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The Permanent Magnet Synchronous Motor (PMSM) drives are needed to 

have high dynamic accuracy and robustness under parameter uncertainty and 

load disturbances. Typical Model Predictive Direct Speed Control (MPDSC) 

techniques tend to have poor performance since the prediction accuracy is 

heavily dependent on the motor model. This is the main impact of this paper, 

which concerns the development of a real-time parameter mismatch and load 

disturbance estimation strategy based on the adaptive Sliding-Mode Observer 

(SMO) to enhance the predictive control prediction accuracy without 

increasing the predictive control horizon or the need for iterative 

optimization. The proposed adaptive SMO adaptively tunes the observer 

gains depending on the operating condition of the system, which enhances 

disturbance rejection gracefully and lessens chattering as compared with the 

conventional observer-based MPDSC, which uses fixed gains. The 2-level 3-

phase voltage-source inverter was utilized to implement the suggested 

controller in MATLAB/Simulink. The predictive controller was operated 

with Ts = 50μs, and the current harmonic distortion was estimated by Fast 

Fourier Transform (FFT) analysis as per IEEE harmonic measurement 

practice at 1500 rpm of the steady state operating speed of the machine and 

10kHz switching frequency of the inverter. The simulation results show that 

the performance is better under varying speed and variable-load operating 

conditions. The settling time of the proposed controller was reduced to 38ms 

as compared to 40ms for the conventional MPDSC, the current THD was 

reduced from 13.95% to 2.41%, the speed overshoot and torque ripple were 

reduced, and the disturbance rejection and tracking accuracy were improved 

significantly. Moreover, the adaptive observer minimized prediction errors 

and kept the computational structure the same as that of the conventional 

finite-control-set MPDSC. The results obtained in this study prove that the 

suggested approach is an effective and practical scheme for strong drive of 

PMSM. 
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1. INTRODUCTION 

The In (PMSM) is generally utilized in systems due to its great power density, small torque ripple, and 

low noise [1]. Field-oriented control and direct torque control are two commonly used approaches in PMSM 

drive control. However, position servo systems have high requirements for dynamic performance, and the 

bandwidth of this cascade controller is limited [2][3]. Recently, with the continuous improvement in digital 

processor performance, model predictive control (MPC) has become an important means of improving system 

performance. Among them, finite-set MPC performs traversal optimization for an incomplete number of 

switching states based on the prediction model, making it easy to implement and highly flexible [4][5]. To give 

full play to the dynamic performance of MPC, much literature has proposed (MPDSC) methods for PMSM 

[6][7]. Compared with MPDSC has a simpler structure. However, existing literature rarely researches position 

servo systems based on MPDSC [8]. Like other forms of MPC, the control performance of MPDSC depends 

on the system model, involving motor electrical factors, mechanical parameters, and load torque [9]. The 

motor's electrical parameters will change with changing motor working conditions. The mechanical parameters 

cannot be directly obtained by measurement, and the measurement of load torque requires additional devices 

[10]. To overcome the influence of parameter uncertainty, one method is to perform online global identification 

of all motor parameters and load torque. The authors suggested an SMO created on a super-helical procedure 

for sensorless control of PMSMs. While this approach uses a fixed sliding mode coefficient, it can suppress 

system chattering but cannot accurately estimate the speed and rotor position [11].  

Furthermore, its ability to suppress system disturbances is poor, and its robustness is weak. The authors 

proposed an adaptive observer approach to enhance the performance of both the controller and the observer, 

resulting in improved chatter suppression and interference rejection. However, the use of an adaptive observer 

increases the system design complexity [12][13]. The SMO is a nonlinear method created on a variable 

construction scheme [14]. It reduces the dependency on the system model to some degree. However, the 

traditional SMO may experience chattering [15], which may lead to deviations in the results. Therefore, [16] 

constructed a back-electromotive force observer to separate the back-electromotive force signal and suppress 

chattering [17]. Designed a new hybrid sliding mode observer (SMO) that achieves low chattering and 

implements adaptive modification of the limit layer of the sinusoidal input function through a fuzzy control 

system to further suppress chattering. designed a sliding mode control law in which the gain changes adaptively 

with the system state, thereby improving the robustness of the system [18]. Used an adaptive link to replace 

the filter to enhance the evaluation precision of the back-electromotive force [19]. Proposed a wide-band 

synchronous fundamental frequency extraction filter to extract the assessed back-electromotive force 

fundamental wave and improve the estimation accuracy [20]. In [21], A second-order SMO was suggested that 

combines the sliding mode gain of the SMO created on the super-helix procedure with the back-propagation 

neural network optimization and the improved phase-locked loop, which realizes the online gain adjustment 

and improves the dynamic response of the system. Proposes a method based on flux injection for identifying 

motor electrical parameters [22]. However, the additional signal injection required to introduce these 

parameters may impact the system's regular operation. Proposed a global factor identification scheme based on 

the particle swarm optimization system.  

However, this biological heuristic algorithm requires iterative optimization of a great amount of data and 

cannot be utilized by digital processors. In addition, in the position servo system, the motor is often in a 

dynamic operation state, and parameter identification in a short dynamic process is still a difficulty in current 

research [23][24]. Another method is to compensate for factor mismatch and load disturbance based on the 

observer [25][26]. Among them, the SMO has received widespread attention due to its strong robustness. 

Proposed an SMO that can observe the mismatch of all electrical parameters [27][28]. Proposed an SMO for 

variable speed and variable load conditions to achieve adaptive identification of load torque [29][30]. However, 

motor parameter mismatch and load disturbance usually exist at the same time, and both will affect the control 

performance of MPDSC [31]. 

The suggested controller directly uses the adaptive disturbance estimates in the predictive voltage 

equation and the calculation of the q-axis current reference, unlike conventional MPDSC (Motor Parameter 

Disturbance Compensation) approaches, which use fixed motor parameters. Thus, the prediction model is 

updated continuously online to minimize prediction errors due to stator resistance variations, as well as load 

torque disturbances and uncertainty of the inductance of the prediction model. The mathematical coupling 

between the adaptive observer and the predictive controller is the main difference between the proposed 

approach and the usual observer-assisted MPDSC schemes. The characteristics and limitations of the most 

commonly used observer techniques are summarized in Table 1 to better emphasize the constraints of the 

current set of MPDSC strategies based on observer data. 
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1.1. Research Gap 

Although significant advances have been made in both MPDSC and observer-based PMSM control 

solutions, there are still some key challenges. Nevertheless, the conventional MPDSC algorithms are mostly 

based on the fixed motor factors, and are sensitive to the differences in the electrical factors or the load 

disturbances. Typical back-EMF observers and conventional sliding-mode observers typically estimate only a 

portion of the system uncertainties and typically use a fixed observer gain, which is associated with a limitation 

in the rejection ability of the observer and the chattering phenomenon. While there are extended state observers 

and optimization-based factor identification approaches that have been suggested, they tend to increase the 

computational complexity or require iterative optimization, and hence are not as suited for real-time finite-

control-set predictive control. Hence, there is a need for a computationally efficient predictive control scheme 

that is capable of compensating for parameter mismatch and load disturbances, as well as having low 

computational complexity, as in conventional MPDSC. 

 

1.2. Contributions 

The main research contribution of the article is to introduce a strong adaptive (SMO)-assisted  (MPDSC) 

strategy for PMSM Drives under the condition of parameter uncertainty and load disturbances. The proposed 

method combines an adaptive disturbance estimation mechanism with an MPDSC approach, which does not 

rely on fixed-gain observers and can compensate for mismatches in the electrical parameters and external load 

disturbance in real time. The proposed controller directly incorporates the disturbances estimated from the 

model into the voltage model prediction and q-axis current reference calculation, which means that the 

controller can continuously improve the prediction accuracy without increasing the prediction horizon or 

introducing iterative optimization. Moreover, the adaptive observer gain mechanism ensures that the proposed 

observer does not chatter and the disturbance estimation is more accurate and robust over different operating 

conditions. Comprehensive MATLAB/Simulink simulations show the effectiveness of the suggested strategy, 

and it is validated to achieve better dynamic response, less current harmonic distortion, less torque ripple, and 

better disturbance rejection performance than the conventional MPDSC strategy under constant-speed, 

variable-speed, variable-load, and low-speed operating conditions. 

 
Table 1. Comparison of Existing Observer Techniques 

Observer Technique Main Principle Limitations Effect on MPDSC 

Back-EMF Observer 
Estimates rotor position using 

back-EMF 

Sensitive to parameter variations, poor 

low-speed performance 

Reduced prediction 

accuracy 

Conventional (SMO) 
Fixed-gain sliding-mode 

estimation 
Chattering and fixed observer gains 

Limited disturbance 
rejection 

Extended State 

Observer (ESO) 
Estimates lumped disturbances 

Higher-order observer and tuning 

complexity 

Increased computational 

burden 
PSO-Based Parameter 

Identification 
Online parameter optimization 

Iterative optimization and high 

computational cost 

Unsuitable for real-time 

implementation 

Proposed Adaptive 

SMO 

Adaptive disturbance 
estimation integrated with 

MPDSC 

Adaptive gain tuning with simultaneous 

parameter and load compensation 

Improved prediction 

accuracy and robustness 

 

2. METHODS 

2.1. Mathematical Model of a PMSM 

Figure 1 illustrates the topology of the three-phase PMSM servo system, based on a two-level converter, 

as studied in this paper [32][33]. In the d-q orientation organized system, the stator voltage and torque can be 

articulated as: 

 𝑢𝑞 = 𝑅𝑠 ∗ 𝑖𝑞 + 𝜔𝑒 ∗ 𝛷𝑑 + 𝐿𝑞 ∗
𝑑

𝑑𝑡
𝑖𝑞 (1) 

 
𝑢𝑑 = 𝑅𝑠 ∗ 𝑖𝑑 − 𝜔𝑒 ∗ 𝛷𝑞 + 𝐿𝑑 ∗

𝑑

𝑑𝑡
𝑖𝑑 (2) 

 
𝑇𝑒 =

3

2
(
𝑝

2
)(𝛷𝑑 ∗ 𝑖𝑞 − 𝛷𝑞 ∗ 𝑖𝑑 (3) 

In the formula, 𝑢𝑑 and 𝑢𝑞 Are the d-axis and q-axis voltages, respectively? 𝑖𝑑 and 𝑖𝑞  Are the d-axis and 

q-axis currents, respectively; Rs is the stator resistance; 𝐿𝑑 and 𝐿𝑞 are the d-axis and q-axis inductances, 

respectively [34][35].  𝜔𝑒 𝐼𝑠 the electrical angular velocity; Te is the electromagnetic torque; and 𝑝 is the 
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number of pole pairs. In a surface-mount PMSM, Ld=Lq=L. The mechanical equation of the PMSM can be 

articulated as: 

 𝜔𝑚 = ∫
𝑇𝑒 − 𝑇𝐿 − 𝐵 ∗ 𝜔𝑚

𝐽
𝑑𝜔𝑚 (4) 

Where 𝜔𝑚 is the mechanical angular velocity, 𝑇𝐿  The load torque, B, is the viscous friction factor, and J 

is the moment of inertia. 

 

 
Figure 1. Topology of a three-phase PMSM  based on a two-level converter 

 

2.2. Model Predictive Direct Speed Control 

 Since a one-beat delay exists in digital control, it affects the system's control performance and needs to 

be compensated for [36][37]. When the sampling frequency is sufficiently large, the forward Euler technique 

can be used to discretize the motor voltage equation (1). Based on the voltage and current at time 𝑘, the current 

at time 𝑘 + 1 can be attained as 

 𝑖𝑑(𝑘 + 1) = (1 −
𝑅𝑠 ∗ 𝑇𝑠

𝐿𝑑
) 𝑖𝑑(𝑘) + (

𝜔𝑒 ∗ 𝐿𝑞 ∗ 𝑇𝑠

𝐿𝑑
) 𝑖𝑞(𝑘) + (

𝑇𝑠

𝐿𝑑
)𝑉𝑑 (5) 

 
𝑖𝑞(𝑘 + 1) = (1 −

𝑅𝑠 ∗ 𝑇𝑠

𝐿𝑞
) 𝑖𝑞(𝑘) − (

𝜔𝑒 ∗ 𝐿𝑑 ∗ 𝑇𝑠

𝐿𝑞
) 𝑖𝑑(𝑘) + (

𝑇𝑠

𝐿𝑑
) 𝑉𝑞 −

𝜔𝑟 ∗ 𝜓𝑚∗𝑇𝑠

𝐿𝑞
 (6) 

Where 𝑇𝑠 is the sampling period, 𝜔𝑒 The electrical angular velocity at time 𝑘, substituting equation (4) 

and equation (5) into the voltage discrete equation, it can obtain the voltage equation at time 𝑘 + 1 can be 

obtained: 

 𝑢𝑑(𝑘 + 1) = (𝑅𝑠 −
𝐿𝑑

𝑇𝑠
) 𝑖𝑑(𝑘 + 1) − 𝜔𝑒 ∗ 𝐿𝑞 ∗ 𝑇𝑠 𝑖𝑞(𝑘 + 1) + (

𝐿𝑑

𝑇𝑠
)𝑖𝑑(𝑘 + 1) (7) 

 
𝑢𝑞(𝑘 + 1) = (𝑅𝑠 −

𝐿𝑑

𝑇𝑠
) 𝑖𝑞(𝑘 + 1) + [𝜔𝑒 ∗ 𝐿𝑞 ∗ 𝑇𝑠 𝑖𝑑(𝑘 + 1) + 𝜓𝑚] + (

𝐿𝑑

𝑇𝑠
)𝑖𝑞(𝑘 + 1) (8) 

 

2.3. Orientation Voltage Calculation 

Substituting equation (2) into equation (3) and discretizing it yields the motor speed at time 𝑘 + 1. 

 𝜔𝑚(𝑘 + 1) = 𝜔𝑚(𝑘) +
𝑇𝑠𝑝

𝐽
[
3

2
∗ 𝑝 ∗ 𝜓𝑚 ∗ 𝑖𝑞(𝑘 + 1) − 𝑇𝑙] −

𝐵 ∗ 𝑇𝑠𝑝 ∗ 𝜔𝑚(𝑘)

𝐽
 (9) 

Because the motor's mechanical time constant is much superior to its electrical time constant, the speed 

sampling period Tsp is typically greater than the sampling period 𝑇𝑠. In this paper, 𝑇𝑠𝑝 = 10 𝑇𝑠. To follow the 

reference speed at the next moment, an MPDSC control method is used [38]. In equation (6), 𝜔𝑚(𝑘 + 1) is 

represented by 𝜔𝑚
∗ , and 𝑖𝑞(𝑘 + 1) is represented by 𝑖𝑞

∗ . The orientation value of the q-axis current can be stated 

as 

 𝑖𝑞
∗ =

2

3𝑝 ∗ 𝜓𝑚

[
𝐽

𝑇𝑠𝑝
(𝜔𝑚

∗ − 𝜔𝑚(𝑘)) + 𝑇𝑙 + 𝐵 ∗ 𝜔𝑚(𝑘)] (10) 
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Using the same method, we can express 𝑖𝑑(𝑘 + 1) and 𝑖𝑞(𝑘 + 1) in equation (5) as 𝑖𝑑
∗  and 𝑖𝑞

∗ , and attain 

the orientation voltage at time 𝑘 + 1. 

 𝑢𝑑
∗ = (𝑅𝑠 −

𝐿𝑑

𝑇𝑠
) 𝑖𝑑(𝑘 + 1) − 𝜔𝑒(𝑘) ∗ 𝐿𝑞 ∗ 𝑖𝑞(𝑘 + 1) + (

𝐿𝑑

𝑇𝑠
)𝑖𝑑

∗  (11) 

 
𝑢𝑞

∗ = (𝑅𝑠 −
𝐿𝑑

𝑇𝑠
) 𝑖𝑞(𝑘 + 1) + [𝜔𝑒(𝑘) ∗ 𝐿𝑞 ∗ 𝑖𝑑(𝑘 + 1) + 𝜔𝑒(𝑘) ∗ 𝜓𝑚] + (

𝐿𝑑

𝑇𝑠
)𝑖𝑞

∗  (12) 

This paper adopts the control method of 𝑖𝑑
∗  = 0. 

 

2.4. Orientation Cost Function Calculation 

In FCS-MPDSC, the cost function consists of two parts [39][40]. The first part is the tracking error, as 

shown in Equation (9). Since the reference voltage contains information about the reference speed and 

reference current, the speed and current can be tracked using a cost function [41][42]. 

 𝐺 = (𝑢𝑑
∗ − 𝑢𝑑)2 + (𝑢𝑞

∗ − 𝑢𝑞)2 (13) 

When the motor speed satisfies the two inequalities in equation (14), it can be determined that the motor 

is in a steady state; otherwise, the motor is in a dynamic state. In equation (14), 𝜔1 Is the threshold for the 

absolute value of the difference between the reference speed and the actual speed. It is usually set to at least 10 

times the speed fluctuation in steady state to prevent slight fluctuations in the speed in steady state from causing 

false switching [43][44]. 𝜔2 is the threshold for the absolute value of the variance between the reference speed 

at time k and time k-1. The value is usually selected to be of the same order of magnitude as the speed 

fluctuation in the steady state. When the system transitions from a steady state to a transient state, due to the 

change in the reference speed, the controller can promptly determine the motor's operating status and respond 

quickly. The switching principles of the control strategy are as follows 

 [
|𝜔𝑚

∗ (𝑘) − 𝜔𝑚(𝑘)| < 𝜔1

|𝜔𝑚
∗ (𝑘) − 𝜔𝑚

∗ (𝑘 − 1)| < 𝜔2
 (14) 

MPDSC Strategy In a position PMSM, the motor operates in both dynamic and steady states. Figure 2 

demonstrates the control block illustration of the PMSM location created on the MPSDCS strategy [45][46]. 

The specific steps are as follows. 

(1) Compensate the controller's one-shot delay according to equation (5) and equation (6). 

(2) Compute the orientation voltage according to equation (10) to equation (12). 

(3) Determine the motor's operating state according to equation (14) and determine the control strategy to be 

adopted. 

(4) Determine whether the switch state meets the control constraints, determine the value function, and select 

the optimal switch vector. 

(5) Set the switch vector or switch vector combination for the next cycle and return to step (1). 

 

 
Figure 2. Block diagram based on traditional MPDSC strategy 
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2.5. Improved MPSDCS strategy  

 Figure 3 demonstrates the control block design of the improved MPDSC strategy for a PMSM position 

based on parameter disturbance and load observer [47][48]. To improve the robustness of MPDSC, this article 

suggests an SMO. A factor disturbance and burden observer is designed and created using control theory [49] 

[50]. Considering the system parameter mismatch and load disturbance, the d-axis and q-axis reference voltage 

equations and the q-axis reference current equation are shown in Equation (15): 

 𝑢𝑑(𝑘) = (𝑅𝑠 −
𝐿𝑑

𝑇𝑠
) 𝑖𝑑(𝑘) − 𝜔𝑒(𝑘) ∗ 𝐿𝑞 ∗  𝑖𝑞(𝑘) + (

𝐿𝑑

𝑇𝑠
) 𝑖𝑑(𝑘 + 1) + 𝑓𝑑(𝑘) (15) 

 
𝐹𝑑 =

𝑓𝑑(𝑘 + 1) − 𝑓𝑑(𝑘)

𝑇𝑠
 (16) 

 
𝑢𝑞(𝑘) = (𝑅𝑠 −

𝐿𝑑

𝑇𝑠
) 𝑖𝑞(𝑘) + [𝜔𝑒(𝑘) ∗ 𝐿𝑞 ∗ 𝑖𝑑(𝑘) + 𝜔𝑒(𝑘) ∗ 𝜓𝑚] + (

𝐿𝑑

𝑇𝑠
) 𝑖𝑞(𝑘 + 1) + 𝑓𝑞(𝑘) (17) 

 
𝐹𝑞 =

𝑓𝑞(𝑘 + 1) − 𝑓𝑞(𝑘)

𝑇𝑠
 (18) 

 
𝑖𝑞

∗ =
2 ∗ 𝐽

3𝑝 ∗ 𝜓𝑚 ∗ 𝑇𝑠𝑝
[(𝜔𝑚(𝑘 + 1) − 𝜔𝑚(𝑘))] + [

2 ∗ (𝑇𝑙 + 𝐵 ∗ 𝜔𝑚(𝑘))

3𝑝 ∗ 𝜓𝑚

] + 𝑓𝜔(𝑘) (19) 

 
𝑓𝜔(𝑘) =

𝑓𝜔(𝑘 + 1) − 𝑓𝜔(𝑘)

𝑇𝑠
 (20) 

Where 𝑓𝑑, 𝑓𝑞, and 𝑓𝜔 Represent the sum of the disturbances due to factor mismatch and load, and 𝐹𝑑, 𝐹𝑞, 

and 𝐹𝜔 , represent the rate of change of the disturbance. 𝑢𝑑𝑆𝑀𝑂, 𝑢𝑞𝑆𝑀𝑂, and 𝑢𝜔𝑆𝑀𝑂 These are the SMC functions. 

The SMO surface and SMO convergence rate are defined as follows: 

 𝑆𝑑 = 𝑖𝑑
∗ − 𝑖𝑑(𝑘) 

(21)  𝑆𝑞 = 𝑖𝑞
∗ − 𝑖𝑞(𝑘) 

 𝑆𝑞 = 𝜔𝑚
∗ − 𝜔𝑚(𝑘) 

 𝑑𝑆𝑑

𝑑𝑡
= −𝐴𝑑|𝑆𝑑|𝑠𝑖𝑔𝑛(𝑆𝑑) 

(22) 
 𝑑𝑆𝑞

𝑑𝑡
= −𝐴𝑞|𝑆𝑞|𝑠𝑖𝑔𝑛(𝑆𝑞) 

 𝑑𝑆𝜔

𝑑𝑡
= −𝐴𝜔|𝑆𝜔|𝑠𝑖𝑔𝑛(𝑆𝜔) 

Where 𝐴𝑑, 𝐴𝑞, and 𝐴𝜔 are the convergence rate parameters, and sign () represents the sign function.  

The SMO function can be considered as follows: 

 𝑢𝑑𝑆𝑀𝑂 = 𝐿 𝐴𝑑|𝑆𝑑(𝑘)|𝑠𝑖𝑔𝑛(𝑆𝑑(𝑘)) − 𝑅𝑠𝑆𝑑(𝑘) 

(23) 
 𝑢𝑞𝑆𝑀𝑂 = 𝐿 𝐴𝑞|𝑆𝑞(𝑘)|𝑠𝑖𝑔𝑛 (𝑆𝑞(𝑘)) − 𝑅𝑠𝑆𝑞(𝑘) 

 𝑢𝜔𝑆𝑀𝑂 =
2𝐽

3𝑝 ∗ 𝜓𝑚

[ 𝐴𝜔|𝑆𝜔(𝑘)|𝑠𝑖𝑔𝑛(𝑆𝜔(𝑘)) −
2𝐵𝑆𝑑(𝑘)

3𝑝 ∗ 𝜓𝑚

 

Based on the equation (23) parameter disturbance and load torque observer, the q-axis reference current 

and reference voltage can be compensated in real time. The compensated q-axis reference current and reference 

voltage are shown below: 
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 𝑖𝑞
∗̂ =

2 ∗ 𝐽

3𝑝 ∗ 𝜓𝑚 ∗ 𝑇𝑠𝑝
[(𝜔𝑚

∗ − 𝜔𝑚̂(𝑘))] + [
2 ∗ (𝑇𝑙 + 𝐵 ∗ 𝜔𝑚̂(𝑘))

3𝑝 ∗ 𝜓𝑚

] ∗ 𝑓𝜔(𝑘 + 1) (24) 

 
𝑢𝑑

∗̂ = (𝑅𝑠 −
𝐿𝑑

𝑇𝑠
) 𝑖𝑑̂(𝑘 + 1) − 𝜔𝑒̂(𝑘) ∗ 𝐿𝑞 ∗  𝑖𝑞̂(𝑘 + 1) + (

𝐿𝑑

𝑇𝑠
) 𝑖𝑑

∗̂ + 𝑓𝑑̂(𝑘 + 1) (25) 

 
𝑢𝑞

∗̂ = (𝑅𝑠 −
𝐿𝑑

𝑇𝑠
) 𝑖𝑞̂(𝑘 + 1) + [𝜔𝑒(𝑘) ∗ 𝐿𝑞 ∗ 𝑖𝑑̂(𝑘 + 1) + 𝜔𝑒̂(𝑘) ∗ 𝜓𝑚] + (

𝐿𝑑

𝑇𝑠
) 𝑖𝑞

∗̂ + 𝑓𝑞̂(𝑘 + 1) (26) 

Finally, the parameter disturbance and load torque observer can be articulated as shadows. 

 

𝑖𝑑̂(𝑘 + 1) = 

(1 −
𝑅𝑠 ∗ 𝑇𝑠

𝐿𝑑
) 𝑖𝑑̂(𝑘) + (

𝜔𝑒(𝑘) ∗ 𝐿𝑞 ∗ 𝑇𝑠

𝐿𝑑
) 𝑖𝑞(𝑘) + (

𝑇𝑠

𝐿𝑑
) 𝑢𝑑(𝑘) − (

𝑇𝑠

𝐿𝑑
) 𝑓𝑑̂(𝑘) + (

𝐿𝑑

𝑇𝑠
) 𝑢𝑑𝑆𝑀𝑂 

(27) 

 𝑓𝑑̂(𝑘 + 1) = 𝐾𝑑 ∗ 𝑢𝑑𝑆𝑀𝑂 ∗ 𝑇𝑠 + 𝑓𝑑̂(𝑘) (28) 

 𝑖𝑞̂(𝑘 + 1) = 

(1 −
𝑅𝑠 ∗ 𝑇𝑠

𝐿𝑞
) 𝑖𝑞̂(𝑘) − (

𝜔𝑟 ∗ 𝐿𝑑 ∗ 𝑇𝑠

𝐿𝑞
) 𝑖𝑑(𝑘) + (

𝑇𝑠

𝐿𝑑
) 𝑢𝑞(𝑘) −

𝜔𝑟 ∗ 𝜓𝑚∗𝑇𝑠

𝐿𝑞
 

− (
𝑇𝑠

𝐿𝑑
) 𝑓𝑞̂(𝑘) − (

𝑇𝑠

𝐿𝑑
) 𝑢𝑞𝑆𝑀𝑂 

(29) 

 𝑓𝑞̂(𝑘 + 1) = 𝐾𝑞 ∗ 𝑢𝑞𝑆𝑀𝑂 ∗ 𝑇𝑠 + 𝑓𝑞̂(𝑘) (30) 

 
𝜔𝑚̂(𝑘 + 1) = 𝜔𝑚(𝑘) +

3 ∗ 𝑇𝑠𝑝𝑝 ∗ 𝜓𝑚 ∗

2𝐽
[𝑖𝑞̂(𝑘 + 1) − 𝑓𝜔̂(𝑘) − 𝑢𝜔𝑆𝑀𝑂]

−
𝐵 ∗ 𝑇𝑠𝑝 ∗ 𝜔𝑚(𝑘) + 𝑇𝑙 ∗ 𝑇𝑠𝑝

𝐽
 

(31) 

 𝑓𝜔̂(𝑘 + 1) = 𝐾𝜔 ∗ 𝑢𝜔𝑆𝑀𝑂 ∗ 𝑇𝑠𝑝 + 𝑓𝜔̂(𝑘) (32) 

Where 𝐾𝑑, 𝐾𝑞 , and 𝐾𝜔are sliding mode parameters 

 

 
Figure 3. Block diagram based on improved MPDSC strategy 
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2.6. Research Methodology Flowchart  

The research methodology is illustrated in Figure 4, detailing the development of an (MPDSC) framework 

for a three-phase (PMSM). It begins with mathematical modeling, followed by the addition of an adaptive 

(SMO) for real-time assessment of electrical parameter mismatches and load disturbances. This estimation 

enhances prediction accuracy and disturbance rejection by compensating for the predictive voltage model and 

q-axis current reference. The methodology employs a finite-control-set objective function to limit the optimal 

inverter switching state for controlling the (VSI) of the PMSM. Effectiveness is demonstrated through 

MATLAB/Simulink simulations across various conditions, including variable-speed, variable-load, and low-

speed scenarios. 

 

 
Figure 4. Shows the proposed research methodology 

 

2.7. Stability Analysis of the Suggested Adaptive SMO  

A Lyapunov stability analysis is carried out to check the convergence and stability of the suggested 

adaptive SMO. Define estimation errors of the d-axis current, q-axis current, and speed as the corresponding 

sliding surfaces 𝑆𝑑, 𝑆𝑞 , and 𝑆𝜔 defined in equation (19) to equation (22), respectively. The adaptive sliding-

mode control laws are specified in (23), and the disturbance observer update equations are defined in equation 

(27) to equation (32) and their dynamics are governed by the observer. The quadratic Lyapunov candidate 

function is chosen as 

 𝑉 =
1

2
(𝑆𝑑

2+𝑆𝑞
2+𝑆𝜔

2 ) (33) 

Taking the time derivative of (33) gives 

 𝑉̇ = 𝑆𝑑𝑆̇𝑑 + 𝑆𝑞𝑆̇𝑞 + 𝑆𝜔𝑆̇𝜔 (34) 

By replacing the adaptive sliding mode control laws of (23) into the error dynamics, it is found that the 

adaptive SMO laws can ensure that the error dynamics are 

 𝑉̇ = −𝐴𝑑 ∣ 𝑆𝑑 ∣ −𝐴𝑞 ∣ 𝑆𝑞 ∣ −𝐴𝜔 ∣ 𝑆𝜔 ∣ +Δ(𝑡) (35) 

The bounded uncertainty 𝛥(𝑡) due to parameter mismatches and external load disturbances. The adaptive 

gains 𝐴𝑑, 𝐴𝑞, and 𝐴𝜔 are chosen so that. 

 𝐴𝑖 > Δmax , 𝑖 = 𝑑, 𝑞, 𝜔 (36) 
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The Lyapunov derivative is satisfied as shown below: 

 𝑉̇ < 0, ∀(𝑆𝑑 , 𝑆𝑞 , 𝑆𝜔) ≠ 0 (37) 

Based on Lyapunov's direct stability theorem, the sliding surfaces tend to vanish asymptotically, 

 lim 
𝑡→∞

𝑆𝑑 = lim 
𝑡→∞

𝑆𝑞 = lim 
𝑡→∞

𝑆𝜔 = 0 (38) 

This guarantees stable estimation of the parameter disturbances and load torque. Thus, the compensated 

reference current and voltage equations expressed by equation (24) to equation (26) always minimize the 

prediction error for the MPDSC algorithm and enhance the robustness of the control against disturbances. 

 

2.8. Computational Complexity Analysis  

The proposed adaptive SMO-assisted (MPDSC) approach aims to enhance the disturbance rejection 

capabilities while maintaining the computational efficiency of the existing finite-control-set MPDSC 

algorithm. The proposed method at each sampling interval checks the same set of a finite number of inverter 

switching states, while the optimization-based predictive controllers need to use iterative numerical 

optimization or an extended prediction horizon. Thus, the computational structure of the predictive controller 

remains the same. This extra computation arises because of the implementation of the Adaptive (SMO) that is 

used to estimate the mismatches between the electrical parameters and the load disturbances in real-time. The 

primary computations are algebraic operations and observer update equations for which matrix inversion and 

iterative optimization are not necessary. This means that the computation time is not too high and can be used 

in real time. Table 2 shows the computational complexity of the conventional and proposed MPDSC strategies. 

 
Table 2. Computational complexity comparison 

Operation Conventional MPDSC Proposed Adaptive SMO-MPDSC 

Prediction model evaluation 8 8 

Cost function evaluations 8 8 

Observer update equations 0 6 

Additional multiplications 0 18 

Additional additions 0 15 
Matrix inversion No No 

Iterative optimization No No 

Prediction horizon One-step One-step 
Real-time implementation Yes Yes 

 

3. RESULT AND DISCUSSION 

To ratify and ideate the control strategy that has been projected and discussed within the boundaries of 

this scholarly item, an advanced testing platform amounting to a two-level three-state Permanent Magnet 

Synchronous Motor (PMSM) was meticulously designed and assembled to facilitate exact exploratory 

reasoning. Furthermore, the various imitation limits that pertain particularly to the conduct and functional 

characteristics of the PMSM under search are completely itemized and presented in a smooth plan, which may 

be about Table 3, through providing critical insights into the engine's behavior under various functional 

environments. 

 
Table 3. Shows PMSM parameters 

Parameter Values 

Rs 1.3Ω 
Lq=Ld 0.009H 

Pole Pairs 3 

Flux 0.41Wb 
Udc 300V 

𝐾𝑑, 𝐾𝑞, and 𝐾𝜔 0.4,3.245,2.35 

 

3.1. Case 1 is When the Speed is Constant and the Load Changes From 0 to 5 to 10 

This system was tested at constant speed and variable load, with the reference speed being 1500 rpm. The 

speed response shown in Figure 5 is identical to the reference speed, but the overshoot is high under load 

conditions. When the speed was fixed, and the load increased as shown in Figure 5 from 0 to 5 and 10 Nm, the 

speed response showed a high-speed disturbance in cases of load change. At a time of 5s, it led to a speed 

decrease of 1475. Furthermore, at 15 seconds, it led to an increase in speed, reaching 1530. Using the traditional 

MPDSC strategy, the position access time is about 40ms, at times 5 s, or 15 s. 
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The estimated position error of the conventional approach called MPDSC is illustrated as a waveform in 

Figure 6. It is remarkable to note that the size of the error estimate is quite considerable, which suggests that 

there could be some issues with the control strategy used. At 5s, an error is observed that has a strong overshoot 

of 28 units, and at 15s, the error is observed again and is a strong -30 units. In addition, there is a significant 

variation or ripple in the estimation of error, indicating some instability in the system's reaction. This difference 

in the error dynamics may hurt the process control system's performance and reliability. Therefore, it is 

important to further investigate these error characteristics for improved overall effectiveness of the MPDSC 

approach. 

During the motor operation phase, in terms of speed and error, the fluctuations under MPDSC improved, 

while the fluctuations under the are small. When the speed was fixed, and the load increased as shown in Figure 

7, from 0 to 5 and 10 Nm, the speed response showed a low-speed disturbance in cases of load change. At a 

time of 5s, it led to a speed decrease of 1490. Also, at a time of 15s, it led to an increase in speed reaching 

1512. Using the improved MPDSC strategy, the position access time is about 38ms, at times 5s and 15s.  

Figure 8 shows the waveform equivalent to the guessed position error for the embellished (MPDSC) 

methods. The belief in mistakes is the least. At the 5-second mark, the error is noticed to exhibit an omission 

of 10, and at the 15-second mark, the omission is written as -12. The ripple in the wrong direction is slight. 

 

 
Figure 5. Speed with conventional MPDSC 

 

 
Figure 6. Speed error with conventional MPDSC 

 

 
Figure 7. Speed with improved MPDSC 
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Figure 8. Speed error with improved MPDSC 

 

3.2. Case 2 is When the Load is Constant, and the Speed Changes 

When the load is held constant, and the rotational speed is augmented as depicted in Figure 9 from 0 to 

200 to 400 to 900 and 1500 rpm at the respective time intervals of [0 0.1 0.11 4 4.1 8 8.1 12 12.1 20.5] seconds, 

the response in speed exhibits significant fluctuations, ultimately achieving stabilization after 40 milliseconds. 

The speed error is shown as shown in Figure 10. The overshoot is significant, and the oscillations in the error 

are significant too. The error is seen to have an overshoot of 2.58 at the time mark of 4 seconds and becomes 

5.2 at 12 seconds. 

When the load remains constant, and the speed is increased as shown in Figure 11 from 0 to 200 to 400 

to 900 and 1500 rpm at times [0 0.1 0.11 4 4.1 8 8.1 12 12.1 20.5] seconds respectively, the speed response 

shows low fluctuations and stabilizes after 35ms. Figure 12 shows the speed error. The overshoot and the ripple 

in the error are small. At 4 s, the error is seen to be an overshoot of 0.27, and at 12 s, the overshoot is 0.9. The 

MPDSC optimization significantly improves the dynamic stability quality of the PMSM system, effectively 

enhancing the system's performance and verifying the feasibility of this approach. 

Figure 13 shows the stator current of the traditional MPDSC. The fluctuations of the current are large, 

and the ripple is high. To further analyze the impact of motor factor changes on the transient performance of 

the stator three-phase current (iabe), a fast Fourier transform analysis (FFT) of phase A current was performed. 

At the same switching frequency, Figure 14 shows that the THD of the traditional MPDSC is 13.95%. 

Conventional control has a ripple current waveform and a higher pulse. The FFT analysis was carried out for 

the rated operating condition with a fundamental electrical frequency of 75 Hz. The harmonic spectrum has 

been calculated for the fundamental stator current component, and the presented values of THD were derived 

from it. 

Figure 15 illustrates that the stator current waveform of the improved MPDSC is as close as possible to 

the sinusoidal waveform, and the latter controller exhibits a smoother current waveform, less pulsation, and 

better motor stability. Also, MPDSC improved the no-overshoot. At the same switching frequency, Figure 16 

displays that the THD of the MPDSC improved to 2.41%. Improved control has a low ripple current waveform 

and a low pulse. The FFT analysis was carried out for the rated operating condition with a fundamental 

electrical frequency of 75 Hz. The harmonic spectrum has been calculated for the fundamental stator current 

component, and the presented values of THD were derived from it. 

 

 
Figure 9. Speed with conventional MPDSC 
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Figure 10. Speed error with conventional MPDSC 

 

 
Figure 11. Speed with improved MPDSC 

 

 
Figure 12. Speed error with improved MPDSC 

 

 
Figure 13. 3-Phase Currents with the MPDSC conventional 
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Figure 14. Displays the THD with the MPDSC conventional 

 

 
Figure 15. 3-Phase Currents with the improved MPDSC 

 

 
Figure 16. Shows the THD with the improved MPDSC 
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3.3. Case 3 is When the Load Changes, and the Low-Speed Changes  

The speed response has some fluctuation when the speed and load change. This is shown in Figure 17 

and Figure 18 at low speed. The improved method has little overshoot and ripple. The introduction of the 

MPDSC optimization has an important impact on the dynamic stability of the PMSM system, which can further 

enhance the performance of the system and verify the feasibility of this technique. 

The electromagnetic torque (𝑇𝑒) responses of the PMSM drive to variable load conditions are shown in 

Figure 19 and Figure 20, respectively corresponding to the standard MPDSC and the suggested adaptive SMO-

assisted MPDSC. The actual developed electromagnetic torque is shown as a red curve, while the reference 

electromagnetic torque (𝑇𝑒, ref) is displayed as a blue curve in both figures. The conventional MPDSC can 

track the reference torque, but it is found that the torque oscillations are noticeable after load variations caused 

by factor mismatch and external disturbances, as demonstrated in Figure 19. Overall, the adaptive SMO-

assisted MPDSC delivers much smoother torque tracking with quicker recovery, as shown in Figure 20, and 

much lower torque ripple under the same operating conditions. The better performance is due to the adaptive 

sliding-mode observer, which is continuously estimating and compensating for the uncertainty of the 

parameters and load disturbances, which increases the accuracy of the prediction of the MPDSC algorithm. 

From a quantitative point of view, the proposed controller also results in a reduction of torque ripple from about 

27% (conventional MPDSC) to about 3% (proposed controller), thus confirming the superior dynamic 

response, robustness, and steady-state torque regulation. 

Table 4 lists the main quantitative performance metrics of the conventional MPDSC as well as the 

proposed adaptive SMO-assisted MPDSC. The proposed controller offers a significant decrease in current 

THD (from 13.95% to 2.41%) and torque ripple (from 27% to 3%), and at the same time reduces the settling 

time (40ms to 38ms), and improves speed tracking performance under load disturbances. The proposed 

disturbance compensation mechanism is effective, as evidenced by these combined improvements. 

Table 5 quantitatively compares the conventional MPDSC and the proposed Adaptive SMO-assisted 

MPDSC. While the increase in settling time is relatively small (40ms to 38ms), the proposed controller also 

provides a large amount of reduction in the current THD and torque ripple, as well as better disturbance 

rejection and steady state stability. The proposed adaptive disturbance compensation mechanism has been 

shown to enhance the transient and steady state control performance, as the combined improvements are shown. 

The qualitative comparison of the proposed adaptive SMO-assisted MPDSC scheme with some of the 

representative observer-based PMSM control schemes reported in the literature is shown in Table 6. Despite 

its simplicity, conventional MPDSC has been shown to have poor performance levels when handling parameter 

uncertainties and load disturbances. The observer-based methods, like Modified Flux SMO and Load Adaptive 

SMO, enhance the accuracy of estimation but are mainly used for operation without any sensors or parameter 

estimation. Also, ADRC-based strategies demonstrate good disturbance rejection properties, but they also 

typically use control structures that differ. Unlike the current controller, however, the proposed controller 

incorporates an adaptive sliding-mode observer, which allows parameter mismatch errors and load disturbance 

errors to be simultaneously compensated and retains the computational convenience of one-step predictive 

control. These attributes are seen in the better current THD, improved speed tracking, and greatly reduced 

torque ripple that have been achieved in the present study. 

 

 
Figure 17. Speed with conventional MPDSC 
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Figure 18. Speed with improved MPDSC 

 

 
Figure 19. Torque with improved MPDSC 

 

 
Figure 20. Torque with conventional MPDSC 

 
Table 4. Lists the main quantitative performance 

Performance Index Conventional MPDSC Proposed 

Settling Time (ms) 40 38 

Current THD (%) 13.95 2.41 

Torque Ripple (%) 27 3 
Speed Tracking Moderate Excellent 

Disturbance Rejection Moderate Excellent 

 
Table 5. Quantitative Performance Comparison 

Performance Index Conventional MPDSC Proposed Adaptive SMO-Assisted MPDSC Improvement 

Speed Tracking Good Excellent Improved 

Disturbance Rejection Moderate Excellent Improved 

Steady-State Stability Good Excellent Improved 
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Table 6. Compares the proposed controller with recent observer-based PMSM controllers qualitatively. 

Method Main Characteristics Limitations 
Comparison with the Proposed 

Method 

ADRC-Based 

PMSM 

Control 

[21][23] 

Excellent disturbance 

rejection through active 

disturbance estimation. 

Higher controller complexity does not 

exploit the finite-control-set predictive 

control framework. 

The proposed method preserves the 

MPDSC structure while providing 
online disturbance compensation with 

lower implementation complexity. 

Modified 

Flux SMO 

[25] 

Online estimation of stator 

resistance and inductance 

improves sensorless 
operation. 

Primarily focuses on parameter 
estimation and does not directly 

compensate for simultaneous electrical 

parameter mismatch and load 
disturbances within the predictive 

controller. 

The proposed adaptive SMO 

simultaneously estimates parameter 
disturbances and load torque while 

directly enhancing MPDSC prediction 

accuracy. 

Load-

Adaptive 

SMO [31] 

An adaptive observer 

improves load estimation and 

dynamic response under 
varying operating conditions. 

Observer performance depends on 
adaptive tuning and is mainly designed 

for position servo applications. 

The proposed method integrates 
adaptive SMO with MPDSC to 

improve disturbance rejection and 

predictive speed control under both 
parameter uncertainties and load 

variations. 

Proposed 

Adaptive 

SMO-

Assisted 

MPDSC 

Adaptive estimation of 

parameter mismatch and load 

disturbance combined with 
finite-control-set MPDSC. 

Simulation validation only; 
experimental implementation remains 

future work. 

Achieves improved speed tracking, 
disturbance rejection, lower current 

THD (2.41%), and reduced torque 

ripple (3%) while maintaining the 
simplicity of one-step predictive 

control. 

 

4. CONCLUSIONS 

In this paper, an adaptive (SMO)-assisted (MPDSC) approach for PMSM drives under parameter 

uncertainties and load disturbances is presented. The proposed controller has successfully incorporated an 

adaptive disturbance observer into the predictive control structure, which ensures that the electrical parameter 

mismatches and external load disturbances are compensated for at all times, thereby enhancing the prediction 

accuracy and disturbance rejection. Simulation results showed that the proposed strategy could reduce the 

settling time from around 40ms to 38ms, the stator current THD from 13.95% to 2.41%, and the torque ripple 

from 27% to 3% without any loss of the accurate speed tracking under the varying speed and varying load 

operating conditions. The results display that the suggested adaptive observer can enhance the robustness and 

dynamic performance of the MPDSC strategy without iterative optimization or increasing the prediction 

horizon. However, there are some drawbacks to the proposed approach. No experimental testing has been 

conducted on a real PMSM drive, and the controller has only been tested through MATLAB/Simulink 

simulations. Additionally, the adaptive observer requires proper gain tuning, and the extra observer calculations 

are not negligible and must be tested on embedded hardware platforms. Further, the variations in the thermal 

parameters and possible measurement errors, under actual operating conditions, could also influence the 

performance of the observers. Thus, experimental implementation on DSP/FPGA platforms, Hardware-in-the-

Loop (HIL) validation, automatic observer gain tuning, and comprehensive real-time performance evaluation 

in realistic operational situations will be the key areas of future work. 
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