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 Electric vehicles are gaining popularity due to their environmental 

friendliness and the need to conserve dwindling fossil fuel resources. In this 

field, interior permanent magnet (IPM) motors are considered the top choice 

for propulsion systems due to their high efficiency, high torque-to-current 

ratio, durability, and low noise. To optimize the speed control performance 

of IPM motors in the presence of disturbances, a nonlinear speed control 

algorithm for IPM systems using the backstepping method is developed in 

this paper. Additionally, a load torque observer using the extended state 

observer (ESO) method is implemented to enable the system to respond 

quickly and accurately to load changes while minimizing the effects of 

disturbances, thereby enhancing the operation and reliability of electric 

vehicles. The simulation results, conducted in MATLAB/Simulink, 

demonstrate that the combination of backstepping control and ESO offers 

good stability for the motor system, while mitigating the impact of 

disturbances and load variations. This is an important step in optimizing the 

control system of electric vehicles, contributing to the improvement of 

performance and reliability in electric vehicle applications. 
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1. INTRODUCTION  

In the 21st century, the development and application of electric vehicle (EV) technology have 

become a prominent trend in the automotive industry. Electric vehicles help reduce environmental pollution, 

conserve fossil fuel resources, and provide high operational efficiency [1]. With high efficiency, torque 

generation capabilities, and a wide range of speed adjustments, interior permanent magnet (IPM) 

synchronous motors are optimal for electric vehicle propulsion systems. IPM motors are often controlled by 

proportional–integral (PI) or proportional–integral–derivative (PID) controllers, but they suffer from 

drawbacks such as susceptibility to parameter disturbances, inadequate adaptability to load changes, and 

weak noise immunity [2]. Therefore, many nonlinear control methods have been applied to improve control 

performance in systems with disturbances and parameter variations, such as adaptive fuzzy sliding control 

[3], [4], intelligent control [5], backstepping control [6], and Direct predictive speed control [7]. Among these 

methods, backstepping demonstrates a relatively simple controller, allowing for gradual computation through 

several steps, with feedback control making the closed-loop system stable according to Lyapunov theory. At 

each step, a virtual control variable is selected, and intermediate control laws are designed to stabilize the 

subsystem of the original system [8]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Controlling IPM motors also faces challenges due to nonlinearity in the model and load torque 

disturbances. Achieving high controller performance requires accurate measurement and determination of 

unknown parameters [9]. Load torque is essential for monitoring operational states to improve motor 

efficiency. Sensors can directly measure it, but direct measurement has many shortcomings, and installing 

sensors is also difficult (challenges in construction, high installation costs, and reduced mechanical system 

durability); in many cases, it is even impossible to install sensors [10], [11]. Additionally, changes in terrain 

during movement and the impact of external forces and disturbances pose challenges in load measurement. 

With vehicle loads, the vehicle is influenced by rolling resistance, friction, inertia, and aerodynamic drag 

[12]. These resistive forces reduce vehicle efficiency and speed while increasing fuel consumption. Many 

observation methods have been developed and applied to address this issue. Load torque identification 

methods include model reference adaptive control (MRAC) [13], Kalman filters [14], and sliding mode 

observer (SMO) [15]. Due to its simplicity and robustness in the face of uncertainties and disturbances, SMO 

is increasingly receiving attention. Sliding mode observers comprise methods such as the disturbance 

observer, delayed output observer, extended state observer (ESO), integral-chain differentiator, and high-gain 

observer (HGO) [16]. Among these observers, ESO is tasked with monitoring and estimating direct 

disturbances and errors in modelling the object compared to reality. Thus, even with a model with low 

accuracy, it is still possible to design a good-quality controller, thereby indirectly simplifying the model. Any 

differences in the model will not affect the control mechanisms, including all disturbances in the extended 

state variables [17]. 

 Hongxia and Jingtao [18] propose a method for estimating motor load torque and speed using an 

adaptive extended Kalman filter (AEKF), where the covariance matrix of noise is estimated. In contrast, the 

speed and load torque of the induction motor are estimated by EKF [18]. Tami et al. [9] proposes a method for 

estimating rotor speed, load torque, and parameters of permanent magnet synchronous motors using extended 

state observer (ESO). Lian et al. [19] utilize a sliding mode observation-based load torque observation method 

and two methods for determining the inertia moment for PMSM drive systems. Miao et al. [20] in their work, 

apply torque estimation and maximum torque per ampere (MTPA) fitting strategies using a freshly developed 

model for IPM synchronous machines. Manh et al. [21] apply HGO-based sensor less control for speed control 

of bearing-less synchronous motors. Kim et al. [22] uses a minimized disturbance observer proposed to mitigate 

the effects of DC offset and harmonic distortion by deploying adaptive frequency observation observers.  

Wang et al. [23] presents an adaptive sliding mode control (SMC) method combined with a disturbance torque 

observer (DTO).  

However, the above works have not proposed a backstepping controller for the motor speed loop nor 

applied the ESO method to observe the load torque. Therefore, this paper proposes the design of a backstepping 

controller for a speed loop combined with a load torque observer, specifically an ESO, for IPM synchronous 

motors used in electric vehicles. Finally, the accuracy of the proposed methods will be verified through 

simulation results obtained using MATLAB/Simulink software. 

 

 

2. MODELING THE ELECTRIC VEHICLE SYSTEM 

2.1.  The mathematical model of the IPM motor 

In the d-q coordinate system, the IPMSM model can be represented as (1) [24], [25]: 
  

{
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 (1) 

 

where: Usd and Usq voltage in the d and q-axis stator frame, isd and isq is current in the d and q-axis stator 

frame, Rs is stator resistance, Lsd and Lsq is stator inductance in the d and q-axis, ωs is the motor angular 

velocity, ψp is magneto motive force, pp is several motor poles, Te is output torque of the motor; 𝜓𝑠𝑑,𝜓𝑠𝑞  are 

Stator flux linkage on the d and q-axis; TL is load torque, J is rotor inertia, 𝑇𝑠𝑑 =
𝐿𝑠𝑑

𝑅𝑠
 is stator d-axis time 

constant, 𝑇𝑠𝑞 =
𝐿𝑠𝑞

𝑅𝑠
 stator q-axis time constant. 
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2.2.  Modeling the forces acting on the car 

When a car is running on the road, there are several primary types of resistance forces, which is 

shown in Figure 1: rolling resistance, frictional resistance, air resistance, and inertia. Frictional resistance is 

typically much smaller than the other components, so it will be neglected in the model [12]. The air 

resistance is calculated according to the formula: 
 

𝐹𝑤𝑖𝑛𝑑 =
1

2
𝜌𝐶𝑑𝐴𝑓(𝑣𝑣𝑒ℎ + 𝑣𝑤𝑖𝑛𝑑)

2 (2) 

 

The rolling friction force can be calculated as follows (considering rolling friction on a rigid surface): 
 

𝐹𝑟𝑜𝑙𝑙 = 𝑓𝑟𝑚𝑣𝑔 𝑐𝑜𝑠 𝛼 (1) 
 

with: 
 

𝑓𝑟 = 0.01(1 +
3.6

100
𝑣𝑣𝑒ℎ) (2) 

 

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

area of the vehicle's body (cross-sectional area); vwind is the wind speed; g is gravitational acceleration; α is 

gradient; fv rolling resistance coefficient; vveh is the vehicle speed. 
 
 

 
 

Figure 1. The forces acting on an electric car 
 

 

3. CONTROL DESIGN 

Figure 2 depicts the control structure based on field-oriented control (FOC) for the IPM motor 

applied in electric vehicles. The structure utilises a PI controller for current control and the backstepping 

method for the speed controller for the speed loop to enhance system stability. Additionally, the extended 

observer is used to monitor the load torque, facilitating the accurate estimation of disturbances and 

environmental effects. 

 

3.1.  Designing the load torque observer - extended state observer  

When controlling IPM motors, understanding every state is the key to smooth and efficient operation. 

To achieve this, we need an observer-the ESO. This observer helps us monitor what cannot be directly 

observed, aiding in smoother and more robust motor operation. ESO method is designed as follows [16]. 

 

{
 

 
𝑥̇̂1 = 𝑥̂2 +

𝛼1

𝜀
(𝑦 − 𝑥̂1)

𝑥̇̂2 = 𝑏𝑢 + 𝜎̂ +
𝛼2

𝜀2
(𝑦 − 𝑥̂1)

𝜎̂ =
𝛼3

𝜀3
(𝑦 − 𝑥̂1)

 (5) 

 

Where 𝑥̂1, 𝑥̂2, 𝜎̂are the observer states, 𝜀 > 0 is the gain, (𝑦 − 𝑥̂1) is the observation error, u is the control 

input, 𝛼1, 𝛼2, 𝛼3 are positive constants satisfying the Hurwitz stability criterion. From the motion in [1]:  
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Substituting [5], we obtain: 

 

{
𝜔̇̂ =

𝑝

𝐽
𝑇𝑒 + 𝜎̂ +

𝛼2

𝜀2
(𝜔 − 𝜔̂)

𝜎̇̂ =
𝛼3

𝜀3
(𝜔 − 𝜔̂) = −

𝑝

𝐽
𝑇𝐿 => 𝑇𝐿 = −

𝐽

𝑝

𝛼3

𝜀3
(𝜔 − 𝜔̂) (7) 

 

The stability can be proved as follows: The error between the actual values and the observed values is found 

by the vector as (8): 

 

𝜂 = [𝜂1  𝜂2  𝜂3]
𝑇 (8) 

 

where: 

  

𝜂1 =
𝑥1−𝑥1

𝜀2
; 𝜂2 =

𝑥2−𝑥2

𝜀
; 𝜂3 = 𝑓 − 𝜎̂ (9) 

 

Differentiating the error values, we obtain an equation in the form:  

 

𝜀𝜂̇ = 𝐴̄𝜂 + 𝜀𝐵̄𝑓̇ (3) 

 

with: 

 

𝐴 = (

−𝑘1 1 0
−𝑘2 0 1
−𝑘3 0 0

)   

 

Considering the characteristic equation of matrix A, we have: 

 

|𝜆𝐼 − 𝐴| = |

𝜆 + 𝑘1 −1 0
𝑘2 𝜆 −1
𝑘3 0 𝜆

| = 0 (11) 

 

From in [11], we obtain: 

 

𝜆3 + 𝑘1𝜆
2 + 𝑘2𝜆 + 𝑘3 = 0 (12) 

 

Choose k1,k2,k3 such that A is Hurwitz; there exists a unique positive definite, symmetric matrix P satisfying 

the Lyapunov function for every positive definite, symmetric matrix Q given as (13).  

 

𝐴𝑇 + 𝑃𝐴 + 𝑄 = 0 (13) 

 

Choose the Lyapunov function as (14). 

 

𝑉0 = 𝜀𝜂
𝑇𝑃𝜂 (14) 

 

Taking the derivative of V0, we obtain: 

 

𝑉̇0 = 𝜀𝜂̇
𝑇𝑃𝜂 + 𝜀𝜂𝑇𝑃𝜂̇ =(𝐴̄𝜂 + 𝜀𝐵̄𝑓̇)𝑇𝑃𝜂 + 𝜂𝑇𝑃(𝐴̄𝜂 + 𝜀𝐵̄𝑓̇) 

    =𝜂𝑇𝐴̄𝑇𝑃𝜂 + 𝜀(𝐵̄𝑓̇)𝑇𝑃𝜂 + 𝜂𝑇𝐴̄𝑃𝜂 + 𝜀𝜂𝑇𝑃𝐵̄𝑓̇ 

    =𝜂𝑇(𝐴̄𝑇𝑃 + 𝑃𝐴̄)𝜂 + 2𝜀𝜂𝑇𝑃𝐵̄𝑓̇ ≤ 𝜂𝑇𝑄𝜂 + 2𝜀‖𝑃𝐵̄‖. ‖𝜂‖. |𝑓̇| (15) 

 

and  

 

𝑉̇0 ≤ −𝜆‖𝜂‖
2‖𝑃𝐵̄‖‖𝜂‖𝑚𝑖𝑛 (16) 

 

where −𝜆𝑚𝑖𝑛is the smallest eigenvalue of Q. To ensure𝑉̇0 ≤ 0, the coefficient   is chosen to satisfy the 

conditions: 
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𝜆‖𝜂‖2‖𝑃𝐵̄‖‖𝜂‖𝑚𝑖𝑛 (17) 

 

In this case, the observation error 𝜂 will converge to the vicinity of 𝜀. Therefore, the stability of the method 

has been proven. 

 

 

 
 

Figure 2. The FOC control structure for the IPM motor in an electric car 

 

 

3.2. Designing a backstepping controller for the speed loop  

Backstepping is a straightforward method that can be effectively applied to nonlinear systems. It 

employs Lyapunov's method to select control signals, driving the controlled variable towards the desired 

value. Starting from in (1) and applying the Backstepping theory, with the error signal defined as e, we have: 

 

𝑒 = 𝜔∗ −𝜔 (18) 

 

Taking the derivative of both sides, we obtain: 

 

𝑒̇ = 𝜔̇∗ − 𝜔̇ = 𝜔̇∗ −
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) (19) 

 

According to the Lyapunov stability criterion, a positive definite function V1 is required to stabilize in (19) at 

the origin. Thus, the function V1 is chosen as (20). 

 

𝑉1 =
1

2
𝑒2 (20) 

   

Taking the derivative of V1, we obtain 𝑉̇1 = 𝑒. 𝑒̇. Choose the control parameter k > 0 such that: 

 

𝑒̇ = −𝑘𝑒 ⇒ 𝑉̇ = 𝑒. (−𝑘𝑒) = −𝑘𝑒2 < 0 (21) 

 

Substituting into in (20), we obtain: 

 

𝜔̇∗ −
𝑝𝑝

𝐽
(𝑇𝑒 − 𝑇𝐿) = −𝑘𝑒 ⇒ 𝑇𝑒 = 𝑇𝐿 +

𝐽

𝑝𝑝
(𝑘𝑒 + 𝜔̇∗) (22) 

 

Where J  is the inertia, pp is the pole pair, and  TL is the load torque estimated by the ESO designed in section 3.1. 

 

 

4. SIMULATION RESULTS 

Part 4 presents simulation results of responses, including speed, currents, electromagnetic torque, 

estimated load torque, and actual load torque, to verify the advantages of the backstepping controller for 
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speed control combined with the ESO for the electric car, as shown in Figure 1. Simulation parameters were 

collected from the IPM traction motor, and the car's specifications are in Tables 1 and 2. 

The speed response in Figure 3 uses the backstepping control method, and the feedback speed closely 

follows the reference speed. Backstepping has effectively adjusted the motor speed to match the reference 

speed. However, at the initial startup, the feedback speed oscillates around 0.15 s, as the transition from 

acceleration to steady-state and even deceleration has a slight overshoot, but this is very small, insignificant, 

and quickly returns to track the set value. This demonstrates the controller's ability to handle sudden changes 

such as acceleration and deceleration. Overall, with the motor's speed response, as shown above, we can see 

that the system, using the BSP controller, exhibits good stability even in the presence of disturbances and 

external factors. 

Figure 4 illustrates the results of the currents isd and isq. From these results, we can observe that the 

two currents, isd  and isq, have been successfully decoupled. The isd current has been controlled to be less than 

0, allowing the motor to generate a large torque even when operating at speeds higher than the rated speed. 
 
 

Table 1. Parameters of the IPM motor 
Parameters Symbols Values 

Stator resistance Rs 6.5e-3 (Ohm) 

d-axis inductance Lsd 1.597e-3(H) 
q-axis inductance Lsq 2.057e-3(H) 

Inertia J 0.09(kg.m2) 
Pole pairs pp 4 

DC voltage Vdc 550 (V) 
 

Table 2. The specifications of an electric car 
Parameters Values Units 

Vehicle + load mass 2018 Kg 

Wheel radius 0.3 m 
Transmission ratio 9.73  

Maximum speed 130 Km/h 
Density of air 1.25 Km/m3 

Rolling resistance coefficient 0.02  
 

 

 

 
 

Figure 3. Speed response using the backstepping controller 
 

 

 
 

Figure 4. The results of the currents Isd-Isq 
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In Figure 5, at t = 0.2 s, corresponding to the rated speed of 1200 rpm, the torque tends to decrease 

to allow for acceleration, as the voltage has reached the rated level and cannot increase further. This is 

particularly suitable for electric vehicles, as optimizing the torque curve helps enhance the motor's efficiency 

and performance while minimizing energy consumption. 

Figure 6 shows that the observed torque results closely match the actual values. At state transition 

points, the observed values oscillate slightly but quickly return to closely follow the actual values. This 

positive outcome indicates that the observer has accurately and effectively estimated the torque curve. The 

similarity between the observed and actual torque curves indicates that the observation system responds well 

to environmental changes and can accurately estimate torque under various conditions.  
 

 

 

Figure 5. The results of the electromagnetic torque 

 
 

Figure 6. Torque estimated using ESO and actual torque 

 

 

5. CONCLUSION 

This study introduces the backstepping control method for the speed control loop and the extended 

state observer (ESO) to enhance stability in IPM motors for electric vehicles. Using the Backstepping 

method, a robust controller has been designed to minimise errors in controlling the speed of the IPM motor, 

significantly improving the accuracy and response of the system. Additionally, the integration of the 

extended state observer (ESO) enables the estimation of load torque, allowing for the consideration of 

uncertainties such as changes in operating conditions, external disturbances, and other factors that may affect 

the motor's stability in actual operating situations. Simulation results have demonstrated the validity of the 

proposed control methods in controlling the IPM motor's speed while mitigating the effects of load torque. 

Ultimately, this research contributes to the development of more advanced control methods and automatic 

control systems for electric vehicles and related industrial applications. 
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