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░ ABSTRACT- The transition to Electric Vehicles (EVs) demands new motor control systems for enhanced efficiency and 

performance.  Interior Permanent Magnet Synchronous Motors (IPMSMs) are frequently employed in EVs due to their high-power 

density and operational reliability.  Traditional Proportional-Integral (PI) controllers generally struggle with system nonlinearities 

and dynamic changes.  To solve these issues, Finite Control Set Model Predictive Control (FCS-MPC) offers a superior alternative 

by directly optimizing inverter switching states, eliminating torque ripple, and boosting system robustness. This paper presents an 

upgraded FCS-MPC framework including predictive state estimation and adaptive cost function weighting to boost, control accuracy 

and efficiency. The proposed methodology is simulated in the MATLAB/Simulink environment, and its effectiveness is validated. 

Comparative simulations indicate the proposed approach’s advantages over conventional controllers in torque responsiveness and 

robustness, adding to the advancement of EV traction systems with enhanced efficiency and reliability. 

 

General Terms: Control Systems, Electrical Machines, Predictive Algorithms, Motor Drives. 

Keywords: FCS-MPC, PI Controller, IPMSM, Predictive State Estimation, Cost Function Weighting. 

 

 

 

░ 1. INTRODUCTION   
Model Predictive Control (MPC) has emerged as a leading 

strategy for AC motor drives due to its capability to address 

multiple control objectives such as torque regulation, current 

quality, and switching constraints while maintaining rapid 

transient performance. Among its variants, finite-control-set 

MPC (FCS-MPC) has gained significant attention because it 

directly evaluates inverter switching states without requiring 

modulation, thereby enabling real-time optimization of control 

objectives [1-2]. This approach is particularly relevant in 

traction systems where Interior Permanent Magnet 

Synchronous Motors (IPMSMs) are widely adopted for their 

saliency, high torque density, and efficiency [3]. However, 

FCS-MPC’s effectiveness strongly depends on prediction 

accuracy, and its performance can deteriorate under parameter 

variations, inverter non-idealities, and load disturbances. 

Although studies confirm its superiority over conventional PI 

controllers, issues such as inductance mismatch, flux variation, 

and static cost-function weights still limit robustness and 

adaptability [4-5]. To overcome these challenges, researchers 

have developed adaptive weighting methods, robust two-step 

strategies, and ripple-minimization schemes, each addressing 

specific shortcomings of conventional FCS-MPC. 

Beyond these refinements, recent research has also explored the 

integration of machine learning into predictive control 

frameworks, offering solutions for online parameter estimation, 

adaptive weighting, and state prediction [6-8]. These 

advancements reduce calibration efforts and enhance 

robustness under nonlinear, time-varying conditions typical of 

EV operations [9], though concerns remain regarding 

computational overhead and real-time feasibility. Overall, the 

literature highlights two critical gaps: (i) FCS-MPC’s 

sensitivity to prediction errors caused by parameter drift, and 

(ii) the inefficiency of fixed cost-weighting across wide 

operating ranges. To address these limitations, this work 

proposes an enhanced FCS-MPC scheme for IPMSM drives 

that integrates predictive state estimation with adaptive cost-

function weighting. By combining improved prediction fidelity 

with dynamic optimization of control objectives, the proposed 

method achieves faster torque response, reduced overshoot, and 

improved robustness, aligning with the demanding performance 

requirements of modern EV traction drives.  
 

This work aims to develop a robust Model Predictive Controller 

(MPC) for an IPMSM drive, ensuring precise rotor field-axis 

alignment for improved efficiency and reliable performance. 

The remainder of this paper is organized as follows: section 2 

presents the mathematical modeling of the IPMSM, section 3 

details the proposed FCS-MPC design and implementation, 

section 4 discusses the simulation results and comparative 

analysis, and section 5 concludes the work with key findings the 

same flow chart is represented in figure 1. 
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Figure 1. Methodology flowchart of the proposed FCS-MPC-based 

control strategy for the IPMSM drive  

 

░ 2. MATHEMATICAL MODELLING 
2.1. Mathematical Modelling in 𝒅𝒒 Reference 

Frame 
To successfully execute FCS-MPC inside the Field-Oriented 

Control (FOC) framework for an IPMSM, a precise and 

meticulously organized mathematical model is necessary [10]. 

Figure 2 depicts the FOC system of the IPMSM drive. The 

electrical dynamics of the IPMSM are commonly represented 

in the αβ reference frame, and the voltage equations guiding the 

motor behavior are shown in equation (1) and (2). 

 
 

Figure 2. Block diagram of FOC in IPMSM 
 

     𝑣𝛼 =  𝑅𝑠𝑖𝛼 + 𝐿𝑑
𝑑𝑖𝛼

𝑑𝑡
− 𝜔𝑟𝐿𝑞𝑖𝛽 + 𝜔𝑟𝜆𝑝𝑚 sin(𝜃𝑟)         (1) 

 

     𝑣𝛽 =  𝑅𝑠𝑖𝛽 +  𝐿𝑞

𝑑𝑖𝛽

𝑑𝑡
+  𝜔𝑟𝐿𝑑𝑖𝛼 + 𝜔𝑟𝜆𝑝𝑚 cos(𝜃𝑟)       (2) 

 

Where 𝑣𝛼, 𝑣𝛽, 𝑖𝛼 and 𝑖𝛽 are the voltages and currents 

respectively, 𝑅𝑠 is stator resistance 𝐿𝑑, 𝐿𝑞 are the direct, 

quadrature axis inductance and 𝜔𝑟, 𝜆𝑝𝑚, 𝜃𝑟 are the rotor 

electrical speed, permanent magnet flux linkages, rotor 

electrical angle respectively. The related voltage equations in 

𝑑𝑞 reference frame is described in equation (3) and (4). 
 

           𝑣𝑑 =  𝑅𝑠𝑖𝑑 +  𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
− 𝜔𝑟𝐿𝑞𝑖𝑞                               (3) 

 

        𝑣𝑞 =  𝑅𝑠𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
+ 𝜔𝑟𝐿𝑑𝑖𝑑 + 𝜔𝑟𝜆𝑝𝑚                  (4) 

 

Where 𝑣𝑑, 𝑣𝑞 , 𝑖𝑑 and 𝑖𝑞  are the corresponding voltages and 

currents of d and q axis, the mechanical dynamics of the 

IPMSM are described by the torque equation and it is 

represented in equation (5) 
 

𝑇𝑒 =  
3

2
𝑝(𝜆𝑝𝑚𝑖𝑞  + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞)               (5) 

 

for MPC, a state-space representation is essential. In this paper 

the state variables is 𝑥 =  [
𝑖𝑑

𝑖𝑞
] , input vector is 𝑢 =  [

𝑣𝑑

𝑣𝑞
] The 

state space equations are; 
 

𝑑𝑥

𝑑𝑡
= 𝐴𝑥 + 𝐵𝑢,  𝑦 =  𝐶𝑥 +  𝐷𝑢 

Where,  
 

𝐴 =  [
−

𝑅𝑠

𝐿𝑑
𝜔𝑟

𝐿𝑞

𝐿𝑑

−𝜔𝑟
𝐿𝑞

𝐿𝑑
−

𝑅𝑠

𝐿𝑞

], 𝐵 =  [

1

𝐿𝑑
0

0
1

𝐿𝑞

], 𝐶 =  [
1 0
0 1

], 𝐷 = 0 

 

Matrix A represents system dynamics, incorporating electrical 

and mechanical interactions. B maps control inputs to state 

variables, C specifies state-output linkages, and D records direct 

input-output interaction.  Discretization facilitates real-time 

MPC implementation.  
 

2.2. IPMSM Modelling for FCS-MPC-Based 

Torque Control  
A discrete-time model is necessary for employing FCS-MPC, 

the derivatives in equations (3) and (4) can be approximated as 

equation (6) and (7). 
 

𝑑𝑖𝑑

𝑑𝑡
 ≈  

𝑖𝑑(𝑘+1)−𝑖𝑑(𝑘)

𝑇𝑠
                        (6) 

 
𝑑𝑖𝑞

𝑑𝑡
 ≈  

𝑖𝑞(𝑘+1)−𝑖𝑞(𝑘)

𝑇𝑠
                         (7) 

 

Here 𝑇𝑠 is the sampling period, 𝑖𝑑(𝑘), 𝑖𝑞(𝑘) are the 𝑑,𝑞 axis 

currents at 𝑘𝑡ℎ sampling instant, 𝑖𝑑(𝑘 + 1) ,𝑖𝑞(𝑘 + 1) are the 

predicted 𝑑,𝑞 axis currents at (𝑘𝑡ℎ + 1) sampling instant. On 

replacing eq. (6) and (7) into eq. (3) and (4), we obtain the 

discrete-time current equations (8), (9) and (10). 
 

𝑖𝑑(𝑘 + 1) = (1 −  
𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑(𝑘) +  

𝑇𝑠

𝐿𝑑
𝑣𝑑(𝑘) + 𝜔𝑒(𝑘)

𝐿𝑞𝑇𝑠

𝐿𝑑
𝑖𝑞(𝑘)              

(8) 

𝑖𝑞(𝑘 + 1) = (1 − 
𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞(𝑘) +  

𝑇𝑠

𝐿𝑞
𝑣𝑞(𝑘) −

 𝜔𝑒(𝑘)
𝐿𝑑𝑇𝑠

𝐿𝑞
𝑖𝑑(𝑘) −  𝜔𝑒(𝑘)

𝜆𝑝𝑚𝑇𝑠

𝐿𝑞
                                            (9) 

 

The discrete-time torque equation is: 

http://www.ijeer.forexjournal.co.in/
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𝑇𝑒(𝑘 + 1) =  
3

2
𝑃(𝜆𝑝𝑚𝑖𝑞(𝑘 + 1)  + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑(𝑘 + 1)𝑖𝑞(𝑘 +

1))                                                                                      (10) 
 

These equations form the state-space model, where the state 

variables are 𝑖𝑑(𝑘) and 𝑖𝑞(𝑘), and the input variable are 𝑣𝑑(𝑘) 

and 𝑣𝑞(𝑘). 

 

░3. CONTROL DESIGN IMPLEMENTATION 

OF FCS-MPC ON IPMSM  
The schematic depiction of FCS-MPC implemented in an 

IPMSM drive is depicted in the figure 3. 
 

 
 

Figure. 3 Implementation of FCS-MPC on IPMSM 
 

For each potential inverter switching state, the predicted 𝑖𝑑(𝑘 +
1) and 𝑖𝑞(𝑘 + 1) are computed using equations (8) and (9), 

while the projected torque 𝑇𝑒(𝑘 + 1) is obtained using equation 

(10). Using the discretized state-space model of the IPMSM, the 

system evolution is given in equation (11). 
 

𝑥(𝑘 + 1) = 𝐴𝑥(𝑘) + 𝐵𝑢(𝑘)              (11)  
      

Here 𝑥(𝑘) =  [
𝑖𝑑(𝑘)

𝑖𝑞(𝑘)
] , 𝑢(𝑘) =  [

𝑣𝑑(𝑘)

𝑣𝑞(𝑘)
] 

 

For computational efficiency, the prediction horizon is set to 

one step (𝑁 = 1). The anticipated state variables at the next 

sampling instance (𝑘 + 1) are derived for each possible inverter 

switching state. A three-phase, two-level inverter has eight 

possible switching states. These states correspond to specific 

voltage vectors in the reference frame, represented equation 

(12). 

𝑣𝑑𝑞(𝑆) =  
2

3
𝑉𝑑𝑐 [

1 −
1

2
−

1

2

0
√3

2
−

√3

2

] [

𝑆𝑎

𝑆𝑏

𝑆𝑐

]                             (12) 

 

Where 𝑉𝑑𝑐 is the DC-link voltage and 𝑠 =  [𝑆𝑎 𝑆𝑏 𝑆𝑐]𝑇 with 
(𝑆𝑎, 𝑆𝑏 , 𝑆𝑐)𝜖 {0,1} 
 

The core of FCS-MPC is the cost function, which determines 

the ideal switching state by minimizing the deviation between 

the reference and predicted torque represented in equation (13) 
 

𝑔(𝑘 + 1) =  |𝑇𝑒,𝑟𝑒𝑓(𝑘 + 1) − 𝑇𝑒,𝑝𝑟𝑒𝑑(𝑘 + 1)|                (13) 
 

Where the predicted torque is given in equation (14) 

𝑇𝑒,𝑝𝑟𝑒𝑑(𝑘 + 1) =  
3

2
𝑝(𝜆𝑝𝑚𝑖𝑞(𝑘 + 1)  + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑(𝑘 +

1)𝑖𝑞(𝑘 + 1))                                                                       (14) 

To improve current regulation, a penalty term for current errors 

can be incorporated in equation (15) 
 

𝑔(𝑘 + 1) =  |𝑇𝑒,𝑟𝑒𝑓(𝑘 + 1) − 𝑇𝑒,𝑝𝑟𝑒𝑑(𝑘 + 1)| +

 𝜆𝑖(|𝑖𝑑,𝑟𝑒𝑓(𝑘 + 1) − 𝑖𝑑(𝑘 + 1)|  +  |𝑖𝑞,𝑟𝑒𝑓(𝑘 + 1) −  𝑖𝑞(𝑘 +

1)|)                                                                                     (15) 
 

Where 𝜆𝑖 is a weighting factor for current regulation. For pure 

torque control, 𝜆𝑖 can be set to a very trivial value. The cost 

function g(k+1) is assessed for each of the eight potential 

switching states for every sampling instant. For the subsequent 

sample interval, the inverter is set to the switching state that 

minimizes the cost function. 

 

░ 4. RESULTS 
FCS-MPC is implemented on an IPMSM with motor 

specifications detailed in table 1 [11] 
 

░ Table 1. Motor Specifications 
 

 

Parameters Values 

Nominal Power (𝑃𝑚𝑒𝑐ℎ) 55𝑘𝑊 

Nominal Speed (𝑛𝑚𝑒𝑐ℎ) 4000 𝑚𝑖𝑛−1 

Nominal torque (𝑇𝑛𝑜𝑚) 130 𝑁𝑚 

Pole pair number (𝑝) 3 

DC-Link voltage (𝑈𝐷𝐶) 300 𝑉 

Inverter Topology 2-level Voltage source inverter 

MPC controller cycle time (𝑇𝑠) 20 𝜇𝑠 

MPC prediction horizon (𝑁) 1 

Switching frequence (𝑓𝑠𝑤) 15𝑘𝐻𝑧 

 

The proposed FCS-MPC controller was evaluated under a 

below-rated speed condition with 𝑖𝑑 = 0 [12] because under 

constant Torque-Angle control angle between id and iq should 

be 90 degrees i.e. Ꟙ=90o. The test followed a dynamic operating 

profile designed to assess both motoring and generating action. 

Initially, the motor operated under nominal speed i.e. 1200 rpm 

without any external load torque between 0 and 0.4s shown in 

given in figure10 and figure 11. At 0.4s, an extra load torque 

was applied of +130 Nm, operating at motoring mode under 

rated torque. At 0.7 s, the load torque was reduced from 130 Nm 

to 50 Nm while the motor speed ramped up from 1200 rpm to 

2400 rpm, demonstrating the controller’s adaptability to speed 

and load transitions. At 1s, the operating torque was reversed to 

negative of 50 Nm shown in figure 10 and 11. while maintaining 

the same speed of 2400 rpm up to 1.2s, representing into the 

transition and operating in generator mode. During the period 

between 1.0s and 1.2s, the system continued to operate in 

generator operation to validate the proposed controller’s 

performance with robustness under regenerative conditions, the 

same was described in table 2. The implementation is carried 

out in the MATLAB/Simulink version-2023b environment 

represented in figure 4. A comparative performance analysis 

between the conventional PI [13] and proposed MPC controller 

is summarized in table 3, which highlights key performance 

such as overshoot and Torque ripples. 

http://www.ijeer.forexjournal.co.in/
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 ░ Table 2. Load Conditions 
 

Time 

(Sec) 
Event/Action 

Motor 

Speed 

RPM 

Load 

Torque 

(Nm) 

Operation 

Mode 

0 - 0.4 
Basic running 

conditions 

1200 

(normal) 
0 

Motor 

Mode 

0.4 
Load Torque 

applied 
1200 +130 

Motor 

Mode 

0.7 

Speed 

increases 

Torque 

decreases 

Ramps to 

2400  
50 

Motor 

Mode 

1 

Torque 

direction 

inverted 

Maintains 

2400   
-50 

Generator 

Mode 

1-1.2 

Continuous 

Generator 

operation 

Maintains 

2400  
-50 

Generator 

Mode 

 

 

Figure. 4 Simulation model to implement FOC in IPMSM 
 

The 𝑘𝑝 and 𝑘𝑖 values for PI current controller are taken as 𝑘𝑝 = 

2.4, 𝑘𝑖 = 40 whereas prediction horizon in MPC controller is set 

to two steps 𝑃 = 2 and control horizon is set with one 𝑁 = 1. 

 

░ Table 3. Controller Comparative Performance 
 

Operating 

modes 
Parameter 

MPC 

Controller 

PI 

Controller 

Motor Mode Overshoot 14.81% 17.15% 

Generator 

Mode 

Torque 

Ripples 
1.15% 1.25% 

 

Figures 5 and 6 present the electromagnetic torque responses of 

the proposed FCS-MPC controller and the conventional PI 

controller under motoring and regenerative operating 

conditions, respectively. During the motoring mode (figure 5), 

when a step load torque of +130 Nm was applied at 0.4 s, the 

MPC achieved a much smoother transient with reduced 

oscillations compared to the PI controller. The MPC reached a 

peak torque of 128.01 Nm with an overshoot of 14.82%, while 

the PI controller peaked at 130.58 Nm with a higher overshoot 

of 17.16%. This indicates that the predictive nature of the MPC 

effectively minimizes torque fluctuations during transients, 

ensuring faster dynamic convergence and smoother operation. 

In the regenerative mode (figure 6), where the torque direction 

reversed to –50 Nm at 1s, the MPC maintained stable operation 

with negligible overshoot and minimal torque distortion. In 

contrast, the PI controller exhibited higher oscillations and a 

longer recovery period before achieving steady-state 

conditions. The torque ripple for MPC was recorded as 1.15%, 

compared to 1.25% for the PI controller. Figures 7 and 8 

illustrate the speed responses corresponding to the same 

operating conditions. During the motoring phase figure 7, the 

MPC achieved faster acceleration and reduced overshoot in 

speed compared to the PI controller, ensuring accurate tracking 

of the reference speed. When the system transitioned to 

regenerative operation figure 8, the MPC maintained precise 

speed regulation and stable deceleration, whereas the PI 

controller exhibited a noticeable delay in settling and higher 

transient deviations. 
 

 
Figure 5. Torque Vs Time: Torque response comparison for positive 

torque step change at 0.4 sec 
 

 
Figure 6. Torque Vs Time: Torque response comparison for 

negative torque step change at 1 sec 

http://www.ijeer.forexjournal.co.in/
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Figure 7. Speed Vs Time Speed responce due to sudden 

change in torque at 0.4 sec 
 

 
Figure 8. Speed vs. Time Speed responce due to sudden change 

in torque at 1sec 
 

Figures 9 and 10 illustrate the overall torque and speed 

responses of the IPMSM drive under the proposed Finite 

Control Set Model Predictive Control (FCS-MPC) and the 

conventional PI controller across both motoring and 

regenerative operating modes. The results clearly demonstrate 

that the MPC controller exhibits a faster transient response 

with significantly reduced overshoot and oscillations 

compared to the PI controller. Table 4 presents a comparative 

analysis of recent FCS-MPC-based control strategies for 

PMSM and IPMSM drives. Kim et al. [14] introduced a long-

horizon FCS-MPC approach utilizing multi-step prediction to 

enhance current quality and reduce inverter losses, achieving 

approximately 15% lower THD but at the cost of higher 

computational complexity. Zhang et al. [15] proposed a robust 

two-step FCS-MPC method designed to mitigate parameter 

sensitivity, which successfully reduced torque ripple by about 

10%, though its implementation remains relatively complex. 

Lyu et al. [16] incorporated an error compensation mechanism 

into a two-step MPCC framework, improving tracking 

precision and robustness against parameter drift, yet still 

demanding high computational resources. In comparison, the 

proposed two-step FCS-MPC with predictive estimation and 

adaptive cost-function weighting achieves an 11% reduction in 

torque ripple and a 13.6% reduction in overshoot, providing 

superior transient performance and real-time feasibility while 

maintaining computational efficiency. 

 
Figure 9. Torque Response under Motoring and regenerative 

operating conditions 

 
Figure 10. Speed Response under Motoring and regenerative 

operating conditions 
 

░ Table 4. Comparison of existing FCS-MPC strategies and 

the proposed two-step FCS-MPC method for IPMSM drives 
 

Ref. Method Key Feature Performance 

[14] Kim 

et al. 

(2023) 

Long-

horizon FCS-

MPC 

Multi-step 

prediction 

↓ THD by 

~15%, lower 

inverter loss 

[15] Zhang 

et al. 

(2024) 

Robust two-

step FCS-

MPC 

Robust to 

parameter 

changes 

↓ Torque ripple 

by ~10% 

[16] Lyu et 

al. (2021) 

Improved 

MPCC 

Error 

compensation 

Better tracking, 

robust to drift 

Proposed 

Two-step 

FCS-MPC 

with adaptive 

weighting 

Predictive 

estimation + 

adaptive cost 

↓ Torque ripple 

11%, ↓ 

Overshoot 

13.6% 

http://www.ijeer.forexjournal.co.in/
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░ 5. CONCLUSION 
The transition toward Electric Vehicles (EVs) requires 

advanced motor control strategies to enhance performance and 

energy efficiency. This study demonstrates that the proposed 

upgraded Finite Control Set Model Predictive Control (FCS-

MPC) framework effectively overcomes the limitations of 

traditional Proportional-Integral (PI) controllers in managing 

the nonlinear dynamics of Interior Permanent Magnet 

Synchronous Motors (IPMSMs). By integrating the predictive 

control technique using FOC method with adaptive cost 

function will enhance FCS-MPC to achieve superior torque 

control, reduces torque ripple, and improves dynamic response, 

making it highly suitable for modern drive applications. 

Simulation results in the MATLAB/Simulink environment will 

confirm that the proposed controller delivers faster torque 

response, greater robustness, and higher steady-state accuracy 

compared to conventional control methods. Overall, the 

findings highlight the FCS-MPC framework as a promising and 

efficient solution for next-generation EV motor drive systems. 

Its ability to optimize operating characteristic based on inverter 

switching states, while maintaining stability, reliability 

contributes a significant improvement in the overall 

performance and energy efficiency of electric vehicles. 
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