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 The interior permanent magnet synchronous motor (IPMSM) 's outstanding 

features, such as quick torque mobility capability, broad speed adjustability, 

robust mechanical structure, and high efficiency, make it particularly 

suitable for electric vehicle propulsion systems. This paper proposes a speed 

loop utilising the sliding mode control (SMC) with exponential reaching law 

and proportional-derivative term-ks, facilitating quicker transient responses 

and enhancing system stability. Moreover, coupling with the maximum 

torque per ampere strategy (MTPA) on current to improve motor torque in 

flux weakening region and to extend the adjustable range of motor speed for 

electric vehicle propulsion systems is discussed. Furthermore, with the 

proposed control methods and strategies, the system achieves stability 

despite environmental noise and uncertainties caused by uncertain 

parameters. Finally, simulation results conducted on MATLAB/Simulink 

software verify the correctness of the proposed control methods. 
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1. INTRODUCTION 

Electric vehicles are emerging as a means of transportation with many prominent advantages over 

conventional gasoline or diesel vehicles due to reduced air pollution and sound performance [1], [2]. Among 

traction motors: direct current (DC) motor, induction motor (IM), reluctant motor, and interior permanent 

magnet synchronous motor (IPMSM) are used for electric vehicles [3]-[6], the IPMSM is the most suitable 

because of its productivity, large speed range, and dimension [7]. The widely used methods in IPMSM drives 

include vector control methods, for example, direct torque control (DTC) [8], [9], field-oriented control 

(FOC) [10], [11], and adaptive control [12]. 

The maximum torque per ampere strategy (MTPA) strategy is often favoured [13], [14] to maximise 

the potential of the IPMSM, especially at speeds higher than the nominal speed; therefore, utilising flux 

weakening control is best to improve the speed, output torque, and dynamic responses [15]. 

With advantages such as simple algorithms, high reliability, and convenient parameter tuning, 

traditional proportional integral derivative (PID) or proportional integral (PI) controllers [16]-[18] are applied 

to many linear objectives; however, IPMSM is a nonlinear objective with external disturbances or variations 

in the internal parameters of the motor so the nonlinear controllers have been widely applied, for example, 

sliding mode control (SMC), backstepping (BSP), intelligent control, and adaptive control [13], [19]-[23]. 

Hashemi et al. [24] designed a PI controller based on neural networks combining flux weakening 

and MTPA to regulate the IPM’s speed. Hamida et al. [25] used a BSP controller based on MTPA and a 
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high-gain adaptive observer to control IPM. Lin et al. [26], proposed a SMC to enhance the reliability against 

model uncertainties. Abdellah et al. [27] has applied linearisation technique for synchronous motors of 

electric vehicles. Laoufi et al. [28] designed a new model of SMC based on electric traction drive in-field 

control of IM powered by multi-level inverter. 

However, the works as mentioned above have yet to propose or implement the integration of some 

methods in controlling IPM. Therefore, in this paper, the SMC with the exponential reaching control law 

along with the proportional-derivative term-ks will be designed for the speed loop of the IPMSM to enhance 

system stability while employing the MTPA algorithm and control in the flux weakening region to increase 

torque and expand the speed adjustment range. Finally, the validity and correctness of the proposed methods 

will be demonstrated through simulation results conducted by MATLAB/Simulink. 

 

 

2. MODELING THE DRIVE SYSTEM OF THE ELECTRIC VEHICLE 

2.1.  Modeling interior permanent magnet synchronous motor 

The stator voltage equation in the dq coordinate of the IPMSM can be expressed as (1) [13], [29]: 

 

{
𝑈𝑠𝑑 = 𝑅𝑠𝐼𝑠𝑑 + 𝐿𝑠𝑑

𝑑𝑖𝑠𝑑

𝑑𝑡
− 𝜔𝑠𝐿𝑠𝑞𝑖𝑠𝑞

𝑈𝑠𝑞 = 𝑅𝑠𝐼𝑠𝑞 + 𝐿𝑠𝑞
𝑑𝑖𝑠𝑞

𝑑𝑡
+ 𝜔𝑠𝐿𝑠𝑑𝑖𝑠𝑑 + 𝜔𝑠𝜓𝑝

 (1) 

 

where Usd, Usq, isd, isq are the stator voltages, currents on the dq coordinate; Rs is the stator resistance, Lsd and 

Lsq are the stator inductances, ωs is the angular velocity of the motor, and ψp is the permanent magnet flux. 

The electromagnetic torque can be calculated:  

 

𝑇𝑒 =
3

2
𝑝𝑝(𝜓𝑝𝑖𝑠𝑞 − 𝑖𝑠𝑑𝑖𝑠𝑞(𝐿𝑠𝑑 −𝐿𝑠𝑞)) (2) 

 

with Te is the motor's electric torque and pp is the number of pole pairs. 

The motion equation: 

 

𝑇𝑒 − 𝑇𝐿 =
𝐽

𝑝𝑝

𝑑𝜔𝑠

𝑑𝑡
 (3) 

 

where TL and J are the load torque and the motor's inertia. 

 

2.2.  Modeling the forces acting on an electric vehicle 

When a vehicle moves on the road, numerous factors influence its speed: air resistance, frictional 

force, gravity, and slope, as shown in Figure 1. Air resistance is calculated using (4): 

 

𝐹𝑤 =
1

2
𝜌𝐶𝑑𝐴(𝑣𝑣𝑒ℎ + 𝑣𝑤)

2 (4) 

 

where 𝜌 is the air density; Cd is the coefficient of air resistance (typically: 0.2<Cd<0.4); A is the frontal area 

of the vehicle's body (cross-sectional area); vw is the wind velocity; and vveh is the vehicle’s velocity. 

 

 

 
 

Figure 1. The forces acting on the car [30] 

 

 

Rolling friction force can be calculated as (5): 
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𝐹𝑟 = 𝑓𝑟𝑚𝑔 𝑐𝑜𝑠 𝛼 (5) 

 

where m is the total mass of the vehicle and passengers; g is the gravitational acceleration; α is the slope 

angle; and fr is the coefficient of rolling resistance calculated by (6): 

 

𝑓𝑟 =
1

100
+

3.6

104
𝑣𝑣𝑒ℎ (6) 

 

 

3. DESIGNING CONTROL FOR THE SPEED LOOP CIRCUIT COMBINING THE MAXIMUM 

TORQUE PER AMPERE STRATEGY METHOD IN THE FLUX WEAKENING REGION 

The car operates at a speed higher than the rated speed, so the speed is controlled within the flux-

weakening region while ensuring maximum torque. Therefore, the control structure, based on the principle of 

field-oriented control, consists of current loop circuits with PI controllers and SMC for the speed loop 

combined with the MTPA strategy, which is presented in Figure 2. 
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Figure 2. FOC control structure for IPMSM 

 

 

3.1.  Maximum torque per ampere strategy 

The essence of MTPA control lies in designing the current commands Isd and Isq with limited current 

and voltage conditions in Figure 3. When controlling isd<0, the reluctance torque is utilized, increasing the 

motor's maximum torque. However, increasing the reluctance torque may affect the synchronous torque 

(which may decrease) due to the limitation of the stator current Is. Therefore, we must solve the optimization 

problem to select the isd current command to achieve the maximum torque-to-current ratio (M/Is)max, 

throughout the operating speed range [31]. 
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Figure 3. Limitations of voltage and current 
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Identifying constraints on current and voltage limits: 

 

{
 

 𝐼𝑠 = √𝑖𝑠𝑑
2 + 𝑖𝑠𝑞

2 ≤ 𝐼𝑠𝑚

𝑈𝑠 = √𝑢𝑠𝑑
2 + 𝑢𝑠𝑞

2 ≤ 𝑈𝑠𝑚

 (7) 

 

We observe that the voltage limit values vary with speed, specifically: 

 

𝑈𝑠 = √(𝑅𝑠𝑖𝑠𝑑 − 𝜔𝑠𝐿𝑠𝑞𝑖𝑠𝑞)
2
+ (𝜔𝑠𝜓𝑝 − 𝑅𝑠𝑖𝑠𝑞 + 𝜔𝑠𝐿𝑠𝑑𝑖𝑠𝑑)

2
 (8) 

 

Approximately neglecting voltage drop across resistance, we have: 

 

(𝐿𝑠𝑞𝑖𝑠𝑞)
2
+ (𝐿𝑠𝑞𝑖𝑠𝑞 + 𝜓𝑝)

2
≤ (

𝑈𝑠𝑚

𝜔𝑠
)
2

 (9) 

 

In (9) shows the voltage limit characteristics depending on speed, and at a characteristic speed value, it forms 

an ellipse with coordinates at (0, −𝜓𝑝/𝐿𝑠𝑑) (dashed curve). 

In (10) represents the MTPA curve [32]: 

 

𝑖𝑠𝑑 =
𝜓𝑝

2(𝐿𝑠𝑞−𝐿𝑠𝑑)
− √

𝜓𝑝
2

4(𝐿𝑠𝑞−𝐿𝑠𝑑)
2 + 𝑖𝑠𝑞

2  (10) 

 

In (10) represents the trajectory of the pairs of points (isd, isq) that result in maximum torque. 

When operating at the above base speed, the current isd is described: 

 

𝑖𝑠𝑑 =
−𝜓𝑝

𝐿𝑠𝑑
+

1

𝐿𝑠𝑑
√
𝑈𝑠𝑚
2

𝜔𝑠
2 − (𝐿𝑠𝑞𝑖𝑠𝑞)

2
 (11) 

 

We have the algorithm to calculate the reference values 𝑖𝑠𝑑
∗  and 𝑖𝑠𝑞

∗  according to MTPA as in Figure 4. 
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Figure 4. The algorithm to set the values of 𝑖𝑠𝑑
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3.2.  Flux weakening method 

The expression relating stator current and stator flux: 

 

𝜓𝑠 = (𝜓𝑝 + 𝐿𝑠𝑑𝑖𝑠𝑑) + 𝑗𝐿𝑠𝑞𝑖𝑠𝑞  (12) 

 

Let's consider isq as the main current component generating torque and not varying much when the motor 

speed is steady. In this case, the flux linkage ψs can be reduced by pumping a current isd even more negative. 

Then, the reactive reaction along the excitation axis occurs more strongly, causing a decrease in the stator-

side flux linkage. 

Solving (9), we obtain the relationship: 

 

𝑖𝑠𝑑 = −
𝜓𝑝

𝐿𝑠𝑑
+

1

𝐿𝑠𝑑
√(

𝑈𝑠𝑚

𝜔𝑠
)
2

− (𝐿𝑠𝑞𝑖𝑠𝑞)
2
 (13) 

 

When the speed reaches a nominal value, the voltage will reach the voltage Usm. Therefore, to increase the 

speed further needs to reduce the flux ψ, which also means reducing torque. This is shown in Figure 5. 

 

 

ω 
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Pmax

Umax

Tmax
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0
 

 

Figure 5. Characteristics of torque and power in nominal flux and weakening flux 

 

 

3.3.  The design of sliding mode control for speed loop  

The SMC controller can be designed with various SMC laws to ensure the system's quality. 

According to [18], [33], some of the mentioned laws include: 

The constant rate reaching law can be described in (14): 

 

𝑠̇1 = −𝜀 𝑠𝑔𝑛( 𝑠), 𝜀 > 0 (14) 

 

ε is the rate of approach to the switching point s=0. The advantage of this achieved law is its simplicity. 

However, if ε is tiny, the time to reach s will be prolonged; meanwhile, if ε is too large, the chattering 

phenomena will be severe. 

The exponential reaching law can be written (15): 

 

𝑠̇1 = −𝜀 𝑠𝑔𝑛( 𝑠) − 𝑘𝑠, 𝜀 > 0, 𝑘 > 0 (15) 

 

in which s=-ks is an exponential function and s=s(0)e-kt. By adding the term proportional to -ks, the system 

state can approach sliding mode at a high rate when s is large. 

The power rate reaching law can be described as (16): 

 

𝑠̇1 = −𝑘|𝑠|
𝛼 𝑠𝑔𝑛( 𝑠), 𝑘 > 0,0 < 𝛼 < 1 (16) 

 

small control gains can be ensured to decrease chattering by choosing α when the system state is far from the 

sliding mode, i.e. When s is large. 

The general reaching law can be described in (17): 

 

𝑠̇1 = −𝜀 𝑠𝑔𝑛( 𝑠) − 𝑓(𝑠), 𝜀 > 0 (17) 
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where f(0)=0 and sf(s)>0 when s≠0. 

The design of SMC: the speed error e is expressed as (18): 

 

𝑒 = 𝜔 − 𝜔∗ (18) 

 

where 𝜔∗is the reference speed and 𝜔is the feedback speed. 

The first-order derivative of the error yields: 

 

𝑒̇ = 𝜔̇ − 𝜔̇∗ =
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) − 𝜔̇

∗ (19) 

 

The sliding surface s is defined: 

 

𝑠 = 𝑐𝑒 + 𝑒̇  (20) 

 

Taking the derivative of the sliding surface, we obtain: 

 

𝑠̇ = 𝑐𝑒̇ + 𝑒̈ = 𝑐 (
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) − 𝜔̇

∗) + 𝑒̈ (21) 

 

Selecting the Lyapunov function: 

 

𝑉 =
1

2
𝑠2 (22) 

 

The exponential reaching law is selected in (23): 

 

𝑠̇ = −𝜀 𝑠𝑔𝑛(𝑠) − 𝑘𝑠, 𝜀 > 0, 𝑘 > 0 (23) 

 

From (20) and (22), we have: 

 

𝑐 (
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) − 𝜔̇

∗) + 𝑒̈ = −𝜀 𝑠𝑔𝑛(𝑠) − 𝑘𝑠 ⇔
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) = −

𝜀

𝑐
𝑠𝑔𝑛(𝑠) −

𝑘

𝑐
𝑠 + 𝜔̇∗ ⇔ 𝑇𝑒 =

−
𝜀

𝑐
𝑠𝑔𝑛(𝑠)−

𝑘

𝑐
𝑠+𝜔̇∗+

𝑝𝑝

𝐽
𝑇𝐿

𝑝𝑝

𝐽

=
𝐽

𝑝𝑝
(−

𝜀

𝑐
𝑠𝑔𝑛(𝑠) −

𝑘

𝑐
𝑠 + 𝜔̇∗) + 𝑇𝐿 (24) 

 

The derivative of V yields. 

 

𝑉̇ = 𝑠. 𝑠̇ = 𝑠(𝑐𝑒̇ + 𝑒̈) = 𝑠 [𝑐 (
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) − 𝜔̇

∗) + 𝑒̈] 

= 𝑠 {𝑐 [
𝑝𝑝

𝐽
(
𝐽

𝑝𝑝
(−

𝜀

𝑐
𝑠𝑔𝑛(𝑠) −

𝑘

𝑐
𝑠 + 𝜔̇∗) + 𝑇𝐿) −

𝑝𝑝

𝐽
𝑇𝐿]} (25) 

= 𝑠(−𝑘𝑠 − 𝜀 𝑠𝑔𝑛( 𝑠)) = −(𝜀|𝑠| + 𝑘𝑠2) ≤ 0  

 

 

4. SIMULATION AND EVALUATION OF RESULTS  

The simulation parameters are presented in two tables. Table 1 presents IPMSM’s parameters in a 

certain electric car, while Table 2 presents the parameters of the electric vehicle and the environment's 

parameters. The speed reference curve is chosen from the Economic Commission for Europe (ECE) 

reference curve. 

 

 

Table 1. The parameters of the IPMSM 
Parameters Value 

Stator resistance, Rs 6.5e-3 Ohm 
d-axis inductance, Lsd 1.597e-3 H 

q-axis inductance, Lsq 2.057e-3 H 

Moment of inertia, J 0.09 kg.m2 
Number of pole pairs, pp 4 

DC voltage, Vdc 550 V 
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Table 2. The parameters of the auto 
Parameters Value 

Vehicle weight+load 2018 kg 
Wheel radius 0.3 m 

Transmission ratio 9.73 

Maximum speed 130 km/h 
Effective area 2.3 m2 

Air density 1.25 kg/m3 

Road gradient 0 
Rolling resistance coefficient 0.02 

 

 

Figure 6 illustrates the speed response curve when using the SMC controller. The feedback speed 

closely tracks the set speed. We abruptly change the load to test the system's stability at time t=65 s. With a 

sudden change of load, the speed undergoes slight oscillations for a short period of time t=0.2 s but then 

quickly converges to the set curve. This indicates that the system can remain stable with the SMC control 

method despite disturbances and external parameters. 

 

 

 
 

Figure 6. The speed response of the electric vehicle drive control system 

 

 

For electric vehicles, the flux needs to be adjusted to increase speed beyond the rated speed. When 

the motor operates above the rated speed (here at 1,200 rpm), as shown in Figure 7, we can observe a 

decrease in torque when the speed exceeds 1,200 rpm. This helps electric vehicles operate stably at high 

speeds with high efficiency. 

 

 

 
 

Figure 7. The torque response 
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The output of the MTPA and flux weakening blocks is the set current values isd and isq. Figure 8 

shows a pretty good response to the current. The two currents, isd and isq, have been separated, and the current 

isd has been controlled to be less than 0. Additionally, since isq controls the torque, the formulas for 

calculating isd and isq in the flux weakening block have been computed for isd<0 and isq decreasing. 

 

 

 
 

Figure 8. Responses of the currents i*sd, i*sq and isd, isq 

 

 

5. CONCLUSION 

The paper proposed a SMC method combined with the MTPA control strategy on the current ratio 

in the flux-weakening region to control the speed of the IPM motor in electric vehicles. Simulation results 

using MATLAB/Simulink software have demonstrated that the SMC has provided a fairly good speed 

response. Additionally, with MTPA, the motor torque has been improving, enabling the motor to operate 

efficiently at high speeds. This proves that the proposed control method for controlling the IPM motor 

operating at speeds above the rated speed is feasible and effective. The results of this paper have also 

highlighted the critical role of integrating modern control methods such as SMC, MTPA algorithm. By 

leveraging the advantages of each method, we have developed a robust and flexible control system for IPM 

motors in electric vehicles, thereby improving the system's performance and responsiveness. 
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