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This article contributes to the field by providing a comprehensive dual-loop control solution 

that addresses the limitations of individual control techniques and offers a robust and 

efficient framework for advanced PMSM control. In the current loop, FCS-MPC is 

employed to predict the future behavior of the motor currents and select the optimal control 

action from a finite set of possible inputs. This method ensures minimal current ripple, 

improved tran sient response, and efficient handling of the non-linearities and constraints 

inherent in PMSM operation. The predictive nature of FCS-MPC allows for real-time 

optimization, enhancing the overall efficiency of the current regulation. For the speed loop, 

the ERL-SMC is designed to provide robust control against parameter variations and 

external dis turbances. The exponential reaching law ensures a faster and smoother reaching 

phase, reducing chattering and improving the steady-state performance. By incorporating an 

ERL, the sliding mode controller can swiftly bring the system states to the sliding surface 

and maintain them, thus achieving high accuracy in speed tracking and robust performance 

under various operating conditions. The combination of FCS-MPC and ERL-SMC 

harnesses the predictive capabilities and op timization of the former with the robustness and 

disturbance rejection of the latter. This hybrid control strategy is evaluated through 

extensive simulations in MATLAB/Simulink. The simulation results demonstrate 

significant improvements in dynamic response, tracking accuracy, reduced overshoot, and 

enhanced disturbance rejection. Additionally, the proposed approach shows superior 

performance in handling sudden load changes and parameter uncertainties, confirming its 

po tential for high-performance PMSM drive applications. 
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I. INTRODUCTION 

Permanent Magnet Synchronous Motors (PMSMs) have 

become a cornerstone in various industrial applications due to their 

high efficiency, power density, and excellent performance 

characteristics. These motors are particularly valued in applications 

demanding precise speed and position control, such as robotics, 

electric vehicles, and aerospace technologies. To fully exploit the 

advantages of PMSMs, vector control strategies are crucial for 

effective management of the current and speed loops [1-4]. 

 FieldOriented Control (FOC) is one of the most widely 

used methods for controlling PMSMs. FOC decouples the torque 

http://orcid.org/0000-0003-0155-9925
http://orcid.org/0000-0001-9055-8953
http://orcid.org/0000-0001-8631-8172
http://orcid.org/0000-0002-8824-9761
http://orcid.org/0000-0001-6900-9925
mailto:djaloul.karboua@univ-djelfa.dz
mailto:y.chouiha@univ-djelfa.dz
mailto:b.douara@univ-djelfa.dz
mailto:i.bouguenna@univ-mascara.dz
mailto:saidbenkaihoul@gmail.com
mailto:Toualb@gmail.com


 
 
 

 

One, Two and Three, ITEGAM-JETIA, Manaus, v.10 n.49, p. 71-79, September/October., 2024. 

 

and flux components, allowing independent control of the motor’s 

d-axis and q-axis currents. However, despite its popularity, FOC 

suffers from several limitations. The implementation of FOC 

requires precise tuning of PI controllers and accurate knowledge of 

motor parameters, making it complex and challenging in practical 

scenarios. Additionally, FOC is highly sensitive to parameter 

variations, which can degrade control accuracy and stability. The 

method also tends to have a slower dynamic response compared to 

more advanced control techniques. Another conventional method 

is Direct Torque Control (DTC), which directly controls the 

motor’s torque and flux without the need for coordinate 

transformation. DTC offers faster dynamic response but comes 

with its own set of drawbacks. It often results in significant torque 

and flux ripple, leading to increased acoustic noise and mechanical 

stress. Furthermore, the nonconstant switching frequency in DTC 

complicates the design of power electronic converters, and like 

FOC, DTC’s performance is sensitive to motor parameter 

variations [5-8]. Sliding Mode Control (SMC) is known for its 

robustness against parameter variations and external disturbances. 

Classical SMC ensures that the system states reach and remain on 

a predefined sliding surface. However, the main issue with classical 

SMC is chattering, which refers to high frequency oscillations 

caused by the discontinuous control action. Chattering can cause 

wear and tear in mechanical components and increase energy 

losses. Additionally, designing an effective sliding surface and 

reaching law in classical SMC requires careful tuning, which can 

be complex and application-specific [9-12]. Exponential Reaching 

Law-based Sliding Mode Control (ERL-SMC) addresses some of 

the shortcomings of classical SMC. By modifying the reaching law, 

ERL-SMC aims to reduce chattering and improve control 

performance. The exponential reaching law provides a continuous 

control action during the reaching phase, significantly reducing 

chattering. This approach also enhances robustness against 

disturbances and parameter variations and offers better steady-state 

accuracy and dynamic response compared to classical SMC. It also 

provides maintaining high-speed tracking accuracy and enhancing 

system stability under varying operating conditions [13], [14]. 

 FiniteControl-Set Model Predictive Control (FCS-MPC) is 

a cutting-edge control strategy that has gained significant attention 

in recent years due to its ability to handle complex control problems 

with a high degree of precision. Unlike traditional control methods 

that rely on continuous control signals, FCS-MPC operates by 

predicting the future behavior of the system over a finite time 

horizon and selecting the optimal control action from a discrete set 

of possible inputs. This approach enables FCS-MPC to effectively 

manage non-linearities and system constraints, providing enhanced 

control performance. The predictive nature of FCS-MPC allows for 

the anticipation of future states, leading to improved transient 

responses and reduced steady-state errors. Furthermore, FCS-

MPC’s ability to minimize current ripple and optimize power 

efficiency makes it particularly suitable for applications in 

Permanent Magnet Synchronous Motor (PMSM) drives, where 

precision and efficiency are paramount. By continuously updating 

the control inputs based on real-time system feedback, FCS-MPC 

ensures that the control objectives are met with minimal deviation, 

thereby offering a robust and adaptive control solution for modern 

electrical drive systems [15 -17]. To overcome the limitations of 

these conventional control methods, this paper proposes a dual-

loop control strategy for PMSM drives. This strategy integrates 

FiniteControl-Set Model Predictive Control (FCS-MPC) for the 

current loop with Exponential Reaching Law-based Sliding Mode 

Control (ERL-SMC) for the speed loop. By combining FCS-MPC 

for the current loop and ERL-SMC for the speed loop, the proposed 

dualloop control strategy aims to harness the predictive capabilities 

and optimization of FCS-MPC with the robustness and disturbance 

rejection of ERL-SMC. This hybrid approach is validated through 

extensive simulations in MATLAB/Simulink, demonstrating 

significant improvements in dynamic response, tracking accuracy, 

and overall system robustness compared to conventional control 

method based on ERL-SMC. This study provides a comprehensive 

dual-loop control solution that addresses the limitations of 

individual control techniques and offers a robust and efficient 

framework for advanced PMSM control. The structure of this paper 

is organized as follows: Section 2 focuses on constructing a 

comprehensive model of the Permanent Magnet Synchronous 

Motor (PMSM) system. In Section 3, we detail the design of the 

Exponential Reaching Law Sliding Mode Controller (ERL-SMC) 

specifically for the PMSM speed loop, emphasizing its robustness 

and performance improvements. Section 4 is dedicated to the 

design of the Finite Control Set Model Predictive Control (FCS-

MPC) for the PMSM current loop, highlighting its predictive 

capabilities and control accuracy. Following the control design 

sections, Section 5 presents the simulation setup and results, 

providing a thorough discussion on the effectiveness and efficiency 

of the proposed control strategies. Finally, Section 6 concludes the 

paper and summarizing the key findings. 

II. CONSTRUCTING A MODEL OF THE PMSM SYSTEM 

Before implementing any control strategy, it is imperative 

to transform the three-phase Permanent Magnet Synchronous 

Motor (PMSM) system into a two- phase representation using the 

Park transformation. The adoption of a d-q rotor reference frame 

significantly simplifies the derived equations, expediting the 

numerical calculations essential for computational simulations. 

This simplification not only accelerates the computational process 

but also ensures the constancy of resultant variables during steady-

state operation, thereby facilitating subsequent computations and 

streamlining the design of the control system. Moreover, the d-q 

model within the rotor reference frame is widely recognized and 

favored in current literature due to its simplicity and applicability. 

Assumptions within this model include a cage-free rotor, 

sinusoidal back-EMF, negligible saturation, and minimal eddy 

current and hysteresis losses [18], [19]. Additionally, to utilize the 

nonlinear model effectively, the PMSM system is described by 

Equation 1, where the state variables comprise the stator speed, 

direct current, and quadrature current [20],[21]. 

{
 
 
 
 

 
 
 
 
𝑑𝑖𝑑
𝑑𝑡

=
1

𝐿𝑑
. (𝑢𝑑 − 𝑅𝑠. 𝑖𝑑 + 𝐿𝑞 . 𝜔𝑟 . 𝑖𝑞)                                 

𝑑𝑖𝑞

𝑑𝑡
=
1

𝐿𝑞
(𝑢𝑞 − 𝑅𝑠. 𝑖𝑞 − 𝐿𝑑 . 𝜔𝑟 . 𝑖𝑑−𝜔𝑟 . 𝛷𝑓)                    

𝑑𝜔𝑟
𝑑𝑡

=
3. 𝑝2

2. 𝐽
(𝛷𝑓 . 𝑖𝑞 + (𝐿𝑞 − 𝐿𝑑)𝑖𝑑𝑖𝑞 −

F

𝐽
. 𝜔𝑟 −

𝑝

𝐽
 . 𝛵𝑙)

𝑑𝜃𝑟
𝑑𝑡

= 𝜔𝑟                                                                                
                                                                            

(1) 

𝑖𝑑, 𝑖𝑞  are d-q axis equivalent stator currents ; 𝑢𝑑, 𝑢𝑞 are d-q 

axis equivalent stator voltages ; 𝜃𝑟, ωr are rotor position and rotor 

speed ; p is number of pole pairs ; 𝑅𝑠 is per phase stator resistance; 

𝐿𝑑, 𝐿𝑞 are d-q axis equivalent stator inductance ; 𝛵𝑒, 𝛵𝑙  are 

electromagnetic and load torques ; 𝐽 is moment of inertia of the 

rotor ; F is friction constant of the rotor and 𝛷𝑓is rotor magnetic 

flux linking the stator. 
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III. DESIGNING THE ERL-SMC FOR THE PMSM SPEED 

LOOP 

Sliding mode control primarily aims to establish a switching 

surface that adheres to principles of existence, convergence, and 

stability. This involves adjusting the system’s structure to guide the 

state trajectory towards this surface. Systems with adaptable 

structures undergo changes during operation. Sliding mode control 

typically operates in two modes: convergence towards the surface 

and subsequent sliding along it. Once the system reaches the 

switching surface, it follows a dynamic described by the sliding 

mode, asymptotically moving towards the equilibrium point within 

a finite time frame. The synthesis of sliding mode control 

methodically addresses performance and stability concerns. 

Implementation of this control entails three key steps: selecting the 

sliding surface, defining sliding conditions, and calculating the 

SMC law.the general formula for sliding surfaces is designed as 

follows [22-25]: 

𝑆(𝑥, 𝑡) = (
𝑑

𝑑𝑡
+ 𝜆)

𝑛−1

𝑒(𝑡)                           (2) 

 

Where 𝜆 is a positive number chosen by the designer (a 

parameter that fixes the dynamic of the error in sliding mode), n is 

system order, 𝑆(𝑥, 𝑡) is the sliding surface and 𝑒(𝑡) is tracking 

error. Once the sliding surface is established, the system trajectory 

is directed towards the origin, eventually reaching it 

asymptotically, as dictated by the sliding condition described in the 

following equation [26]: 

1

2

𝑑

𝑑𝑡
𝑆2 ≤ 𝜂|𝑆|                                            (3) 

Where η > 0 Following the establishment of the sliding 

surface and adherence to the sliding condition, the control law is 

determined through a two-phase approach. Firstly, the sliding 

phase is enacted to ensure the system remains on the sliding 

surface, achieved by designing an equivalent term where 𝑆(𝑥, 𝑡) =

 0 and �̇�(𝑥, 𝑡) =  0. Subsequently, the approach phase is initiated 

to meet the sliding condition, accomplished by formulating a 

switching law where 𝑆(𝑥, 𝑡) ≠ 0 and 𝑆(𝑥, 𝑡) = 0. The specific 

design of the SMC control law unfolds as [27]: 
 

𝑢 = 𝑢𝑒𝑞 + 𝑢𝑠                                           (4) 
 

Using the exponential approach law, one can reduce the 

occurrence of rapid oscillations in the control signal while 

preserving the dynamic performance of the sliding mode arrival 

process through careful adjustment of parameters 𝑘1 and 𝑘2. 

However, if 𝑘2 is set too high, it may result in undesirable 

chattering. To overcome this problem the ERL-SMC has been 

improved using the Pseudo-sliding mode based on continuous 

approximation [14],[28]. Similarly, within this context, the speed 

tracking error and the sliding surface can be expressed as follows: 
 

                              {
𝑒𝜔 = 𝜔𝑟

𝑟𝑒𝑓
− 𝜔𝑟

𝑆𝜔 = 𝜔𝑟
𝑟𝑒𝑓

− 𝜔𝑟
                                     (5) 

 

With reference to the sliding phase outlined earlier, the 

equivalent termtakes on the following expression: 
 

𝑖𝑞−𝑒𝑞
𝑟𝑒𝑓

=
2. 𝐽

3. 𝑝2. 𝛷𝑓
. (�̇�𝑟

𝑟𝑒𝑓
+
𝐹

𝐽
𝜔𝑟 +

𝑝

𝐽
. 𝛵𝑙)            (6) 

 

Given the preceding approach phase, the switching term 

based on ERL-SMC and Pseudo-sliding mode is delineated as 

follows: 

                        𝑢𝑠 = 𝑘1. 𝑡𝑔ℎ(𝑆𝜔)+ 𝑘2.𝑆𝜔                      (7) 
 

Where 𝑆 is sliding surface of SMC and 𝑘1 , 𝑘2, are the gains 

used to regulate the ERL based on Pseudo sliding mode controller. 

The control law for the PMSM’s speed loop, based on the ERL-

SMC, can be formulated using the equiv alent and switching terms 

as follows: 
 

𝑖𝑞
𝑟𝑒𝑓

= 𝑖𝑞−𝑒𝑞
𝑟𝑒𝑓

+ 𝑖𝑞−𝑠
𝑟𝑒𝑓
                                 (8) 

 

IV. DESIGNING OF THE FCS-MPC FOR THE 

PMSMCURRENT LOOP 

Predictive control is a control strategy that relies on a 

dynamic mathematical model of the system to forecast future 

behavior. It optimizes control inputs over a specified time horizon 

by considering system dynamics, constraints, and desired 

objectives. The con troller updates its predictions and 

optimizations in real time, adapting to changes and disturbances to 

achieve optimal performance. This method is widely used in 

complex systems requiring precise and adaptive con trol, such as 

industrial processes, robotics, and energy systems. Key features of 

this type of controller include selecting the best actions by 

minimizing a cost function and using a system model to predict 

future variable behavior over a set time horizon. A summary of the 

Model Predictive Control (MPC) operating principle is illustrated 

in Figure 1. Using the system model and the available 

measurements up to time k, future state values are projected until a 

predetermined horizon at time k + N. By minimizing the cost 

function, the optimal sequence of actions is determined, and the 

first action in this sequence is implemented. This procedure is 

repeated at each sampling instant, incorporating the most recent 

data. The prediction model used is a discrete-time model, expressed 

in the following state space form [16-17]. 
 

 {
𝑥(𝑘 + 1) = 𝐴. 𝑥(𝑘) + 𝐵. 𝑢(𝑘)
𝑦(𝑘) = 𝐶. 𝑥(𝑘) + 𝐷.𝑢(𝑘)    

                    (9)  

 

A cost function that reflects the desired system behavior 

must be defined. This function takes into account future states, 

control actions, and reference values. 
 

𝐽 = 𝑓(𝑥(𝑘), 𝑢(𝑘), …… , 𝑢(𝑘 + 𝑁))            (10) 
 

The objective of the MPC optimization problem is to 

minimize the cost function J over a specified time horizon N, 

while considering constraints and the system model. This 

process results in a series of N optimal control actions, but 

only the first action in the sequence is implemented by the 

controller. At each sampling instant, new measured data is 

used to resolve the optimization problem, generating a new 

set of optimal control actions each time. This approach is 

known as receding horizon control [17]. 
 

𝑢(𝑘) = [1 0…0] 𝑎𝑟𝑔𝑚𝑖𝑛𝑢 𝐽                 (11) 
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Figure 1: MPC principle of working. 

Source: Authors, (2024). 

In this paper, the PMSM is connected to a widely used 

three-phase source inverter, as shown in Figure 2. This 

inverter has eight distinct switching vectors, re sulting in 

eight voltage vectors, u0 to u7. There are two zero vectors and 

six nonzero vectors. The amplitudes of the active voltage 

vectors in the stationary reference frame αβ are illustrated in 
Table 1 and Figure 1 

 

 
Figure 2: PMSM Feeding Structure with Two-Level 

 Voltage Source Inverter and Voltage Vector Design. 

Source: Authors, (2024). 

To develop the Finite Control Set Model Predictive 

Control (FCS-MPC), a discrete-time model is required to 

predict the currents at a future sample period. 

 
Table 1: Different switching modes and corresponding voltage 

vector of the voltage source converter. 

Conducting Modes Switching States Output Voltage 

 Sa Sb Sc Uα Uβ 

U0 0 0 0 0 0 

U1 1 0 0 
2𝑉𝑑𝑐
3

 0 

U2 1 1 0 
𝑉𝑑𝑐
3

 √3𝑉𝑑𝑐
3

 

U3 0 1 0 −
𝑉𝑑𝑐
3

 √3𝑉𝑑𝑐
3

 

U4 0 1 1 
2𝑉𝑑𝑐
3

 0 

U5 0 0 1 −
𝑉𝑑𝑐
3

 −
√3𝑉𝑑𝑐
3

 

U6 1 0 1 
𝑉𝑑𝑐
3

 −
√3𝑉𝑑𝑐
3

 

U7 1 1 1 0 0 

Source: Authors, (2024). 

Therefore, the forward Euler method is applied to the 

continuous-time model (1) with a sampling time period Ts [in 

seconds]. For small Ts≪1, the following approximations 

hold: 𝑥(𝑘)  =  𝑥(𝑘𝑇𝑠)  ≈  𝑥(𝑡) and 
𝑑 

𝑑𝑡
 𝑥(𝑡)  ≈  

𝑥(𝑘+1)−𝑥(𝑘) 

𝑇𝑠
 

for all 𝑡 ∈  [𝑘𝑇𝑠, (𝑘 + 1)𝑇𝑠] and 𝑘 ∈ ℕ ∪ {0}. 
Consequently, the discrete-time representation of the PMSM 

in the rotating (d-q) reference frame can be expressed as 

follows [29] [30]: 

 

{
𝑖𝑑(𝑘 + 1) = (1 −

𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑(𝑘) + 𝑇𝑠𝜔𝑒(𝑘)𝑖𝑞(𝑘) +

𝑇𝑠

𝐿𝑑
𝑢𝑑(𝑘)                         

𝑖𝑞(𝑘 + 1) = (1 −
𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞(𝑘) − 𝑇𝑠𝜔𝑒(𝑘)𝑖𝑑(𝑘) +

𝑇𝑠

𝐿𝑞
𝑢𝑞(𝑘) −

ѱ𝑝𝑇𝑠

𝐿𝑞
𝜔𝑒(𝑘)

(12)  

 

The stator voltage udq of the PMSM can be 

represented as a function of the inverter’s switching vector 

𝑆𝑎𝑏𝑐[𝑘]  ∈  {0, 1} 
3 . Here’s the revised version of the 

equation [16]: 

 

𝑣𝑑𝑞(𝑘) = 𝑇𝑝(𝜃𝑒)
−1. 𝑇𝐶 .

1

3
𝑣𝑑𝑐[𝑘]. 𝑣𝑎𝑏𝑐         (13) 

 

With; 

 

{
 
 

 
 
𝑇𝑝(𝜃𝑒)

−1 = 𝑇𝑑𝑞0→𝛼𝛽0                                            

𝑇𝐶 = 𝑇𝛼𝛽0 →𝑎𝑏𝑐                                                      

𝑣𝑎𝑏𝑐  = [
2 −1 −1
−1 2 −1
−1 −1 2

] . 𝑆𝑎𝑏𝑐[𝑘]                      

(14) 

 

Where 𝑇𝑑𝑞0→𝛼𝛽0  and 𝑇𝛼𝛽0 →𝑎𝑏𝑐 represent the inverse Park 

and Clarke transformations, respectively. 𝑣𝑑𝑐 denotes the DC-bus 

voltage (in V), and 𝑣𝑎𝑏𝑐 indicates the stator voltage in the abc 

frame (in V). 𝜃𝑒  represents the electrical rotor position of the 

PMSM, given by the integral of Ω with respect to time. The 

discrete-time predictive model anticipates the behavior of seven 

vectors as outlined in equation 12. Subsequently, throughout the 

sampling period, these seven predicted vectors are evaluated to 

identify the states that minimize the cost function and result in the 

lowest absolute error between the reference and predictive currents 

(𝑖𝑑[𝑘 + 1], 𝑖𝑞[𝑘 + 1]) [31]. The formulation of the cost function is 

defined as follows: 

 

𝑔 = |𝑖𝑑
∗[𝑘 + 1] − 𝑖𝑑[𝑘 + 1]𝑢0,…7| + |𝑖𝑞

∗[𝑘 + 1] − 𝑖𝑞[𝑘 + 1]𝑢0,…7|

+

{
 

 0  𝑖𝑓 √𝑖𝑑[𝑘 + 1]
2 + 𝑖𝑞[𝑘 + 1]

2 ≤ 𝑖𝑚𝑎𝑥

∞  𝑖𝑓 √𝑖𝑑[𝑘 + 1]
2 + 𝑖𝑞[𝑘 + 1]

2 > 𝑖𝑚𝑎𝑥

(15) 

 
The first segment indicates the reduction in reactive power, 

the second segment pertains to tracking the torque-producing 

current, and the final segment deals with the maximum permissible 

stator current of the PMSM. The maximum allowable current for 

the direct and quadrature axes, represented as imax, applies to both 

the d and q axes. The future reference currents 𝑖𝑑
∗ [𝑘 +  1] and 

𝑖𝑞
∗[𝑘 +  1] are predicted using Lagrange extrapolation based on 

previous sampling points [k], [k1], and [k2], as noted in [16]. The 

reduction in reactive power is covered in the initial segment, the 

tracking of the torque-producing current is addressed in the second 

segment, and the final segment outlines the maximum permissible 
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stator current of the PMSM. The maximum current for the 

quadrature axis (q) and the direct axis (d) is indicated by imax. The 

future reference currents 𝑖𝑑
∗  [𝑘 +  1] and 𝑖𝑞

∗[𝑘 +  1] are estimated 

using Lagrange extrapolation based on prior sampling points [k], 

[k1], and [k2], as detailed in [16]. 

 

𝑖𝑑𝑞
∗[𝑘 + 1] = 3𝑖𝑑𝑞

∗[𝑘] − 3𝑖𝑑𝑞
∗[𝑘 − 1] + 𝑖𝑑𝑞

∗[𝑘 − 2]  (16) 
 

V. SIMULATION, RESULTS AND DISCUSSION 

To demonstrate the effectiveness of the dual-loop control 

studied in this paper for the PMSM, a simulation model was built 

in Matlab/Simulink, as shown in Figure 3 for the ERLSMC with 

FCS-MPC. These controls are applied to the speed and current 

loops of the PMSM. To validate the dual-loop control, various 

scenarios are presented to prove its effectiveness. The selection of 

design parameters was based on a thorough analysis of PMSM 

performance using several criteria: stability, performance 

characteristics, robustness, cost function, and energy minimization. 

The PMSM parameters used in this work are listed in Table 2. 
 

 
Figure 3: Scheme of PMSM controller based on a novel dual-

loop control design. 

Source: Authors, (2024). 

Table 2: Parameters of the PMSM drive. 
PMSM’s parameters 

𝑅𝑠=0.6 Ω 𝐿𝑑 =1.4 10−3 𝐻 𝐿𝑞=2.8 × 10−3 𝐻 

F =1.4 ×
10−3 M.m.s-1 

𝛷𝑓=12× 10−2 Wb J =1.1 × 10−3 kg.m2 

𝑣𝑑𝑐 = 100𝑉 p=4 

Source: Authors, (2024). 

In the first scenario, the PMSM operates in a stable state 

with the speed stabilized at a medium level (600 rpm) and a load 

torque of 5 N·m applied. This scenario showcases the performance 

of speed, torque, and the direct and quadratic currents. 

Additionally, a comparison is made between the classical PMSM 

drive design based on the ERL-SMC and the novel PMSM drive 

design based on the dual-loop control. As shown in Figure 4, the 

speed performance indicates that the novel design based on the 

dualloop control outperforms the classical design based on the 

ERLSMC in terms of rise time (Tr) and steady-state error (SSE). 

The rise time for the novel design is approximately 6 ms, whereas 

the classical design has a rise time of approximately 12 ms. The 

steady-state error for the novel design is around 0.006%, compared 

to 0.05% for the classical design. Moreover, the novel design is 

stabilized with minimal chattering, while the classical design 

suffers from significant chattering. Specifically, the chattering for 

the novel design is between +0.055 and -0.035, while for the 

classical design, it is between +0.15 and -0.85. 

 
Figure 4: PMSM speed performance under the first scenario. 

Source: Authors, (2024). 

Regarding the electromagnetic torque performance 

illustrated in Figure 5, the novel design significantly minimizes 

torque ripple compared to the traditional ERL-SMC design, which 

experiences substantial torque ripple. The torque ripple in the novel 

FCSMPC design ranges between +0.15 and -0.15, while the 

ERLSMC design exhibits a torque ripple range between +0.55 and 

- 0.5. Moreover, Figure 6 highlights the superior performance of 

the novel design in terms of direct and quadratic current control. 

The tolerance band for the direct current in the novel control design 

is notably narrower than that of the ERL-SMC. Specifically, the 

tolerance band for the direct current in the novel control design is 

between +0.15 and -0.15, whereas for the ERL-SMC, it is between 

+0.5 and -0.5. These estimates are similarly applicable to the 

quadratic current. 

 
Figure 5: PMSM electromagnetic torque performance under 

the first scenario. 

Source: Authors, (2024). 

 
Figure 6: PMSM d-q currents performance under the first 

scenario. 

Source: Authors, (2024). 
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The second scenario is presented to demonstrate the 

robustness of the novel control design under external disturbances. 

Various load torque values (1 N.m, 2 N.m, 5 N.m, and 3 N.m) were 

applied at different time instances, as shown in Figure 8. Under 

these conditions, the novel control design exhibits superior speed 

performance compared to the classical ERA-SMC design. 

Although the rise time remains consistent with the first scenario for 

both controls, overshoots and undershoots occur during changes in 

load torque. The overshoot/undershoot rate in the novel control 

design is limited to 0.6%, which is significantly lower than that of 

the classical control design, as illustrated in Figure 7. Regarding 

electromagnetic torque performance, depicted in Figure 8, the 

novel control design outperforms the classical control design with 

substantially lower steady-state error and reduced chattering. 

Additionally, Figure 9 shows that the novel control design 

maintains excellent performance in terms of direct and quadratic 

currents. This results in high-quality electrical power, reduced 

noise, lower losses, and improved stability under external 

disturbances. 
 

 
Figure 7: PMSM speed performance under the second scenario. 

Source: Authors, (2024). 

 
Figure 8: PMSM electromagnetic torque performance under 

the second scenario. 

Source: Authors, (2024). 

 
Figure 9: PMSM d-q currents performance under the second 

scenario. 

Source: Authors, (2024). 

The three-phase current performance is significantly 

enhanced with the novel control design, which effectively 

minimizes current oscillations and maintains stability within a 

consistent tolerance band during load torque variations, as 

demonstrated in Figure 10. In contrast, the classical control design 

exhibits inferior performance for the three-phase current, 

characterized by a wider tolerance band and reduced stability 

during load torque changes. Detailed information regarding the 

current performance of both control designs is provided in Figures 

10 and 11. This senario examines the robustness of the novel 

control design under parameter uncertainties. 

 

 
Figure 10: PMSM a,b,c currents performance based on the 

novel control design under the second scenario. 

Source: Authors, (2024). 

 

 
Figure 11: PMSM a,b,c currents performance based on the 

classical control design under the second scenario. 

Source: Authors, (2024). 

 

The variations in PMSM parameters, including resistance, 

direct and quadratic inductances, and inertia, were studied at 

increasing rates. Figure 12 illustrates this scenario, showing 

changes at 0%, 50%, 100%, 150%, and 200% with a medium speed 

of 600 rpm. Additionally, the novel control performs well in terms 
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of the uncertainty rate (UR) for the change in rise time across the 

different percentages of PMSM parameter changes, with the UR 

estimated at 0.004096 seconds. Furthermore, the novel control 

design exhibits a very small steady-state error. The steady-state 

error percentage between the reference speed and the 200% 

uncertainty level is estimated at 0.025%, between the reference 

speed and the 0% uncertainty level at 0.008%, and between the 0% 

and 200% uncertainty levels at 0.01. 

 

 
Figure 12: PMSM speed performance under the uncertainties 

scenario. 

Source: Authors, (2024). 

The final scenario tests the speed performance of the PMSM 

using the novel control design at high speed levels. This novel 

control design is compared to the classical ERL-SMC-based 

control design. This scenario is particularly challenging because 

the PMSM operates across vastly different speed ranges, with each 

range representing a distinct operational state and large changes in 

rotational speed between states. Under this scenario, the durability 

of the studied controls is evaluated. Figure 13 illustrates the high 

performance of the PMSM, where the speed varies between low 

(50 rpm), medium (375 rpm), and high (1000 rpm). This analysis 

explores the performance characteristics and phenomena that 

might impede the PMSM’s performance, as well as the control 

design’s flexibility in adapting to changes in speed levels from one 

state to another. 
 

 
Figure 13: PMSM speed performance under the speed levels changes. 

Source: Authors, (2024). 

To determine which technique performs better, we will 

analyze each speed level individually. Figure 14 focuses on region 

(a) from Figure 13, showcasing the speed performance of the 

PMSM at a low speed of 50 rpm, with a comparative study of the 

mentioned techniques. According to Figure 14 and Table 3, the 

novel control design outperforms the classical ERL-SMCbased 

control design in terms of performance characteristics and 

durability. The novel control design achieves the smallest 

steadystate error, estimated at 0.02%, as well as the littest rise time, 

estimated at 3.2ms 
 

 
Figure 14: PMSM speed performance under the low speed level. 

Source: Authors, (2024). 

 The second level involves transitioning to medium speed 

and evaluating the PMSM speed as it moves from slow to medium 

operation. Figure 15 and Table 3 focus on region (b) from Figure 

13, highlighting the PMSM’s performance at a medium speed of 

375 rpm. At this level, the novel control design excels in speed 

performance characteristics compared to the classical control 

design. The rise time during application is estimated at 3.5 ms, the 

steady-state error is 0.007%, and stability is optimal with the novel 

control design. These results indicate that the novel control design 

is highly suitable for medium speed, particularly when 

transitioning from low to medium speed. 

 
Figure 15: PMSM speed performance under the medium speed 

level. 

Source: Authors, (2024). 

Figure 16 and Table 3 highlight region (c) from Figure 13, 

illustrating the transition to the third level, representing the highest 

performance speed of 1000 rpm. Despite this abrupt change from 

medium to high speed, the novel control design demonstrates 

superior durability and performance characteristics for the PMSM 

compared to the classical ERL-SMC control design. A detailed 

analysis of performance characteristics, based on Figures 13, 14, 

15, 16, and Table 3, reveals that the average rise time for the novel 

control design is estimated at 4 ms, while the classical control 

design is 9.2 ms. The average uncertainties in speed performance 

are estimated at 0.8 ms for the novel control design and 3.3 ms for 

the classical control design. Thus, the novel control design 

outperforms the classical control design in most speed performance 

characteristics. 
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Figure 16: PMSM speed performance under the high speed level. 

Source: Authors, (2024). 

 

Table 3: Performance characteristics comparison under variation 

of speed levels between the novel control design (ncd)and the 

classical control design based on (CCD) ERL-SMC. 

Performance 

Characteristics 
NCD CCD 

Rise Time (ms)  

Low speed  3.789  5.588  

Medium speed  3.5 9.8  

High speed 4.9 12.2 

Steady-state error (%)  

Low speed  0.04  0.4  

Medium speed  0.01 0.03 

High speed 0.008 0.02 

Performance Stability Medium stable  Little stability 

Source: Authors, (2024). 

 

VI. CONCLUSIONS 

This paper presents a novel dual-loop control strategy for 

enhancing PMSM performance, utilizing Finite Control Set Model 

Predictive Control (FCS-MPC) for the current loop and 

Exponential Reaching Law Sliding Mode Control (ERL-SMC) for 

the speed loop. The innovative control design has demonstrated 

superior performance under various conditions, including 

uncertainties, disturbances, and changes in speed levels.The 

FCSMPC method effectively predicts future motor current 

behavior and selects optimal control actions, resulting in minimal 

current ripple, improved transient response, and efficient handling 

of the non-linearities and constraints inherent in PMSM operation. 

Concurrently, the ERL-SMC provides robust control against 

parameter variations and external disturbances, ensuring accurate 

speed tracking and reduced chattering. Extensive simulations in 

MATLAB/Simulink confirm that the novel dual-loop control 

design significantly outperforms the classical ERL-SMC-based 

control design. It exhibits excellent characteristics in terms of 

dynamic response, tracking accuracy, reduced overshoot, and 

enhanced disturbance rejection. The novel control approach also 

shows exceptional capability in managing sudden load changes and 

parameter uncertainties, further validating its potential for high-

performance PMSM drive applications. Overall, this study 

contributes a robust and efficient dual-loop control framework that 

leverages the strengths of both FCS-MPC and ERL-SMC, offering 

a substantial improvement over traditional control methods and 

advancing the field of PMSM control systems. 
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