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 The rising demand for high-performance permanent magnet synchronous 

motors (PMSMs) is responsible for the development of PMSM speed control. 

Although the proportional-integral controller is often used in field-oriented 

control (FOC) for motor speed regulation, it has drawbacks like slow response 

and instability. This paper proposed an enhanced sliding mode controller with 

a modified sliding surface to achieve better speed control performance. In 

comparison to proportional-integral or PI controller, fuzzy logic controller, 

conventional sliding mode controller, the proposed control approach uses a 

reaching law that incorporates a fuzzy logic controller. A smoother and faster 

response time is targeted by the proposed approach compared to conventional 

sliding mode control. Practical small-scale PMSM experiments certify the 

effectiveness of our proposed enhanced sliding mode control. 
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1. INTRODUCTION  

Permanent magnet synchronous motors (PMSMs) are now being widely used in many applications 

due to their high-power density, efficiency, and torque-to-current ratio. Their speed performance is significant, 

and they are critical in applications such as robotics, electric vehicles, and machine tools [1], [2]. In an 

excavator, for instance, suitable speed regulation enables the machine to move precisely and effectively 

perform excavation operations. It ensures that lifting and lowering heavy loads are done smoothly, increasing 

operational safety when used by cranes and elevators. Controlling the speed of a PMSM is important in electric 

vehicles (EVs) for acceleration, maintaining constant velocity, and effectively operating regenerative braking. In 

contrast, torque control is common in heavy industry applications such as excavators and product conveyor belts. 

The importance of speed control versus torque control varies significantly depending on application. In this 

research, we are particularly focused on designing a speed controller for PMSM motor in EV acceleration systems.  

PMSMs are characterized by nonlinear and multi-variable dynamics influenced by flux linkage and 

direct-quadrature or DQ-axes inductances, which can vary during motor operation due to magnetic saturation. 

It is also difficult to produce both high accuracy and speed, as PMSMs exhibit strong nonlinearity due to the 

strong coupling between torque and speed in a mechanical model. To address the complex issues arising from 

the mechanical equation of PMSMs, the field-oriented control (FOC) technique emerged [3]-[5]. In the FOC 

technique, the motor control system is transformed into a synchronous reference frame, simplifying the control 

task by decoupling the torque and flux components.  

https://creativecommons.org/licenses/by-sa/4.0/


Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Enhanced reaching law for improved response in sliding mode control of PMSM … (Khanh Quoc Truong) 

419 

The outer control loop is the speed control loop, responsible for generating the q-axis reference 

current. The inner control loop regulates the motor current using a proportional-integral (PI) controller within 

the DQ frame. This PI control loop effectively tracks the d and q components of the motor current references, 

ensuring precise control over torque and flux. To control the PMSM motor speed, the linear PI controller is 

employed to adjust the q current reference of the inner control loop for tracking motor speed [6]-[8]. Although 

PI speed control offers adequate control precision and robustness, it often falls short in terms of slow response 

and stability when confronted with disturbances such as load changes and variations in speed [9], [10]. 

Conventional studies on PMSM speed control using the PI controller specifically highlight significant 

challenges related to speed response and stability [11]-[13]. That is because speed regulation tends to be a 

linear calculation, but PMSM dynamics are non-linear. For this reason, more improved control methods are 

needed to improve the slow response problem and system stability. 

Nonlinear control techniques have emerged as potential alternatives that can address the limitations 

of linear controllers [14]-[16]. Nonlinear control techniques such as adaptive control, predictive control, and 

sliding mode control have demonstrated the potential to improve the stability, precision, and robustness of 

PMSM motor control. Adaptive control can handle uncertainties by adjusting control parameters in real-time, 

but it needs accurate system parameters and may cause system instability [17]-[19]. However, on the other 

hand, predictive control involves predicting future system behavior which is able to achieve satisfactory 

performance but at high computational costs and sensitivity due to system mismatches [20]-[22]. Sliding mode 

control provides robustness in the presence of uncertainties and disturbances using discontinuous controls; 

however, it may introduce chattering problems [23]-[25]. The use of sliding mode control is important for 

stability reasons in the presence of disturbances and uncertainties. 

Given the drawbacks of previous works, it requires an improved control law and reaching conditions 

for chattering attenuation along with speed response improvements. An enhanced sliding mode control is 

presented in this paper to improve control response and stability with reduced chattering. A sliding surface 

with the improved reaching law is added in this proposed control approach, which also includes fuzzy logic 

control integration. These modifications will allow the system state to arrive at the sliding surface as fast as 

possible and reduce chattering of control actions thanks to the adjustable sliding gain. Furthermore, the system 

is always stable with this defined reaching law. This control approach not only provides smoother dynamics 

but also obtain a shorter response time than the conventional sliding mode control. The control theory is verified 

by means of experimental results with a small-scale PMSM system. 

 

 

2. FOC AND MATHEMATICAL MODEL OF PMSM 

2.1. Principle of FOC algorithm 

In permanent magnet synchronous motors, the stator current affects both the magnetic flux and the 

generated torque. Hence, field-oriented control was proposed to decouple flux and torque can be achieved by 

analyzing the instantaneous current into two components: One component aligned with the rotor magnetic 

field, called the direct axis (d), and the other perpendicular to the rotor magnetic field, called the quadrature 

axis (q) [26]. Field-oriented control is the basic idea of synthesizing sinusoidal inverter voltage to provide 

progressive speed control with optimal torque output. Maximum torque is reached when the angle between the 

magnetic fields of the stator and rotor becomes 90 degrees. The stator magnetic flux is aligned orthogonally to 

the rotor by forcing the d-axis current to 0 and properly adjusting the q-axis. 

 

2.2. Coordination between speed controller and FOC  

The block diagram of a conventional speed controller with FOC with speed controller is shown in 

Figure 1. In the figure, the control process begins with measuring the motor three-phase currents, which are 

then transformed through Clark and Park transformations to obtain currents along the independent d and q 

axes. Then, the current rotor speed is compared with the reference speed (𝜔𝑚
∗ ) to generate a speed error signal 

(𝑥1 = (𝜔𝑚
∗ − 𝜔𝑚)), which is fed into an outer speed controller to produce a reference current along the q-axis 

(𝑖𝑞
∗). In the inner control loop, two PI controllers are utilized to regulate the currents along the d and q axes, 

generating reference voltage signals along these axes independently (𝑢𝑞 , 𝑢𝑑). Following this, inverse Clark and 

Park transformations are applied to convert the voltage signals from the dq axes to three-phase voltage signals 

for the space vector pulse width modulation (SVPWM) block. The SVPWM is a modulation technique used to 

generate PWM signals for controlling the switching devices in an inverter [27]-[29]. 

 

2.3. Mathematical model of PMSM 

To implement the FOC algorithm on a digital processor, a mathematical model of the motor is 

essential. Through the Clark and Park transformation, the mathematical model of the PMSM is transformed 

into the following mathematical representation in the DQ frame. Where 𝑈𝑑 , 𝑈𝑞 are d-axis and q-axis voltages, 
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𝑖𝑑 , 𝑖𝑞are d-axis and q-axis currents, 𝐿𝑑 , 𝐿𝑞are d-axis and q-axis inductance, 𝑅𝑠is coil resistance, 𝜔𝑒 is the 

electrical speed of the rotor, 𝜔𝑚 is the mechanical angular speed of the rotor, and 𝜓𝑓 is permanent magnet flux 

linkage. For the steady state, the differential terms can be disregarded since there are no variations in currents, 

the (1) can be simplified as (2). 

 

{
𝑈𝑑 = 𝑅𝑠𝑖𝑑 − 𝜔𝑒𝐿𝑞𝑖𝑞 + 𝐿𝑑

𝑑𝑖𝑑

𝑑𝑡

𝑈𝑞 = 𝑅𝑠𝑖𝑞 + 𝜔𝑒(𝐿𝑑𝑖𝑑 + 𝜓𝑓) + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡

 (1) 

 

{
𝑈𝑑 = 𝑅𝑠𝑖𝑑 − 𝜔𝑒𝐿𝑞𝑖𝑞

𝑈𝑞 = 𝑅𝑠𝑖𝑞 + 𝜔𝑒(𝐿𝑑𝑖𝑑 + 𝜓𝑓)
 (2) 

 

The relationship between electromagnetic torque and the d and q-axis currents in the DQ reference 

frame is given by the (3): 

 

{
𝑇𝑒 =

3

2
𝑝[𝜓𝑓 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑]𝑖𝑞

𝑇𝑒 − 𝑇𝐿 =
𝐽

𝑝

𝑑𝜔𝑚

𝑑𝑡

 (3) 

 

where 𝑇𝑒 is electromagnetic torque, 𝑇𝐿  is load torque, 𝑝 is number of the pole pairs, 𝐽 is inertia moment. In the 

FOC algorithm, assuming the angle 𝜃 is accurately measured from the motor, to achieve the optimal torque, 

controlling the current 𝑖𝑑 = 0 is necessary. Then, the dynamic equation of the PMSM motor is simplified as (4). 

 

{
𝑇𝑒 =

3

2
𝑝𝜓𝑓𝑖𝑞

3

2
𝑝𝜓𝑓𝑖𝑞 − 𝑇𝐿 =

𝐽

𝑝

𝑑𝜔𝑚

𝑑𝑡

 (4) 

 

In (4), the relationship between the mechanical angular speed of the rotor 𝜔𝑚 and the controlled current on the 

quadrature axis (𝑖𝑞) is determined. This relationship forms the fundamental equation for controlling the 

mechanical angular speed to generate the reference current 𝑖𝑞
∗ . 

 

 

 
 

Figure 1. Block diagram of FOC with speed controller 

 

 

3. STATE VARIABLES OF THE PMSM SPEED CONTROLLER AND CONVENTIONAL 

SLIDING MODE CONTROL 

Sliding mode control ensures stability in uncertain and noisy conditions through discontinuous control 

laws. However, selecting an inappropriate sliding surface can lead to chattering problems, which are common 

issues in sliding control systems. Thus, designing a sliding mode control system with reduced chattering is 

crucial. This drives the research to develop an enhanced approach based on the challenges arising from 

conventional approaches. 
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3.1. Formulating the state variables of the PMSM speed controller  

The system state variables of the speed controller are defined as (5). Where 𝜔𝑚
∗  and 𝜔𝑚 are speed 

references and the instant speed of the PMSM motor. Derived from (5), 𝑥̇2 is derived as (6). 

 

{
𝑥1 = 𝑒 = 𝜔𝑚

∗ − 𝜔𝑚

𝑥2 = 𝑒̇ =
𝑑𝑥1

𝑑𝑡
= −

𝑑𝜔𝑚

𝑑𝑡
= −

𝑝

𝐽
(

3

2
𝑝𝜓𝑓𝑖𝑞 − 𝑇𝐿)

 (5) 

 

𝑥̇2 = 𝑒̈ = −
𝑑2𝜔𝑚

𝑑𝑡2 = −
3𝑝2

2𝐽
𝜓𝑓

𝑑𝑖𝑞

𝑑𝑡
 (6) 

 

For simplicity, we assign 
3𝑝2

2𝐽
𝜓𝑓 and 

𝑑𝑖𝑞

𝑑𝑡
 in (6) as (7). 

 

𝐾 =
3𝑝2

2𝐽
𝜓𝑓; 𝑈 =

𝑑𝑖𝑞

𝑑𝑡
 (7) 

 

From (5) and (6), the state equation of the system can be expressed as (8). 

 

[
𝑥̇1

𝑥̇2
] = [

0 1
0 0

] [
𝑥1

𝑥2
] + [

0
−𝐾

] 𝑈 (8) 

 

Once the system state variables are identified, the subsequent step involves selecting a representative 

sliding surface, typically as in (9). 

 

𝑠 = 𝑥2 + 𝑐𝑥1 (9) 

 

With the expression of the sliding surface, the value of the coefficient 𝑐 is correlated with the asymptotic 

stability of the sliding mode and the convergence rate towards the sliding surface. Given the defined sliding 

surface, the reference current along the q-axis (𝑖𝑞
∗ ) can be determined from its expression (9) as in (10). 

 

𝑠̇ = 𝑥̇2 + 𝑐𝑥̇1 = 𝑥̇2 + 𝑐𝑥2 → 𝑥̇2 = 𝑠̇ − 𝑐𝑥2 = −𝐾
𝑑𝑖𝑞

∗

𝑑𝑡
→ 𝑑𝑖𝑞

∗ =
1

𝐾
(−𝑠̇ + 𝑐𝑥2)𝑑𝑡 (10) 

 

Taking the integral of both sides of (10), we obtain (11). 

 

𝑖𝑞
∗ =

1

𝐾
∫(−𝑠̇ + 𝑐𝑥2)𝑑𝑡 (11) 

 

The expression for the reference current 𝑖𝑞
∗  in (11) forms the basis for developing the control algorithm 

for the speed controller. Through this expression, the dependency of the sliding surface convergence rate 𝑠̇ on 

generating the reference current 𝑖𝑞
∗  can be observed, and designing the equation for 𝑠̇ is crucial and directly 

impacts control performance. Assuming that the PMSM angle is accurately measured from the motor encoder, 

the motor speed 𝜔𝑚 is calculated, and this value is used to determine 𝑥1 and 𝑥2. Then, these state variables are 

used to determine the reference current 𝑖𝑞
∗ , as shown in (11). 

 

3.2. The conventional reaching law method 

The conventional reaching law method aims to ensure fast convergence of the system to the sliding 

surface while mitigating chattering and overshoot. The linear reaching law offers simplicity and ease of 

implementation. The conventional reaching law is design is given by (12). In the conventional reaching law 

method, the reaching time 𝑡1 is defined as the time required for the states to approach the sliding surface, and 

it can be used to evaluate the controller performance. The reaching time 𝑡1 can be calculated according to (12) 

as in (13). 

 

𝑠̇ = −𝜀 𝑠𝑔𝑛( 𝑠) (12) 

 

𝑠̇ =
𝑑𝑠

𝑑𝑡
= −𝜀 𝑠𝑔𝑛( 𝑠) → ∫ 𝑑𝑡

𝑡1

0
= ∫

1

−𝜀 𝑠𝑔𝑛(𝑠)
𝑑𝑠 → 𝑡1 =

𝑆(0)

𝜀

0

𝑆(0)
 (13) 

 

Based on the above expression, it can be seen that the reaching time 𝑡1 depends on the constant 𝜀, and 

the initial state position of 𝑆(0). To improve the time to reach the sliding surface 𝑡1, the constant 𝑞 is 
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introduced. The linear reaching law in the conventional method in [24] offers improvement in reaching time 𝑡1, 

making it a popular choice in many control applications. The conventional reaching law is designed as in (14): 

 

𝑠̇ = −𝜀 𝑠𝑔𝑛( 𝑠) − 𝑞𝑠 (14) 

 

where 𝜀, 𝑞 are positive constants. Substituting (14) into (11), we have the following current reference as in (15). 

 

𝑖𝑞
∗ =

1

𝐾
∫(𝜀 𝑠𝑔𝑛( 𝑠) + 𝑞𝑠 + 𝑐𝑥2) 𝑑𝑡 (15) 

 

From (15), it is necessary to consider the influences of constants 𝜀 and 𝑞 in controlling the speed of 

PMSM. In particular, a larger value of constants 𝜀 and 𝑞 results in a shorter approach time. However, this also 

leads to a sudden increase in motor speed, potentially causing it to slide out of the 𝑠 surface and resulting in 

chattering. Furthermore, if the initial position 𝑆(0) is further from the sliding surface, the approach time will 

significantly increase. 

In sliding mode control, the chattering issue often occurs when the control system is operating near 

the boundary of the sliding surface, where small perturbations or uncertainties can cause the control signal to 

fluctuate rapidly between different values. This issue may lead to instability, degraded performance, and 

increased energy consumption. To analyze the chattering issue, 𝑠̇ in the continuous domain is converted to the 

discrete domain. As real-time control is indispensable in practical control system implementations, control 

operations must be carried out within a discrete domain. From (14), the discrete expression of the conventional 

reaching law method as 𝑠 approaches 0 is represented as in (16): 

 

𝑠(𝑛 + 1) − 𝑠(𝑛) = −𝜀𝑇 𝑠𝑔𝑛(𝑠(𝑛)) (16) 

 

where 𝑇 is the sampling time. Under the assumption that the system trajectory reaches the sliding-mode surface 

within a finite step, which implies that 𝑠(𝑛) = 0+ and 𝑠(𝑛) = 0−, the equation for the subsequent period can 

be derived with 𝑠(𝑛) = 0+ and 𝑠(𝑛) = 0− as in (17).  

 

𝑠(𝑛 + 1) = −𝜀𝑇(𝑤ℎ𝑒𝑛𝑠(𝑛) = 0+); 𝑠(𝑛 + 1) = 𝜀𝑇(𝑤ℎ𝑒𝑛𝑠(𝑛) = 0−) (17) 

 

The width of the discrete sliding-mode band 𝛿1 is calculated between the boundary 𝑠(𝑛) = 0+ and 𝑠(𝑛) = 0−. 

Figure 2 shows the state trajectory of the conventional reaching law. It can be seen in Figure 2 that the width 

of the discrete sliding-mode band 𝛿1 in (18) causes the system to fail to reach the equilibrium point O and the 

state trajectory oscillating around the point O. This result leads to a significant chattering problem when 

increasing parameter 𝜀 to reduce the reaching time to the sliding surface. 

 

𝛿1 = 2𝜀𝑇 (18) 

 

 

 
 

Figure 2. State trajectory of the conventional reaching law 

 

 

4. PROPOSED ENHANCED REACHING LAW DESIGN WITH FUZZY LOGIC CONTROLLER 

4.1. The basic idea of enhanced reaching law integrated with fuzzy logic controller 

To effectively address the chattering issue and improve the system response, it is essential to establish 

two coefficients 𝑞 and 𝜀 as variables that can change according to the state variable 𝑥1 and the sliding surface 
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position 𝑠. This forms the basis for proposing enhanced reaching law design with fuzzy logic controller for 

adaptive adjusting of coefficients 𝑞 and 𝜀. Additionally, the gain 𝑓𝑢𝑧𝑧𝑦(𝑞) is adaptively adjusted using the 

proposed fuzzy logic controller. Hence the proposed reaching law is given by the (19): 

 

𝑠̇ = −
𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘𝑒−𝜁|𝑠| 𝑠𝑔𝑛( 𝑠) − 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠 (19) 

 

where 𝜀, 𝑚, 𝑎, 𝑘, 𝜁 are positive constants and 0 < 𝑚 < 1, 𝑓𝑢𝑧𝑧𝑦(𝑞) is the output of the fuzzy logic controller 

according to the input 𝑠 and 𝑠̇. The proposed reaching law is analyzed in two states: reaching the sliding mode 

surface and operating near the boundary of the sliding surface. For simplicity, the system is analyzed when the 

system state variable is positive. 

In the reaching sliding mode surface state, the system state variable is located far away from the 

sliding surface, so that 𝑘𝑒−𝜁|𝑠| ≈ 0. Hence the (19) will converge to the (20). 

 

𝑠̇ ≈ −
𝜀

𝑚
𝑠𝑔𝑛( 𝑠) − 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠 (20) 

 

Compared to the conventional reaching law in (14), which the coefficient 𝑞 is a fixed number, the proposed 

reaching law has the adaptive reaching gain 𝑓𝑢𝑧𝑧𝑦(𝑞). This fuzzy output is adaptively adjusted according to 

the input 𝑠 and 𝑠̇. Thanks to the adaptive adjustment of fuzzy output, the reaching time is improved with a high 

gain 𝑓𝑢𝑧𝑧𝑦(𝑞), and this variable is reduced when approaching the sliding mode surface. 

In the boundary operation of the sliding surface state, the following condition is satisfied 𝑠 → 0, and 

the (19) will converge to the (21). The (21) depend on 𝑥1, and its value is gradually reduced to 0 as 𝑥1 moves 

to the origin. The proposed control law contributes to a smooth response when the system state 𝑥1 near the 

sliding surface, which contribute to eliminate chattering issues. The combination of adaptive gains 𝑓𝑢𝑧𝑧𝑦(𝑞) 

in the reaching sliding mode surface state and 
𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘
 in the boundary operation of the sliding surface, the 

state contributes to the improved system response and chattering reduction. Figure 3 shows the block diagram 

of the proposed enhanced sliding mode control. 

 

𝑠̇ ≈ −
𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘
𝑠𝑔𝑛( 𝑠) (21) 

 

 

 
 

Figure 3. Block diagram of the proposed enhanced sliding mode control 

 

 

4.2. The design of fuzzy(q) in fuzzy logic controller 

The control variable 𝑓𝑢𝑧𝑧𝑦(𝑞) is the output of the fuzzy logic controller, allowing an adaptive tune 

according to the state variables 𝑥1 and 𝑥2. Based on the experience, the input coefficient of the state variables 

𝑥1 and 𝑥2 range from [-10; 10], and the output 𝑓𝑢𝑧𝑧𝑦(𝑞) with gain ranges from 0 to 2000. The fuzzy set is 

defined as follows: 𝑠 = {𝑁𝐵, 𝑁𝑀, 𝑁𝑆, 𝑍𝐸, 𝑃𝑆, 𝑃𝑀, 𝑃𝐵}; 𝑠̇ = {𝑁𝐵, 𝑁𝑀, 𝑁𝑆, 𝑍𝐸, 𝑃𝑆, 𝑃𝑀, 𝑃𝐵}, where negative 

big (NB), negative medium (NM), negative small (NS), zero (ZE), positive small (PS), positive medium (PM) 

, and positive big (PB) represent different levels of input variables. The output 𝑓𝑢𝑧𝑧𝑦(𝑞) = {𝑆, 𝑀𝑆, 𝑀, 𝑀𝐵, 𝐵}, 

where small (S), medium small (MS), medium (M), medium big (MB), and big (B) represent different levels 

of output. The fuzzy rule table is provided in Table 1 and the relationship between 𝑠, 𝑠̇, and the output 𝑓𝑢𝑧𝑧𝑦(𝑞) 

is shown in Figures 4(a)-4(c). By using the membership functions and fuzzy rule table, the coefficient 𝑞 is 

adaptively adjusted according to the value of 𝑠 and its derivatives. The 3D plot of 𝑞, 𝑠, 𝑑𝑠/𝑑𝑡, and their 

relationship is shown in Figure 5. When 𝑠 and its derivative have high values, which indicates the state 
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trajactory is located far from the sliding surface, the coefficient 𝑞 is increased to enhance the reaching speed 

to the sliding surface. On the other hand, when the value 𝑠 and its derivative are small, when means the state 

trajactory is near the sliding surface, the coefficient 𝑞 is minimized to ensure that the state trajectory reaches 

the sliding surface without overshoot. 

 

 

Table 1. The rule base of the fuzzy controller 
𝑠 𝑠̇ 

NB NM NS ZE PS PM PB 

NB B MB M MS M MB B 
NM MB M M M M M MB 

NS MB M MS S MS M MB 

ZE M MS S S S MS M 
PS MB M MS S MS M MB 

PM MB M M M M M MB 
PB B MB M MS M MB B 

 

 

  
(a) (b) 

 
(c) 

 

Figure 4. The membership function of the fuzzy controller for input 𝑠, 𝑠̇, and 𝑓𝑢𝑧𝑧𝑦(𝑞):  

(a) input 𝑠, (b) input 𝑠̇, and (c) output 𝑓𝑢𝑧𝑧𝑦(𝑞) 

 

 

 
 

Figure 5. The fuzzy logic control surface 

 

 

Substituting (19) into (11), reference current 𝑖𝑞
∗  is obtained as (22). 

 

𝑖𝑞
∗ =

1

𝐾
∫ (

𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘𝑒−𝜁|𝑠| 𝑠𝑔𝑛( 𝑠) + 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠 + 𝑐𝑥2) 𝑑𝑡 (22) 

 

In the boundary operation of the sliding surface state, the sliding mode surface s  approaches 0, and the 

proposed enhanced reaching law in (19) can be converted to the discrete-time domain as (23): 
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𝑠(𝑛 + 1) − 𝑠(𝑛) = −
𝜀𝑇|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘
𝑠𝑔𝑛(𝑠(𝑛)) (23) 

 

where 𝑇 represents the sampling period. Under the assumption that the system's trajectory reaches the sliding-

mode surface within a finite step, which implies that 𝑠(𝑛) = 0+,𝑠(𝑛) = 0−, the equation for the subsequent 

period can be derived with 𝑠(𝑛) = 0+ and 𝑠(𝑛) = 0− as in (24). 

 

𝑠(𝑛 + 1) = −
𝜀𝑇|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘
(𝑤ℎ𝑒𝑛𝑠(𝑛) = 0+); 𝑠(𝑛 + 1) =

𝜀𝑇|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘
(𝑤ℎ𝑒𝑛𝑠(𝑛) = 0−) (24) 

 

The width of the discrete sliding-mode band 𝛿2 is calculated between the boundary 𝑠(𝑛) = 0+ and 𝑠(𝑛) = 0−. 

Compared to the conventional reaching law, in which the width of the discrete sliding-mode band 𝛿1 in (18) is 

a constant value, the proposed method has an adaptive width of the discrete sliding-mode band 𝛿2 in (25), 

which reduces the chattering issue. To illustrate the effectiveness of the proposed method, the sliding-mode 

band is shown in Figure 6. In Figure 6, the sliding surface 𝑠 trajectory gradually approaches 0, 𝑥1 and 𝑥2 also 

approaches 0. It can be seen that discrete sliding-mode band 𝛿2 reduces to 0, rather than oscillating around the 

origin 0 of the conventional method in Figure 2. 

 

𝛿2 =
2𝜀𝑇|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘
 (25) 

 

 

 
 

Figure 6. State trajectory of the proposed enhanced reaching law 

 

 

4.3. Stability analysis 

To assess the stability of the PMSM systems, the Lyapunov stability criterion and stability analysis 

are employed [30]. In the Lyapunov theory, the condition for the state variables to reach the sliding surface 

𝑠 = 𝑥2 + 𝑐𝑥1 is that the condition 𝑉̇ < 0 must be satisfied. In this study, we choose the Lyapunov function as 

a quadratic function as in (26). Taking the derivative of the (26), we obtain (27). 

 

𝑉 =
1

2
𝑠2 (26) 

 

𝑉̇ = 𝑠𝑠̇ (27) 

 

Substituting (19) to (27), we get (28): 

 

𝑉̇ = 𝑠 [−
𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎 + 𝑘𝑒−𝜁|𝑠|
𝑠𝑔𝑛( 𝑠) − 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠] → 

𝑉̇ = −
𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎+𝑘𝑒−𝜁|𝑠| |𝑠| − 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠2 < 0 (28) 

 

where 0 < 𝑚 < 1, 𝜀 > 0, 𝑚 > 0, 𝑘 > 0, and 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠2 > 0. The (28) guarantees the Lyapunov stability 

criteria 𝑉̇ < 0. Therefore, the proposed reaching law is well-suited for the PMSM motor speed control system, 

ensuring both stability and enhanced response. 
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5. EXPERIMENTAL RESULTS 

To verify the effectiveness of the proposed control scheme, an experimental hardware platform for 

the PMSM drive system is set up. Texas Instruments microcontroller TMS280S28379D is adapted to apply the 

control algorithm and generate the PWM signals for controlling the PMSM motor. Figure 7 shows the 

experimental hardware platform, and the PMSM motor parameters are listed in Table 2. The control parameters 

of the conventional and proposed reaching law are listed in Table 3. For comparison, the conventional PI 

controller and fuzzy logic controller, which focuses on computational efficiency and real-time control, are 

adopted [31], [32]. 

 

 

 
 

Figure 7. Experimental hardware platform for PMSM drive system 

 

 

Table 2. Parameters of the PMSM motor 
Symbol Parameter Value 

𝑝 Number of pole pairs 4 
𝐿𝑑, 𝐿𝑞 d-axis and q-axis inductance 0.59 𝑚𝐻 

𝑅𝑠 Coil resistance 1.02 Ω 
𝐽 Inertia moment 0.28 𝑘𝑔. 𝑚𝑚2 

𝜓𝑓 Permanent magnet flux linkage 0.042 𝑊𝑏 
𝑛𝑁 Rated speed 3000 𝑟𝑝𝑚 
𝑉𝑁 Rated voltage 24 𝑉𝑑𝑐 
𝐼𝑁 Rated current 4 𝐴 

 

 

Table 3. Parameters of the conventional and proposed reaching law 
Symbol Parameter Conventional reaching law 

N/A Conventional reaching law 𝑠̇ = −𝜀 𝑠𝑔𝑛( 𝑠) − 𝑞𝑠 

N/A Proposed reaching law 𝑠̇ = −
𝜀|𝑥1|𝑎

𝑚|𝑥1|𝑎 + 𝑘𝑒−𝜁|𝑠| 𝑠𝑔𝑛( 𝑠) − 𝑓𝑢𝑧𝑧𝑦(𝑞)𝑠 

𝑞 Reaching law coefficient 500 

𝜀 Constant rate term 300 

𝑘 Error gain 0.1 

𝑎 Exponential error term 2 

𝑚 Input control gain 0.05 

𝜁 Error exponential coefficient  100 

𝑐 Sliding mode gain 100 

𝐾𝑃 Proportional gain 0.5 

𝐾𝐼 Integral gain 5 

 

 

Figures 8(a)-8(d) illustrate the observed speed response as the PMSM speed increased from 500 rpm 

to 1000 rpm using a conventional PI controller, fuzzy logic controller, conventional sliding mode, and proposed 

sliding mode controller. The conventional PI controller (𝐾𝑃 = 0.008, 𝐾𝐼 = 0.0005), as shown in Figure 8(a), 

had a response time of 1.1 seconds. Although the PI controller reached the desired speed, it exhibited a 

significant speed overshoot of 100 rpm. This level of overshoot indicates that while the PI controller can handle 

the speed change, it cannot completely resolve the nonlinearity effect of the PMSM motor. As seen in  

Figure 8(b), the fuzzy logic controller outperformed the PI controller, with a rise time of less than 0.7 seconds 

and a reduced speed overshoot of about 44 rpm. The faster response and smaller overshoot demonstrate the 

fuzzy logic controller better adaptability to the inherent nonlinearity of the PMSM motor. 
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In Figure 8(c), the conventional sliding mode control has a response time of 0.9 seconds, which is 

faster than the PI controller but slower than the fuzzy logic controller. Furthermore, the overshoot of 

conventional sliding mode control is smaller than that of the PI controller. Figure 8(d) shows the response of 

proposed sliding mode controller. The response time in Figure 8(d) was around 0.4 seconds, which is lower 

than PI controller fuzzy logic and also conventional sliding mode control. Also, the speed overshoot was small 

at only 30 rpm which is way lower than all other controllers. The results obtained reveal that the sliding mode 

control approach is capable of achieving high speed response with lessed overshoot in comparison of 

conventional techniques. To evaluate the control performance under different speed conditions, the PMSM 

speed reference is increased suddenly from 1000 rpm to 1500 rpm, and the results are shown in Figure 9. In 

Figure 9(a), the response time of the PI controller comes up to be around 1.1 seconds, which is lower compared 

to all other controllers, and it has a slightly higher speed overshoot of around 100 rpm. The fuzzy logic 

controller again performed better than the PI mode in Figure 9(b) with a response time of 0.7 seconds and an 

overshoot of 44 rpm. While this was faster and more stable compared to the PI controller, the overshoot still 

exist which may be caused by an inadequate membership function. 

The response time and overshoot for the conventional sliding mode control is 0.9 s and 85 rpm shown 

in Figure 9(c). It is better than the PI controller but not alike to fuzzy logic and sliding mode control. As shown 

in Figure 9(d), the new designed sliding mode controller also had satisfactory tracking performance with a 

response time of only 0.4 seconds and slight overshooting speed up to about 30 rpm. Table 4 provides a 

comprehensive comparison between conventional PI, fuzzy logic controller, conventional sliding mode 

controller, and the proposed sliding mode controller. The experimental results clearly show that the proposed 

controller has better performance than conventional PI, fuzzy controller, and conventional sliding mode control 

methods in terms of response and overshoot. These results validate the proposed controller effectiveness across 

different speed ranges, maintaining a consistent control performance over the conventional methods. The 

proposed control approach provides notable advantages in regulating motor speed dynamics, surpassing the 

conventional technique in different speed ranges. 

 

 

 
 

Figure 8. Experimental speed response comparison of the PI controller, fuzzy logic controller, conventional 

sliding mode, and proposed sliding mode controller as the PMSM speed increases from 500 rpm to  

1000 rpm: (a) PI controller, (b) fuzzy logic controller, (c) conventional reaching law, and  

(d) proposed sliding mode controller 
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Figure 9. Experimental speed response comparison of the PI controller, fuzzy logic controller, conventional 

sliding mode, and proposed sliding mode controller as the PMSM speed increases from 1000 rpm to  

1500 rpm: (a) PI controller, (b) fuzzy logic controller, (c) conventional reaching law, and  

(d) proposed sliding mode controller 

 

 

Table 4. Comparison of PMSM speed control methods 
Methods Criterion 

Complexity Overshoot Response Stability Realtime implementation 
in microcontroller 

Conventional PI controller Simple High Slow Depend Yes 

Fuzzy logic controller Medium Small Medium Depend Yes 
Conventional sliding mode control Medium Medium Medium Good Yes 

Proposed enhanced sliding mode control Medium Small High Good Yes 

 

 

6. CONCLUSION 

This study presents an enhanced sliding mode reaching law with fuzzy logic that can simultaneously 

reduce the chattering effect and improve system response time. The main contributions of this paper consist in 

establishing a mathematical model of the PMSM and analyzing conventional reaching law limitation. 

Additionally, the paper presents a modified reaching law model through a fuzzy controller for better speed 

control performance. By adopting the proposed reaching law, the sliding gains are allowed for adjustable 

sliding gain, which improves the system trajectory to reach the sliding surface quickly. When the state 

trajectory is located near the sliding surface, the sliding gain is minimized to ensure that the state trajectory 

approach the sliding surface without overshoot. As a result, the integration of fuzzy and sliding mode 

significantly reduces the chattering, resulting in smoother and more stable motor speed control. In addition, the 

reachability condition ensures system stability, which is proved by Lyapunov stability theory. A small-scale 

PMSM experimental system has confirmed the effectiveness of this method. Also, experimental validations 

are conducted in various speed ranges, which further support the above results. 
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