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1. Introduction 
The electric propulsion system is one of the most critical components of an electric vehicle (EV), 

consisting of an electric drive, an energy storage system, and a transmission unit. A typical propulsion 
drive is expected to deliver high energy density along with fast dynamic response, while ensuring 
compatibility with vehicle requirements such as optimum acceleration, high torque, efficient speed 
control, and reliable gradability [1]. The overall energy conversion efficiency of an electric propulsion 
system depends on several factors, including machine losses, harmonic distortion, torque pulsations, 
and cogging torque. Therefore, recent research has increasingly focused on improving the energy 
efficiency of EVs, drawing on energy-saving strategies traditionally applied in industrial motor 
applications [2]. Although direct current (DC) motors are structurally simple and suitable for low-
speed applications, their drawbacks—including low efficiency, bulky construction, and reduced 
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reliability due to brushes and commutators—result in high maintenance requirements and challenges 
in achieving accurate low-speed control [3]. Switched reluctance motors (SRMs) offer advantages 
such as robustness, high starting torque, and simple construction but are hindered by considerable 
torque ripple and acoustic noise [4]. Induction motors (IMs), conversely, are well-known for their 
durability, quiet operation, ease of maintenance, and reliable high-speed performance, though their 
control systems are comparatively complex. Brushless DC motors (BLDCs) are structurally similar to 
PMSMs, differing mainly in excitation: BLDCs use trapezoidal waveforms, whereas PMSMs use 
sinusoidal waveforms. This distinction grants PMSMs higher efficiency, better power density, and 
lower torque ripple, making them the leading choice for high-performance EV applications [5]–[7].  

PMSMs have attracted significant attention in modern motor control research owing to their 
inherent merits, including compact design, high power density, elevated efficiency, and excellent 
controllability [8]–[10]. Among the various control strategies, Field-Oriented Control (FOC) has 
emerged as the most widely adopted approach in industrial drives and automation applications, 
primarily due to its advantages of reduced torque ripple, fast transient response, and high control 
precision. The FOC framework is typically realized through a dual closed-loop architecture, 
comprising an outer speed loop—responsible for shaping the system’s dynamic behavior—and an 
inner current loop—ensuring both transient performance and steady-state accuracy. In this structure, 
the speed loop design must simultaneously consider tracking accuracy and robustness against 
disturbances. Conventional implementations generally rely on proportional–integral (PI) control; 
nevertheless, the linear characteristics of PI inherently conflict with the nonlinear dynamics of 
PMSMs, thereby limiting its ability to achieve the stringent requirements of high-performance 
applications [11]. Addressing these disturbances remains a critical issue for ensuring accurate and 
stable PMSM operation in EV systems. 

PMSMs exhibit nonlinear and strongly coupled electromechanical dynamics, which make their 
control inherently challenging. Conventional linear control techniques often fail to ensure satisfactory 
performance because of intrinsic nonlinearities, parameter uncertainties, torque ripple, and high 
sensitivity to external disturbances. These characteristics limit both the precision and efficiency of 
PMSM drives under real operating conditions. A variety of nonlinear control strategies have been 
proposed to improve system controllability, including Model Predictive Control (MPC) [12], Fuzzy 
Logic Control [13], Active Disturbance Rejection Control (ADRC) [14], [15], and Data-Driven Event-
Triggered Adaptive Dynamic Programming Control [16], [17]. These approaches show good 
potential, particularly when the mathematical model of the motor is incomplete or imprecise. 
However, their success strongly depends on accurate modeling and parameter tuning, which often 
complicates practical implementation. 

Advanced control frameworks such as adaptive control [18], [19], robust control [20], sliding 
mode control (SMC) [21], [22], disturbance rejection control [23], and estimation-based disturbance 
observers [24], [25] have also been extensively investigated. Among them, SMC has gained 
significant attention for its robustness against parameter variations, strong disturbance rejection, and 
fast transient response [26]–[32]. Nevertheless, its practical use is hindered by the inherent chattering 
phenomenon, which can cause high-frequency oscillations, mechanical wear, and even instability. In 
addition, the requirement for accurate mathematical modeling and parameter identification makes 
implementation on embedded hardware platforms more complex [33], [34]. Several techniques have 
been developed to mitigate these limitations, such as redesigning the sliding surface, employing 
smooth approximation functions (e.g., replacing the signum function with a saturation function), or 
integrating SMC with intelligent and soft computing methods [35]–[38]. Recent studies on fractional-
order SMC introduce additional degrees of freedom in controller design, allowing better trade-offs 
between robustness and performance [39]–[41]. Thanks to its simple structure, strong disturbance 
rejection, and adaptability to nonlinear dynamics, SMC remains one of the most reliable control 
techniques for PMSM drive systems requiring high precision and robustness [42]–[48]. 

The development of compact computers such as Raspberry Pi has facilitated flexible and low-
cost solutions for applications. Due to its support for multiple programming languages, ease of 
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integration, and small size, Raspberry Pi has been widely used in projects related to robot control, 
cloud-based communication, and surveillance systems. Several studies highlight its utility in 
intelligent robotics: human tracking through computer vision [49], sensor data collection in mobile 
robots [50], visual servoing using video cameras [51], [52], and cloud-enabled robotics [53]. 
Raspberry Pi has also been applied in wireless robot control [54], [55], low-cost mobile and 
educational robots integrating Arduino [56], [57], autonomous vehicles with vision-based tracking 
capabilities [58], and remote operation of robotic arms via a web interface [59]. These works confirm 
that Raspberry Pi is a reliable platform for the authors to decide to use in this research. 

In this study, the authors deploy Raspberry Pi to handle uncertain components through radial 
basis function neural networks (RBFNN) [60]. Thanks to its global learning properties and strong 
adaptability, RBFNN proves to be particularly effective in dealing with nonlinear, unmodeled factors 
as well as external disturbances in control systems such as electric drives or robot control. In addition, 
integrating RBFNN with online learning algorithms also opens up the prospect of significantly 
improving control performance, thanks to the ability to update parameters in real time, ensuring 
convergence and fast response under changing operating conditions [61]. The main research 
contributions of this paper are: 

1. RBFNN is built to approximate a part of the mathematical model of the system that is not known 
in advance. 

2. Experiments were conducted on the OPAL-RT platform with two different speed change 
scenarios to demonstrate the feasibility of the proposed method. 

3. The proposed method is implemented on Raspberry Pi 4B and verified in real time on OPAL-RT 
simulation platform. The data exchange between the controller and the simulator is performed 
using Modbus protocol, thereby demonstrating the feasibility of the rapid control prototyping 
solution for PMSM drive system using the proposed method. 

The structure of the paper is as follows. Section 2 presents the mathematical model of the PMSM. 
The proposed controller is described in detail in Section 3. Section 4 reports the experimental results 
used to validate the effectiveness of the control scheme. Conclusions are summarized in Section 5. 

2. System description 
2.1. First-Order Mathematical Model of the PMSM Drive System 

The mathematical model of the object is defined as follows [62]–[64]: 
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where 𝑖! and 𝑖$ are the 𝑑 − 𝑞 axis currents, 𝑢! and 𝑢$ are the 𝑑 − 𝑞 axis voltages, 𝑅" is the stator 
resistance, 𝐽 is the rotor moment of inertia, 𝜔 is the rotor angular speed, 𝑇' is the load torque, 𝐵 is the 
viscousfriction coefficient, 𝐿 is the stator inductor, 𝜑% is the rotor flux linkage, 𝑛# is the pole pairs, 
𝐾& = 1.5𝑛#𝜑% is the torque constant. Simplifying the third equation in (1) gives: 

 𝜔̇ = 𝑏𝑖$ + 𝑎(𝑡) (2) 

where 𝑏 = (.*+!,"
-

, 𝑎(𝑡) = − .
-
𝜔 − /#

-
. By applying Laplace transform to (2) it should be rewritten: 
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 𝑠𝛺(𝑠) = 𝑏𝐼$(𝑠) + 𝐴(𝑠) (3) 

where 𝑠 is a complex variable in the frequency domain. The parameters 𝛺(𝑠), 𝐼$(𝑠) and 𝐴(𝑠) are 
determined through the Laplace transform of the quantities 𝜔, 𝑖$ and 𝑎(𝑡) respectively. When 
designing the controller for the speed loop, the actual q–axis current is replaced by the q–axis reference 
current. Therefore: 

 𝜔̇ = 𝑏𝑖$∗ + 𝑎(𝑡) (4) 

The PMSM drive system based on the FOC of the rotor as shown in Fig. 1, consists of one speed 
control loop and two current control loops. In order to achieve the separation between speed and 
current and maximize the ratio between them, the shaft reference current 𝑖!∗  is set to 0. In this structure, 
the two current control loops of the PMSM speed regulation system are realized by two PI controllers. 
The relationship between the speed of the PMSM and the reference 𝑞–axis current 𝑖$∗  can be 
approximately described through the PMSM model presented above. 

2.2. Second-Order Mathematical Model of the PMSM Drive System 

A second-order mathematical model of 𝑖$∗  and PMSM speed is constructed to optimize the closed-
loop performance of the drive system, especially in cases requiring high precision. The transfer 
function of the PI controller in the 𝑞–axis current loop can be determined as follows by observing the 
signal propagation direction of the 𝑑–axis current loop in Fig. 1. 

 
𝑈$(𝑠)
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= 𝑘# +

𝑘1
𝑠

 (5) 

where 𝑘# and 𝑘1 are the proportional and integral gains of the PI controller in the 𝑞–axis current 
control loop, respectively. 𝐼$(𝑠), 𝐼$∗(𝑠) and 𝑈$(𝑠) are the Laplace transforms of 𝑖$, 𝑖$∗  and 𝑢$ 
respectively. Equation (5) can be rewritten as follows: 

 𝐼$(𝑠) = 𝐼$∗(𝑠) −
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𝑘1
𝑠

 (6) 

 

Fig. 1. An illustration of the control block diagram corresponding to the proposed method for PMSM 

Equation (3) is rewritten as follows: 
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 F𝑠2 +
𝑘1
𝑘#
𝑠G𝛺(𝑠) = F𝑠 +

𝑘1
𝑘#
G H𝑏𝐼$(𝑠) + 𝐴(𝑠)I (7) 

Substituting (6) into (7) can be obtained as follows: 

 F𝑠2 +
𝑘1
𝑘#
𝑠G𝛺(𝑠) = F𝑏𝑠 +

𝑏𝑘1
𝑘#
G 𝐼$∗(𝑠) −

𝑏𝑠
𝑘#
𝑈$(𝑠) + F𝑠 +

𝑘1
𝑘#
G𝐴(𝑠) (8) 

𝑈(𝑠) is defined as follows to simplify the equation: 

 𝑈(𝑠) = 𝑏 F𝑠 +
𝑘1
𝑘#
G 𝐼$∗(𝑠) (9) 

Therefore (8) is simplified as follows: 

 F𝑠2 +
𝑘1
𝑘#
𝑠G𝛺(𝑠) = 𝑈(𝑠) −

𝑏𝑠
𝑘#
𝑈$(𝑠) + F𝑠 +

𝑘1
𝑘#
G𝐴(𝑠) (10) 

The transfer function from (9) can be rewritten as: 

 𝐼$∗(𝑠) =
𝑘#

𝑏(𝑘#𝑠 + 𝑘1)
𝑈(𝑠) (11) 

Applying the inverse Laplace transform to (10), the equation is rewritten as follows: 

 𝜔̈ = 𝑢 −
𝑘1
𝑘#
𝜔̇ −

𝑏
𝑘#
𝑢̇$ + 𝑎̇(𝑡) +

𝑘1
𝑘#
𝑎(𝑡) (12) 

From the above equation, the second-order model of PMSM has been successfully constructed, in 
which 𝑢 is the inverse Laplace transform of 𝑈(𝑠). 

The error between the reference speed 𝜔∗ and the actual speed 𝜔 of the PMSM is used to define 
the system state variable as follows: 

 𝑥( = 𝜔 −𝜔∗ (13) 

Let 𝑥2 = 𝜔̇ − 𝜔̇∗ and substitute (12) into the second derivative of (13) to get: 

 

⎩
⎪
⎨

⎪
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𝑘1
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+
𝐵
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The PMSM drive system can be simplified based on (13) and (14) as follows: 

 L
𝑥̇( = 𝑥2

𝑥̇2 = 𝑓 + 𝑔𝑢 + 𝑑 = −𝜔̈∗ −
𝑘1𝐵
𝑘#𝐽

𝜔 − F
𝑘1
𝑘#
+
𝐵
𝐽G
𝜔̇ + 𝑢 + 𝑑 (15) 

where the disturbance of the PMSM drive system is represented by 𝑑. Besides, the variable defined 
in (9) and (11), acts as the intermediate variable of the controller in the speed loop of the PMSM drive 
system. 

!
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3. Controllers Design  
The sliding surface of the system is defined as follows: 

 𝑠 = 𝑒̇ + 𝑐𝑒 (16) 

with 𝑐 ≥ 1. Then: 

 𝑠̇ = 𝑒̈ + 𝑐𝑒̇ = 𝜔̈∗ − 𝜔̈ + 𝑐𝑒̇ = 𝜔̈∗ − 𝑓 − 𝑢 − 𝑑 + 𝑐𝑒̇ (17) 

The control law can be designed as follows if 𝑓 is known exactly: 

 𝑢 =
1
𝑔
[−𝑓 + 𝜔̈∗ + 𝑐𝑒̇ + 𝜂𝑠𝑔𝑛(𝑠)] (18) 

By substituting (18) into (17), (17) can be rewritten as follows: 

 𝑠̇ = 𝑒̈ + 𝑐𝑒̇  

 𝑠̇ = 𝜔̈∗ − 𝜔̈ + 𝑐𝑒̇  

 𝑠̇ = 𝜔̈∗ − 𝑓 − 𝑢 − 𝑑 + 𝑐𝑒̇  

 𝑠̇ = −𝜂𝑠𝑔𝑛(𝑠) − 𝑑 (19) 

If 𝜂 ≥ 𝑑 is chosen then: 

 𝑠𝑠̇ = −𝜂 ∣ 𝑠 ∣ −𝑠𝑑 ≤ 0 (20) 

In case 𝑓 is not known exactly, estimation needs to be carried out through different methods. In 
this study, RBF neural network is used to approximate the uncertain component 𝑓. The RBF neural 
network consists of an input layer 𝒙̱ =  [𝑥(, 𝑥2, … , 𝑥+]/, a hidden layer 𝑯(𝒙̱) =  [ℎ(, ℎ2, … , ℎ3]/, a 
weight vector 𝑾 =  [𝑤(, 𝑤2, … , 𝑤3]/, and an output layer 𝑦. 

 ℎ4 = 𝑒𝑥𝑝 a−
b𝒙̱ − 𝒄4b

2

2𝑏42
e , 𝑗 = 1,2, … ,5 (21) 

The RBF neural network is used to estimate the 𝑓 component: 

 𝑓 = 𝑾∗/𝑯(𝒙̱) + 𝜀 (22) 

where 𝒙 = [𝑒, 𝑒1,$]/ is the input,  is the input number,  is the number of hidden layer, ℎ = [ℎ4]/ is 
the output of the Gaussian function, 𝑾∗ is the ideal weight of the neural network, 𝜀 is the approximate 
error of the RBFNN and 𝜀 ≤ 𝜀6. Each neuron applies a Gaussian activation function, whose center 
vector is 𝒄4 = h𝑐(4 , 𝑐24i

/ and width is 𝑏4. With these parameters of the Gaussian function, the real-
time neural network output can then be expressed as follows: 

 𝑓j = 𝑾k/𝑯(𝒙̱) (23) 

where 𝑓j is an approximation of the 𝑓 component, and 𝑾k/ = [𝑤l(, 𝑤l2, … , 𝑤l*]/ is the adaptive weight 
matrix. Then (18) is rewritten as follows: 

 𝑢 =
1
𝑔
h−𝑓j + 𝜔̈∗ + 𝑐𝑒̇ + 𝜂𝑠𝑔𝑛(𝑠)i (24) 

Proof. The Lyapunov function is defined as follows: 

! !
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 𝐿 =
1
2
𝑠2 +

1
2𝛾
𝑾n/𝑾n (25) 

where 𝑾n =𝑾∗ −𝑾k. Using (17) and (24) substitute into the derivative of (25): 

 𝐿̇ = 𝑠𝑠̇ +
1
𝛾
𝑾n/𝑾ṅ = 𝑠(𝜔̈∗ − 𝜔̈ + 𝑐𝑒̇) −

1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = 𝑠(𝜔̈∗ − 𝑓 − 𝑢 − 𝑑 + 𝑐𝑒̇) −
1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = 𝑠 o𝜔̈∗ − 𝑓 −
1
𝑔
h−𝑓j + 𝜔̈∗ + 𝑐𝑒̇ + 𝜂𝑠𝑔𝑛(𝑠)i − 𝑑 + 𝑐𝑒̇p −

1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = 𝑠h𝜔̈∗ − 𝑓 + 𝑓j − 𝜔̈∗ − 𝑐𝑒̇ − 𝜂𝑠𝑔𝑛(𝑠) − 𝑑 + 𝑐𝑒̇i −
1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = 𝑠h−𝑓q − 𝜂𝑠𝑔𝑛(𝑠) − 𝑑i −
1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = 𝑠h−𝑾n/𝑯(𝒙̱) − 𝜀 − 𝜂𝑠𝑔𝑛(𝑠) − 𝑑i −
1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = −𝑠𝑾n/𝑯(𝒙̱) − 𝑠𝜀 − 𝑠𝜂𝑠𝑔𝑛(𝑠) − 𝑠𝑑 −
1
𝛾
𝑾n/𝑾k̇  

 𝐿̇ = −𝑾n/ r𝑠𝑯(𝒙̱) +
1
𝛾
𝑾k̇s − 𝑠[𝜀 + 𝑑 + 𝜂𝑠𝑔𝑛(𝑠)] (26) 

where 𝑓q = 𝑓j − 𝑓 = 𝑾∗/𝑯(𝒙̱) + 𝜀 −𝑾k/𝑯(𝒙̱) = 𝑾n/𝑯(𝒙̱) + 𝜀. The adaptive law is defined as 
follows: 

 𝑾k̇ = −
1
𝛾
𝑠𝑯(𝒙̱) (27) 

The result obtained after substituting (27) into (26): 

 𝐿̇ = −𝑠[𝜀 + 𝑑 + 𝜂𝑠𝑔𝑛(𝑠)]  

 𝐿̇ = −𝑠(𝜀 + 𝑑) − 𝜂|𝑠| (28) 

Based on (27), if 𝜀 is limited and 𝜂 ≥ 𝜀6 + 𝑑 then 𝐿̇ ≤ 0. Consequently, as time approaches infinity, 
the system parameters asymptotically converge to zero, ensuring complete stability of the overall 
system. 

Fig. 2 depicts the overall structure of the experimental system based on Real-Time Digital 
Simulator using OP5707XG device. This model connects and synchronizes data through TP-Link TL-
SF1005D network switch as the communication center between the components. At the signal 
processing and monitoring side, the computer performs the functions of observing, analyzing 
waveforms and simulation results. Besides, a Raspberry Pi 4 Model B (8 GB RAM) is connected to 
implement RBFNN algorithms to approximate the 𝑓 component in this study. 



2676 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 6, 2025, pp. 2669-2684 

 

 

Quoc Vuong Pham (Raspberry Pi-Based Rapid Control Prototyping for PMSM Drive System Using RBFNN on 
OPAL-RT Platform) 

 

4. Experimental results 
In this section, two experimental scenarios are designed to validate the performance of the 

RBFNN-based controller for the PMSM drive system. In the first scenario, the controller is 
implemented on the Raspberry Pi platform, while the PMSM model is implemented on the OPAL-RT 
5707 real-time simulation system, thereby evaluating the feasibility and stability of the control 
method. The next scenario focuses on speed variation experiments with different changing conditions 
and compares them with other controllers. All experiments aim to demonstrate the speed tracking 
ability and reliability of the proposed controller under different operating situations. The parameters 
of the PMSM used in all the scenarios are presented in Table 1, which are consistent with the values 
described in Section 2. 

 
Fig. 2. Experimental systems in researches 

Table 1.  PMSM parameters used in the experiment 

Parameter Value 
Moment of inertia (𝑩) 3.5 × 10$%𝑘𝑔 ⋅ 𝑚& 

Viscous damping coefficient (𝑩) 7.21 × 10$'𝑁 ⋅ 𝑚 ⋅ 𝑠/𝑟𝑎𝑑 
Stator resistance (𝑹) 1𝛺 
Stator inductor (𝑳) 6.25 × 10$(𝐻 

Permanent magnet flux (𝝋𝒇) 0.32𝑊𝑏 
Number of pole-pairs (𝒏𝒑) 4 

 

The RBFNN parameters were configured to match the nonlinear dynamics and control bandwidth 
of the PMSM system. Their values, shown in Table 2, were derived from the authors’ prior 
experimental investigations and fine-tuned to achieve stable convergence and robust performance in 
real-time implementation. 

The real-time digital simulator flagship OP5707XG (Fig. 3) is employed to emulate the PMSM 
drive system with high fidelity and real-time performance. The OP5707XG, developed by OPAL-RT, 
integrates an 8-core Intel Xeon processor and a Xilinx Kintex-7 FPGA, offering superior computing 
power, low latency, and flexible I/O interfaces suitable for industrial control research. Leveraging 
these capabilities, the PMSM drive system and inverter are implemented on OP5707XG, while the 
proposed RBFNN-based controller is deployed on a Raspberry Pi platform for rapid control 
prototyping. The combination enables hardware-in-the-loop validation of the control strategy, 
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ensuring real-time stability and robustness, and providing a solid foundation for future practical 
applications. 

Table 2.  RBFNN parameters used in the experiment 

Parameter Value 
𝒏𝒋 5 

𝜼 0.5 
𝜸 0.5 
𝒄 [-1 1] 
𝒃 1 

 
Fig. 3. Real-time digital simulator flagship OP5707XG system 

4.1. Scenario 1 

The experimental validation was carried out using PMSM to evaluate the speed tracking 
performance and robustness of the proposed control strategy. The PMSM model was implemented in 
MATLAB/Simulink, while the designed controller was deployed in real time on a Raspberry Pi 
platform to perform hardware-in-the-loop (HIL) testing. During a 20-second test, the reference speed 
was varied every 2 seconds to examine the dynamic response and adaptability of the system under 
different operating conditions. The actual rotor speed was continuously measured and compared with 
the reference trajectory to assess the tracking accuracy, rise time, and steady-state stability. 
Additionally, motor phase current, control voltage, and electromagnetic torque signals were recorded 
for further analysis of the transient and steady-state behaviors. To evaluate the disturbance rejection 
capability, a sudden external load torque was applied at the 14th second of the experiment. The 
system’s ability to maintain stable operation and recover quickly from the disturbance demonstrates 
the robustness and effectiveness of the proposed RBFNN–SMC control scheme. 

Fig. 4 shows the speed response of the PMSM motor controlled by the RBFNN controller. In 
Fig. 4-(a), the black line denotes the reference speed signal, while the red line represents the actual 
speed signal. The enlarged view highlights the fast and stable response of the controller whenever the 
reference speed changes. Fig. 4-(b) illustrates the time-domain variation of the speed error during the 
reference speed switching, which occurs every 2 seconds and rapidly converges to near zero afterward. 

Fig. 5 shows the current response of the PMSM motor during the 20-second experiment, with the 
reference speed changed every 2 seconds and a sudden load applied at the 14th second. In Fig. 5-(a), 
the 𝑑–axis current (𝑖!) remains close to zero throughout the process. The 𝑞–axis current (𝑖$) changes 
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significantly at the times of changing the reference speed, playing the role of generating 
electromagnetic torque for the motor. In particular, when the sudden load is applied at the 14th second, 
𝑖$ appears to fluctuate momentarily but quickly stabilizes again, demonstrating the robustness of the 
RBFNN controller. In Fig. 5-(b), the three stator currents 𝑖789 have sinusoidal waveforms, 120° out 
of phase with each other, which correctly represents the balance characteristic of a three-phase system. 
During the 20-second experiment, the amplitude of the three-phase currents changes correspondingly 
to the change of the reference speed (every 2 seconds). In particular, at the 14th second when the load 
is suddenly applied, the three-phase waveform shows an instantaneous sharp amplitude, 
demonstrating the system's quick response to compensate for the load. However, the phase balance is 
still maintained, and the current waves quickly return to a steady state. 

 
Fig. 4. Speed response (a) and speed error (b) of PMSM control system 

 
Fig. 5. Current control performance using the RBFNN controller 

4.2. Scenario 2 

In this scenario, the hardware setup and control implementation remain identical to those 
described in the previous experiment. The total duration of the experiment is 20 seconds, during which 
the reference speed profile is adjusted every 4 seconds to evaluate the controller's ability to handle 
slower dynamic transitions. At 14 seconds, an external load disturbance is intentionally applied to the 
motor shaft, similar to the previous scenario, to further evaluate the system's adaptability and 
disturbance rejection performance. The resulting responses in terms of motor speed, current, and 
electromagnetic torque are recorded to analyze the accuracy of the proposed controller. 

Fig. 6 shows the simulation results of the speed response of PMSM with three different 
controllers. In the Fig. 6-(a), the black line is the reference signal, while the green (PID), blue (FOPID) 
and red (RBFNN) lines show the actual speed response, respectively. It can be seen that all three 
controllers follow the reference signal, but with different accuracy and transition times. The PID 
controller has larger oscillation and stall error; the FOPID controller improves the oscillation but still 
has deviation; meanwhile, the RBFNN controller gives fast, stable response and almost exactly 
matches the reference speed. In the Fig. 6-(b), the speed error of the controllers is shown more clearly. 
The results show that the error of PID fluctuates greatly and takes a long time to disappear. The FOPID 
has smaller error but still has a certain oscillation amplitude. In contrast, the error of RBFNN remains 
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very small and quickly returns to near zero after speed changes or when subjected to load at 14 
seconds. 

The 3D graph in Fig. 7 compares the RMS, Mean Error and MAE indices of the three controllers 
PID, FOPID and RBFNN, it can be seen that the RBFNN controller gives lower indices than the other 
controllers. The RMS and MAE values of RBFNN are the lowest among the three controllers, 
indicating that the proposed method operates more stably, with less oscillation and smaller error in 
the whole control process. The Mean Error value of RBFNN is also at the lowest level, demonstrating 
that the ability to track the set signal is high and the static error is almost eliminated. Compared with 
other controllers, PID gives a stable response but is still slow and the accuracy is not high, while 
FOPID improves significantly over PID thanks to its more flexible tuning characteristics. However, 
both of them do not achieve the same adaptability and efficiency as RBFNN. 

 
Fig. 6. Comparison of speed response (a) and speed error (b) between controllers 

 
Fig. 7. Comparison index between controllers 

5. Conclusion 
This study proposes an SMC strategy combined with an RBFNN to improve the speed control 

accuracy of PMSM. RBFNN is used to estimate and compensate for unknown components of the 
motor model, while the SMC structure ensures robustness against parameter variations and external 
disturbances. The global stability of the system is proven through Lyapunov theory. The controller is 
validated through MATLAB/Simulink simulation and experimentally implemented on the OPAL-RT 
OP5707XG loop hardware platform combined with a Raspberry Pi-based rapid control prototyping 
system. Experimental results show that the proposed controller achieves fast dynamic response and 
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noise cancellation, improving accuracy compared to PID and FOPID controllers. However, the 
method still has some limitations, including the computational burden during online adaptation of the 
RBFNN network and sensitivity to parameter initialization. In addition, the choice of parameters 
should be appropriate to the processing capabilities of the Raspberry Pi, because if the value is too 
significant, it may lead to losing feedback data due to processing overload. In the future, the research 
will focus on optimizing the adaptive law to improve the convergence speed, extending the control 
structure to current control and multi-motor systems, and experimental verification in electric vehicle 
drive systems under various operating conditions. 
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