under load disturbance showing the
speed, torque, and i, current

4.1.3. Speed-Tracking Performance of the Proposed RBFPI STASMRC Under EV Driving
Cycles

To further evaluate the applicability of the proposed control strategy under realistic EV
operating conditions, its speed-tracking performance is investigated using representative electric
vehicle driving cycles, specifically improved ECE-15 and ECE-25. Fig. 7 presents the speed-tracking
performance of the proposed RBFPI-STASMRC-controlled SPIM drive under the Improved ECE-
15 and Improved ECE-25 driving cycles. The results demonstrate that the proposed control strategy
accurately follows rapidly varying speed references with negligible steady-state error and smooth
transient behavior throughout acceleration and deceleration phases. Despite frequent speed changes
and highly dynamic operating conditions, the controller maintains stable tracking without noticeable
oscillations or delay. These results confirm the capability of the proposed RBFPI-STASMRC scheme
to meet realistic EV traction requirements, ensuring fast dynamic response and robust operation
under time-varying speed commands.

500

T 150 T
Improved ECE- 40 Improved ECE 15

400
_~ Ref Speed . Ref speed
g 300 F RBEPI STASMRC E100f RBFPI STASMRC
= =
S 200 3
2 2
< [

100 |

0
0 5 10 15 20 0 10 20 30 40 50 60
Time (s) Time (s)
(a) (b)

Fig. 7. Simulink speed response of RBFPI STASMRC control strategy for test of ECE-15 (a) and ECE-25 (b)
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4.2. Real-Time Implementation on the OPAL-RT OP5707XG

To further examine the practical applicability and real-time implementability of the proposed
control strategy, the complete controller-plant system is implemented on the OPAL-RT OP5707XG
real-time simulation platform. In contrast to conventional offline simulations, the adopted
configuration allows simultaneous execution of the controller and the induction motor drive model
under strict real-time constraints, thereby ensuring deterministic timing behavior and faithful
emulation of the drive system dynamics. Under this real-time setup, the system execution is
structured into coordinated software-based tasks running on the OP5707XG CPU target. Specifically,
the hybrid speed and current control algorithms are executed in soft real-time mode on the CPU. The
control loop operates with a sampling period of Ts=5x10e-6s (50 us), which provides sufficient
temporal resolution for rapid error compensation and high-bandwidth motor-drive operation. In
addition, the two-level SVPWM inverter, the induction motor model, and the load torque disturbance
module are also implemented on the same CPU target and executed in real time. This integrated
configuration preserves deterministic execution while accurately capturing both electrical and
mechanical system dynamics without reliance on offline computation.

For real-time observation and signal acquisition, an I/O interface is configured accordingly. The
real-time I/0 mapping enables analog output channels (£16 V range) from the FPGA to be directly
connected to an external oscilloscope, allowing real-time visualization of key drive variables,
including rotor speed, electromagnetic torque, and stator current responses. This measurement setup
provides high-resolution monitoring of transient phenomena and facilitates experimental assessment
of the controller performance under realistic real-time operating conditions. Based on the established
real-time framework, two verification scenarios are carried out on the OP5707XG platform,
comprising dynamic performance evaluation under variable-speed operation, robustness assessment
against harmonic disturbances. Overall real-time execution framework on the OPAL-RT OP5707XG
platform is shown in Fig. 8.

Wy, T [2) ia

Ethernet

(TCP/IP) Build / Load / Excute

RBFPI STASMRC for FOC of DSIM Drives

Host PC_RT lab

Host PC_ (RT LAB)

ir

IM Drives using RBFPI STASMRC
control Strategy

P 1 PRI 4. £ s L

Fig. 8. Overall real-time execution framework on the OPAL-RT OP5707XG platform

4.2.1. Real-Time Validation Under Speed-Reversal and Load Disturbance Conditions

To further verify the practical feasibility and robustness of the proposed control strategy, real-
time hardware-in-the-loop (HIL) experiments are conducted on a CPU-based OPAL-RT OP5707
platform under the same operating scenarios considered in the Simulink studies, including speed-
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reversal and load disturbance conditions. Fig. 9 and Fig. 10 illustrate the real-time speed,
electromagnetic torque, and phase-a stator current responses under no-load and rated load speed-
reversal tests, while Fig. 11 presents the constant-speed responses under rated load disturbance for
the RBFPI-SM and proposed RBFPI-STASMRC controllers.
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Fig. 9. Real-time speed-reversal responses under no load condition for RBFPI SM (a) and RBFPI STASMRC
(b), including speed, electromagnetic torque, and phase-a current

Compared with the corresponding Simulink results shown in Fig. 5 and Fig. 6, the real-time
responses exhibit a high level of consistency in terms of overall dynamic behavior and relative
performance trends. Under speed-reversal conditions, the proposed RBFPI-STASMRC controller
achieves smoother speed transitions, reduced oscillations, and faster recovery than the RBFPI-SM
scheme in both no-load and rated load cases. The torque and stator current waveforms further confirm
improved robustness, with lower transient peaks and attenuated oscillations. Similarly, during load
disturbance tests, the conventional RBFPI-SM controller exhibits noticeable speed deviation and
pronounced oscillations in torque and current responses. In contrast, the proposed RBFPI-
STASMRC controller maintains the rotor speed close to its reference with reduced deviation and
faster recovery, while producing smoother torque dynamics and lower current oscillations.

Minor discrepancies between Simulink and real-time responses, especially during abrupt
transients, are mainly attributed to real-time discretization effects, computational delays, and
measurement noise. Nevertheless, these effects do not degrade system stability or tracking
performance. Overall, the real-time results validates the effectiveness and real-time implementability
of the proposed RBFPI-STASMRC control strategy for EV traction applications.

4.2.2. Real-Time Validation Speed-Tracking Performance of the Proposed RBFPI STASMRC
Under EV Driving Cycles

Fig. 12 presents the real-time speed responses of the proposed RBFPI-STASMRC-controlled

SPIM drive obtained based on a CPU-based OPAL-RT OP5707 platform under the ECE-15 and

ECE-25 driving cycles. Compared with the corresponding Simulink results, the real-time responses

exhibit a high level of consistency in terms of speed tracking accuracy and overall dynamic behavior.
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Despite the presence of real-time execution constraints, sampling delays, and measurement noise,
the proposed controller maintains stable operation and accurately follows the time-varying speed
references without noticeable oscillations or instability. Minor deviations observed during rapid
speed transitions are mainly attributed to real-time discretization and hardware latency effects and
do not compromise overall tracking performance. These results confirm that the proposed RBFPI-
STASMRC control strategy is suitable for real-time EV traction applications and can be effectively
implemented on practical digital control platforms.
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Fig. 10. Real-time speed-reversal responses under rated load condition for RBFPI SM (a) and RBFPI
STASMRC (b), including speed, electromagnetic torque, and phase-a current
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Fig. 11. Real-time constant speed responses under load disturbance for RBFPI SM (left) and RBFPI
STASMRC (right): speed, electromagnetic torque, and phase-a current
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5. Conclusion

This paper has presented an intelligent adaptive hybrid control structure for field-oriented
control (FOC) of six-phase induction motor (SPIM) drives targeting electric vehicle (EV) traction
applications. The proposed scheme integrates an RBF neural-network-tuned PI controller in the outer
speed loop with a Super-Twisting Sliding Mode current controller enhanced by a plug-in Repetitive
Controller (STASMRC) in the inner loops. This combination effectively exploits the learning
capability of RBF-based gain tuning and the finite-time robustness of sliding-mode control to achieve
improved dynamic performance and strong disturbance rejection. Comprehensive MATLAB/
Simulink simulations and real-time CPU-based validation using the OPAL-RT OP5707 platform
demonstrate that the proposed control strategy provides faster transient response, reduced tracking
error, smoother torque behavior, and enhanced robustness against load disturbances and parameter
variations when compared with conventional PI and RBFPI-SM control schemes. The results confirm
the effectiveness and real-time feasibility of the proposed hybrid control architecture for EV-oriented
SPIM drive systems. Nevertheless, the present study has certain limitations. The experimental
validation is currently restricted to real time CPU-based testing and does not yet include full-power
hardware motor-drive experiments. In addition, while finite-time stability of the inner current loops
governed by the STASMRC structure is rigorously established, the RBF neural network in the speed
loop is employed as an online gain-tuning mechanism rather than a Lyapunov-synthesized adaptive
controller.

Future work will therefore focus on extending the experimental validation to full hardware
motor-drive platforms using DSP/FPGA-based controllers and high-power inverter systems.
Moreover, further theoretical research will be devoted to developing a Lyapunov-consistent adaptive
law for the RBF-based speed control loop, with the objective of establishing a unified stability
framework for the complete cascaded control system, including rigorous Uniformly Ultimately
Bounded (UUB) analysis of the outer speed loop. These extensions will further strengthen both the
theoretical foundation and the practical applicability of the proposed control strategy for advanced
EV traction drive applications.
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