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 In this study, four advanced control schemes, Field-Oriented Control 

(FOC), Backstepping Control (BSC), Classical Sliding Mode Control 

(CSMC), and an Improved Sliding Mode Control (ISMC), are designed, 

implemented, and evaluated within a standalone Permanent Magnet 

Synchronous Generator (PMSG)-based WECS supplying an irrigation 

water pumping load. The proposed ISMC is explicitly formulated to 

suppress the chattering effect inherent in conventional sliding mode control 

while preserving robustness against system uncertainties and external 

disturbances. To ensure continuous and reliable operation during wind 

intermittency, a battery energy storage system is integrated, and a 

coordinated energy management strategy is developed to regulate power 

flow among the PMSG, battery, and pumping system. To objectively assess 

the effectiveness of each control strategy, a unified simulation framework 

is established in MATLAB/Simulink. The evaluation focuses on both 

steady-state and dynamic performance indices, namely the Total Harmonic 

Distortion (THD) of the PMSG three-phase stator currents and the 

convergence characteristics of the controlled variables. The results indicate 

that the proposed ISMC achieves superior harmonic suppression, yielding a 

THD reduction of 52% compared with FOC, 72% compared with CSMC, 

and 36% compared with BSC. These improvements directly reflect the 

enhanced switching behavior and reduced control-induced oscillations 

achieved by the ISMC formulation. In addition, convergence time analysis 

demonstrates a pronounced enhancement in transient response, with the 

ISMC reducing settling time by approximately 99% relative to FOC, 95% 

relative to CSMC, and 51% relative to BSC. This accelerated convergence 

confirms the effectiveness of the proposed control law in rapidly enforcing 

system trajectories onto the desired sliding surface. Collectively, the 

quantitative improvements in harmonic quality and dynamic response 

translate into improved power regulation and operational stability of the 

standalone WECS. Consequently, the proposed ISMC not only enhances 

current waveform quality and transient performance but also contributes to 

a more reliable and efficient integration of renewable energy and storage 

components in PMSG-based wind-driven pumping applications. 
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1. Introduction  

Developing and utilizing renewable energy sources for different purposes became the focus of 

interest during the last few decades for many fields of study due to several reasons, such as the need 

to reduce environmental pollution and the rising fossil fuel prices [1]. Renewable energy sources 

include various types like solar, wind, hydropower, geothermal, and biomass energy. By 2030, the 

contribution of electric energy generated by WECS is capable of reaching 20% of the world’s 

production [2]. 

One of the most important fields that has benefited from renewable energy sources is agriculture. 

Irrigation water pumping systems can consume a significant amount of electric energy, which can be 

produced by WECS, especially for Isolated areas not connected to the grid, as explained in [3], [4]. 

Those pumping systems are composed of multiple components, beginning with the wind turbine 

system, followed by the generator, power converters, control units, battery, induction motor, and the 

water pump with a tank. Among these components, the generation unit is crucial in determining the 

performance of the WECS based on its type and specifications. 

The main types of generators that can be used for WECS are Squirrel Cage Induction Generator 

(SCIG), Wound Rotor Induction Generator (WRIG), Doubly Fed Induction Generator (DFIG), Dual 

Stator-Winding Induction Generator (DWIG), Synchronous Generator with External Field Excitation, 

and Permanent Magnet Synchronous Generator (PMSG), which has many advantages such as high 

efficiency, enhanced power density, reduced maintenance requirements, and high power factor, which 

makes it a preferable choice for researchers developing WECS. Other types of generators can also be 

used for WECS, as explained thoroughly in [5].  

WECS can be categorized into two types. Fixed speed wind turbines and Variable speed wind 

turbines. The second type has better performance than the first type, but to maximize the benefits 

gained from it, a control system is utilized to achieve maximum power point tracking (MPPT). 

Numerous control algorithms have been formulated to elevate the quality of the electric energy 

obtained from the generator. The earliest control Algorithm used for WECS was the Scalar 

control algorithm (SC), which manipulated the Machine’s voltage or current magnitude and frequency 

while ignoring the magnetic field orientation inside the machine. This algorithm has been studied and 

implemented in works [6]-[8]. Though it is simply implemented, it suffers from several issues, such 

as restricted dynamic performance, inadequate torque control, and susceptibility to instability.    

To overcome the weaknesses of the scalar control algorithm, the field-oriented control algorithm 

(FOC) was developed by Felix Blaschke for AC machines, which endowed AC machine drives with 

features comparable to those of DC drives [9]. FOC was adopted, and control systems based on it 

were developed for WECS to benefit from its noticeable advantages, such as precise torque control, 

wide speed range operation, improved efficiency, reduced torque ripple, and enhanced power quality. 

works [10]-[14] implemented the FOC algorithm by utilizing PI regulators in current control loops to 

manage the machine side converter MSC which resulted in improved performance of the WECS. 

Despite the advantages of the FOC algorithm, it faced a challenge, which is achieving the optimum 

Tuning of the Parameters of the PI Controllers. To deal with this challenge, works [15]-[18] developed 

different methods to achieve this purpose. A significant drawback is its slower reaction to dynamic 

changes, especially during startup and when there are variations in wind speed. This encouraged 

researchers to utilize other control algorithms such as Direct Power Control (DPC) and Direct Torque 

Control (DTC).  

DPC was developed by T. Ohnishi and later improved by T. Noguchi and I. Takahachi [19]-[21]. 

The basis of this control strategy is the control loops for both real and imaginary power. To achieve 

zero phase angle operation, the DPC control algorithm regulates the imaginary power reference value 

Q* = 0. The reference value of the real power P* is determined by using a PI. The estimated real and 

imaginary power values are then compared to the reference values. DPC can be implemented without 

modulation by using switching tables as proposed in [22], [23]. Although DPC with switching tables 

facilitates fast power control, it carries notable disadvantages, especially those linked to variable 

switching frequencies and significant power ripples. These complications can affect harmonic filter 

https://en.wikipedia.org/wiki/Magnetic_field
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design and necessitate high sampling frequencies for optimal performance. DPC can also be utilized 

with PWM, as in [24]-[26], or SVM, as in [27], [28]. Using modulation with DPC has noticeable 

advantages such as decreased harmonic distortion, Simple design, and rapid dynamic response. 

 DTC was developed by I. Takahashi and T. Noguchi [29], [30]. This control algorithm serves as 

a method for variable-frequency drives to control the torque, which in turn affects the speed of three-

phase AC machines. This process involves estimating the machine's flux and torque through the 

measured voltages and currents of the machine. Similar to DPC, DTC can be used with no modulation 

by implementing switching tables as presented in [31]-[34], which offers various benefits, such as 

control structure simplicity, rapid dynamic response, but also has disadvantages, including high torque 

and flux ripples, along with a variable switching frequency. The complexity of the switching table 

may contribute to suboptimal performance in low-speed areas. DTC can be implemented with SVM 

as well, which is presented in [35]-[37]. DTC and SVM leverage the swift dynamic response of DTC 

alongside the benefits of SVM, which include lower torque ripple and a stable switching frequency. 

Latterly, attention is drawn to Predictive Control algorithms (PC), which were initially developed 

for industrial control systems to overcome the drawbacks of PID regulators. Those algorithms predict 

the outcome of the system, and based on that, specific actions are taken to achieve enhanced 

performance of the system by using a cost function. The PC can be organized into two distinct types: 

The first type uses modulation such as deadbeat and Continuous Control-Set. The second type doesn’t 

need modulation, similar to hysteresis-based model predictive control (MPC), Trajectory tracking 

MPC, Direct Model Predictive Control, and Finite Control-Set MPC. WECS benefited from the 

various types of PC that are utilized to control the power converters. This is explained in works [38]-

[40]. 

Two other control algorithms that achieved promising results when utilized for WECS are Sliding 

Mode Control (SMC) and Backstepping Control (BSC). SMC was first introduced by S. Emelyanov 

and V. Utkin. This technique is distinguished by its strength against uncertainties and disturbances, 

making it ideal for complex nonlinear systems. The primary idea revolves around creating a control 

law that drives the system's trajectory to 'slide' along a particular surface, known as the sliding surface, 

in the state space. BSC was developed by P. V. Kokotovic [41] and further developed by I. 

Kanellakopoulos [42] to improve the design and stabilization of controllers for a unique category of 

nonlinear dynamical systems. These systems are made up of subsystems that radiate from an 

irreducible subsystem, which can be stabilized through various methods. This recursive framework 

allows the designer to begin the design process with the known stable system and iteratively derive 

new controllers that stabilize each outer subsystem. The process concludes when the final external 

control is achieved. Consequently, this method is referred to as backstepping. Both SMC and BSC 

were implemented for WECs as detailed in [43]-[45]. 

SMC provides numerous benefits when utilized with a wind turbine-driven PMSG. These 

benefits encompass resilience to parameter uncertainties and disturbances, rapid dynamic response, 

and accurate tracking of intended operating points. However, it is hindered by a significant limitation 

referred to as “chattering.” This phenomenon denotes high-frequency oscillations of the system's state 

variables in proximity to the sliding surface. Different studies aimed to address the weaknesses of the 

SMC, such as Super twisting SMC as presented in [46] or second-order SMC as presented in [47]. 

Although those modifications managed to achieve a performance improvement, the presence of the 

signum function as part of the control law had drawbacks related to its discontinuous nature. [48] 

proposed a Sliding Mode controller which implemented a saturation function instead of the signum 

function. Even though replacing the signum function with the saturation function helped to avoid 

issues related to the discontinuous nature of the signum function, the saturation function also has 

drawbacks related to its fixed-slope boundary layer. Therefore, this paper aims to propose a control 

algorithm based on the fal function, which is nonlinear and continuous, to address the issues related 

to the signum and the saturation functions. Furthermore, the use of different controllers mentioned 

above in conjunction with power management for a diverse array of applications, including irrigation 

from a standalone energy system, is still not widely covered.  

https://www.powerthesaurus.org/benefit/synonyms
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This paper studies a proposed improved sliding mode control algorithm, which aims to address 

the chattering issue suffered by classical sliding mode control while preserving robustness against 

parameter uncertainties. The proposed algorithm is implemented for the machine side converter 

(MSC) that governs the dynamics of PMSG, which is a part of an irrigation system powered by a wind 

turbine-driven PMSG. The performance of the system is evaluated while using four different control 

topologies for the MSC: FOC, BSC, classical SMC, and the proposed improved sliding mode control 

algorithm. Additionally, an effective power management strategy is designed and adopted to maintain 

a balanced power flow between the generated, stored, and consumed powers. MATLAB is used to 

test the different control algorithms. The main contributions of the present study can be presented as: 

1. Unlike previous studies that focused primarily on enhancing control performance of WECS 

without considering end-use applications, this work uniquely integrates advanced converter 

control with power management for a standalone PMSG-based irrigation system. 

2. The study presented a detailed comparative analysis of four control techniques-FOC, BSC, 

classical SMC, and improved SMC-for the machine-side converter of a PMSG-based WECS. 

3. The study implemented a battery energy storage system to ensure stable and continuous operation 

of the irrigation system under varying wind conditions. 

4. The study developed an effective power management algorithm to balance and coordinate energy 

flow among the PMSG, battery, and water pump. 

5. Comprehensive MATLAB-based simulations are conducted to evaluate the performance of the 

four control strategies under identical conditions. 

6. The study assessed definite key performance indicators, including total harmonic distortion 

(THD), settling time, and performance against parameter uncertainties to compare control 

effectiveness and robustness. 

7. The presented study can be extended to be applied to other configurations of WECS after careful 

consideration of the physical and mathematical models of the utilized units.  

The paper is partitioned into sections according to the following order, Section 2 presents an 

overall model of the system including the different elements of the system, Section  3 covers the power 

management system which controls the power flow among the elements of the system, Section 4 

covers utilized algorithms to control the MSC, Section 5 studies the test and the results, Section 6 

presents the conclusion reached finally, and presents future works. 

2. Overall Model of the System 

The system consists of elements shown in Fig. 1. This includes a power generation unit 

responsible for supplying the other parts with electrical power. This generation unit is a wind turbine-

driven permanent magnet synchronous generator (PMSG). Besides the generation unit, there is a 

battery to store surplus energy, which improves the system's reliability. The IM is utilized to operate 

the water pump for irrigation purposes. The management of energy transmission between the distinct 

sections of the system is overseen by a management system and electronic converters, which regulate 

the currents and voltages to achieve the best performance of the system according to a suitable control 

algorithm. 

2.1. Model of the Turbine 

The following set of equations summarizes the model of the turbine shown in Fig. 2 [49]. 

 
Р𝑎𝑒𝑟𝑜 =

1

2
𝜌𝑎𝜋𝑟

2𝑣𝑤
3  (1) 

The turbine operates for wind speeds that range between 𝑣𝐶𝑢𝑡 𝑖𝑛
  and 𝑣𝐶𝑢𝑡 𝑜𝑓𝑓

 . The relation 

between wind speed and generated active power is illustrated in Fig. 3 as. 
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Fig. 1. Overall system schematic 

 Р𝑇 = Р𝑎𝑒𝑟𝑜 𝐶𝑝(𝜆. 𝛽) (2) 

 
𝛵 𝑇 =

Р𝑇
𝛺𝑇

 (3) 

 
Cp = 0.53 [

151

𝜆𝑖
− 0.58𝛽 − 0.58𝛽2 − 10] ⅇ

−18,4
𝜆𝑖  (4) 

 1

𝜆𝑖
=

1

𝜆 − 0.02𝛽
−
0.003

𝛽3 + 1
 (5) 

MPPT is achieved using  𝜆𝑜𝑝𝑡 as 

 
𝜆 =

𝑟𝛺𝑇
𝑣𝑊

 (6) 

 
𝜆𝑜𝑝𝑡 =

𝑟𝛺𝑇 
∗

𝑣𝑊
 (7) 

The turbine is connected to the PMSG via a gearbox with a gear ratio G. Torque and speed of the 

PMSG are defined according to the following equations: 

 
𝛵 𝐺 =

𝛵 𝑇
𝐺

 (8) 

 𝛺𝐺 = 𝐺𝛺𝑇 (9) 

 𝛺𝐺 
∗ = 𝐺𝛺𝑇 

∗ (10) 

 
𝛵 𝑇 − 𝐺 𝛵 𝐺 − 𝐹 𝐺 𝛺𝑇  = ( 

𝐽𝑇
G
+ 𝐺 𝐽𝐺  )

𝑑𝛺𝑇
𝑑𝑡

 (11) 

2.2. PMSG's Model 

The following formulas are used to represent the PMSG electrical and mechanical dynamics [50]: 
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Fig. 2. Model of the turbine 

 
Fig. 3. Power curve of the turbine 

 

{
 
 

 
 𝜈𝛿 = 𝑅Sί𝛿 + 𝐿S

𝑑ί𝛿
dt

− 𝛺𝜀𝐿SίϘ
 

𝜈Ϙ = 𝑅SίϘ + 𝐿S
𝑑ίϘ
𝑑𝑡

+ 𝛺𝜀𝐿Sί𝛿 + 𝛺𝜀𝜑Ϻ

 (12) 

 𝛺𝜀 = 𝛲𝐺𝛺𝐺 (13) 

 
𝛵𝜀𝑚𝐺 =

3

2
𝛲𝐺𝜑ϺίϘ (14) 

 𝑑𝛺𝐺
𝑑𝑡

 =
1

𝐽𝐺
(𝛵 𝐺 − 𝛵 𝜀𝑚𝐺 − 𝐹𝛺𝐺  ) (15) 

 

{
 
 

 
 Р𝐺 =

3

2
(𝜈ϘίϘ + 𝜈𝛿ί𝛿)
 

Ϙ𝐺 =
3

2
(𝜈𝛿ίϘ − 𝜈Ϙί𝛿) 

 (16) 
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2.3. The Battery Model 

It is implemented to store excess energy from the PMSG, which improves the reliability of the 

system. Numerous models have been introduced for batteries for different applications. In this paper, 

the RC model is employed [51], [52]. Fig. 4 illustrates the model’s schematic. The following equations 

are used: 

 𝜈𝛽 = ί𝛽𝑅𝜏 + ί1𝑅𝜀 + 𝜈𝑐𝑏 = ί𝛽𝑅𝜏 + ί2𝑅𝑆 + 𝜈𝑐𝑠 (17) 

 𝑃𝛽 
 = 𝜈𝛽ί𝛽 (18) 

 

[
 
 
 
 
 
𝑑𝜈𝑐𝑏
𝑑𝑡
𝑑𝜈𝑐𝑠
𝑑𝑡
𝑑𝜈𝛽

𝑑𝑡 ]
 
 
 
 
 

= [

𝐴11 𝐴12 𝐴13
𝐴21 𝐴22 𝐴23
𝐴31 𝐴32 𝐴33

] [

𝜈𝑐𝑏
𝜈𝑐𝑠
𝜈𝛽
] +

[
 
 
 
 

𝑅𝑆
𝐶𝑏(𝑅𝜀 + 𝑅𝑆)

𝑅𝑏
𝐶𝑠(𝑅𝜀 + 𝑅𝑆)

𝐵 ]
 
 
 
 

ί𝛽 (19) 

Where 

 
𝐴11 = 

−1

𝐶𝑏(𝑅𝜀 + 𝑅𝑆)
, 𝐴12 = 

1

𝐶𝑏(𝑅𝜀 + 𝑅𝑆)
, 𝐴13 =  0  

 
𝐴21 = 

1

𝐶𝑠(𝑅𝜀 + 𝑅𝑆)
, 𝐴22 = 

−1

𝐶𝑠(𝑅𝜀 + 𝑅𝑆)
, 𝐴23 =  0,  

 
𝐴31 = 

−𝑅𝑆
𝐶𝑏(𝑅𝜀 + 𝑅𝑆) 

2 
+

𝑅𝜀
𝐶𝑠(𝑅𝜀 + 𝑅𝑆) 

2 
−

𝑅𝑆 
2

𝐶𝑏𝑅𝜀(𝑅𝜀 + 𝑅𝑆) 
2 
+

𝑅𝑆
𝐶𝑠(𝑅𝜀 + 𝑅𝑆) 

2 
,  

 
𝐴32 = 0, 𝐴33 = 

𝑅𝑆
𝐶𝑏𝑅𝜀(𝑅𝜀 + 𝑅𝑆)

− 
1

𝐶𝑠(𝑅𝜀 + 𝑅𝑆)
,  

 
B = 

𝑅𝜀 
2

𝐶𝑏(𝑅𝜀 + 𝑅𝑆) 
2 
−

𝑅𝑆𝑅𝜏
𝐶𝑏(𝑅𝜀 + 𝑅𝑆)

+
𝑅𝑆𝑅𝜀

𝐶𝑆(𝑅𝜀 + 𝑅𝑆) 
2 
+

𝑅𝜏
𝐶𝑠(𝑅𝜀 + 𝑅𝑆) 

  

The power flow of the battery can be regulated using a DC chopper, regulated by the management 

system, which is illustrated in Fig. 5. 

2.4. Water Pump System 

2.4.1. IM's Model and Control 

The IM's model can be represented by the following relationships [41]: 

 

{
 
 

 
 𝜈𝛼I = 𝑅Iί𝛼I+𝐿I

𝑑𝜑𝛼I
dt 

𝜈𝛽I = 𝑅Iί𝛽I+𝐿I
𝑑𝜑𝛽I

dt

 (20) 

 

{
 
 

 
 𝜈𝛼II = 0 = 𝑅IIί𝛼II+𝐿II

𝑑𝜑𝛼II
dt 

𝜈𝛽II = 0 = 𝑅IIί𝛽II+𝐿II
𝑑𝜑𝛽II

dt
 

 (21) 
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 𝑑𝛺Ϻ
𝑑𝑡

 =
1

𝐽Ϻ
(𝛵 Ϻ − 𝛵 𝜀𝑚𝐺 − 𝐹𝛺Ϻ ) (22) 

 
𝛵𝜀𝑚Ϻ =

3𝛲ϺϺϺ
2𝐿II

(ί𝛽I𝜑𝛼II − ί𝛼I𝜑𝛽II) (23) 

 

 
Fig. 4. The model of the battery 

  
Fig. 5. Battery power management system 

Electromagnetic torque and angular speed of the motor are controlled using an indirect RFOC 

algorithm [53] as presented in Fig. 6. This algorithm decouples the components of the flux and the 

torque. Rotor flux is controlled through the direct component of the stator’s current, while the 

developed torque is controlled through quad component of the stator’s current. This algorithm is based 

on the following equations: 

 
𝜑𝛿𝐼𝐼 =

ϺϺ
𝜏𝑟𝑆

ί𝛿𝐼 (24) 

 
𝛵 𝜀𝑚Ϻ =

3𝛲ϺϺϺ
2𝐿𝐼𝐼

𝜑𝛿𝐼𝐼ίϘ𝐼 (25) 

2.4.2. Water Pump and Water Tank 

The water pump is coupled with the induction motor, which provides it with the needed 

mechanical power, the power of the pump 𝑃𝛱 can be calculated according to the Third Affinity Law 

[42] as follows:  

 
𝑃𝛱 = 𝐾𝛱𝛺Ϻ 

3 =
𝜌𝑤𝑔𝐻𝑤𝑄𝛱

𝜂
 (26) 
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Fig. 6. General schematic of the FOC algorithm utilized for IMC 

The water level inside the tank is represented using the following equation: 

 
𝐻𝑤 =

1

𝐴𝑡
∫ (𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡)𝑑𝑡 (27) 

Where 𝐾𝛱 is constant, 𝑄𝛱 is the flow rate of the pump and 𝜂 is its efficiency, 𝐴𝑡 is the surface area of 

the tank, 𝑄𝑖𝑛 and 𝑄𝑜𝑢𝑡 are the Inflow and the outflow. 

2.4.3. DC Link and Power Converters 

The DC link plays a vital role in the system because it’s the gate through which power is 

transferred among the different components of the system. The energy stored in the DC can be 

regulated by controlling the MSC, IMC, and the DC/DC converter to preserve the DC link voltage at 

the reference value. 

Neglecting the losses of the converters and the DC link. The output DC current of the MSC 

(ί𝐈) and the DC current withdrawn by IMC (ί𝐈𝐈) are defined as: 

 

{
 
 

 
 ίI  = ί𝛿

𝜈𝛿 
∗

𝜈𝐷𝐶
+ ίϘ

𝜈Ϙ 
∗

𝜈𝐷𝐶 

ίII  = ί𝛿I
𝜈𝛿I 

∗

𝜈𝐷𝐶
+ ίϘI

𝜈ϘI 
∗

𝜈𝐷𝐶
 

 (28) 

Therefore, the DC link voltage [54] is defined as: 

 
𝐶
𝑑𝜈𝐷𝐶
dt

= ί𝐷𝐶 = ίI + ίIII − ίII (29) 

The relation between the current of the battery and the current supplied by the DC/DC converter 

to the DC link is presented according to: 

 
Modulation coⅇfficiⅇnt (MC) =

ί𝐼𝐼𝐼
ί𝛽
=
𝜈𝐼𝐼𝐼
𝜈𝐷𝐶

 (30) 
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Where ί𝐼𝐼𝐼 is the current supplied to the DC link by the DC/DC converter, and 𝜈𝐼𝐼𝐼 is the voltage 

supplied to the DC/DC converter by the battery. 

Controlling the current of the DC link is achieved using a PI regulator according to the following 

equation: 

 ί𝐷𝐶(S) = S𝜈𝐷𝐶(S) (31) 

Targeted power supplied to the DC link or withdrawn from it can be calculated according to the 

following: 

 𝑃𝐷𝐶 
∗ = ί𝐷𝐶 

∗𝜈𝐷𝐶 (32) 

Currents and voltages of the DC link and the converters are shown in Fig. 7. 

 
Fig. 7. The DC link and the converters 

3. Power Management System 

The power management system is used to control the power flow among the different 

components of the system to achieve balance between the power produced by the PMSG and the 

power consumed by the IM while utilizing the energy stored in the battery to cover the possible 

shortages or in case of having surplus power, the excess power can be utilized to recharge the battery, 

while maintaining the voltage of the DC link near the reference value. This is achieved through three 

steps. 

The first step is taking measurements from the system, including the water level inside the tank, 

wind speed, power produced by the generator, the state of charge of the battery, current and voltage 

supplied by the battery, voltage of the DC link, and the rotational speed of the induction motor. 

In order to reach the desired water level inside the tank 𝐻𝑤 
∗, while maintaining the SOC of the 

battery within the permissible range (𝑆𝑂𝐶𝑀𝑖𝑛 < 𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑀𝑎𝑥) and the voltage of the DC link at 

the reference value, the second step is to produce the reference signals for the control algorithms 

implemented for the Converters, which regulate the currents and the voltages of the PMSG using TSR 

method, the DC link using PI regulators, The targeted power designated to the battery and the IM is 

calculated according to preset operation modes depending on the current water level inside the tank, 

the available generated power from the PMSG, SOC of the battery and the reference power of the DC 

link. 

The third step is to produce the switching signals which will control the MSC, the bi-directional 

DC/DC converter, which is used to charge the battery or extract power from it, and the inverter of the 

induction motor. The operation modes can be explained as follows: 

3.1. Operation Mode No. 1 

The water tank is full  𝐻𝑤 = 𝐻𝑤 
∗ , and the battery is fully charged 𝑆𝑂𝐶 = 𝑆𝑂𝐶𝑀𝑎𝑥. In this case, 

the energy generated by PMSG is neither used by the battery nor the IM. 
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{

𝑃𝛱 
∗ = 0
 

𝑃𝛽 
∗ = 0

 (33) 

3.2. Operation Mode No. 2 

The water tank is full  𝐻𝑤 = 𝐻𝑤 
∗ , but the battery is not fully charged 𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑀𝑎𝑥. In this 

case, the energy generated by PMSG is utilized to charge the battery. 

 

{

𝑃𝛱 
∗ = 0
 

𝑃𝛽 
∗ = 𝑃𝐺 + 𝑃𝐷𝐶 

∗ 
 (34) 

3.3. Operation Mode No. 3 

The water tank is not full  𝐻𝑤 < 𝐻𝑤 
∗ , Р𝑮 > 𝟎 and energy generated by the PMSG is adequate 

for the IM, while the energy storage element is not fully charged 𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑀𝑎𝑥 .  

 

{

𝑃𝛱 
∗ = 𝑃𝛱_𝑛𝑜𝑚

 
𝑃𝛽 

∗ = 𝑃𝐺 − 𝑃𝛱_𝑛𝑜𝑚 + 𝑃𝐷𝐶 
∗ 

 (35) 

3.4. Operation mode No. 4 

The water tank is not full  𝐻𝑤 < 𝐻𝑤 
∗ , Р𝑮 > 𝟎  and energy generated by the PMSG is adequate 

for the IM, while the energy storage element is fully charged 𝑆𝑂𝐶 = 𝑆𝑂𝐶𝑀𝑎𝑥 .  

 

{

𝑃𝛱 
∗ = 𝑃𝛱_𝑛𝑜𝑚

 
𝑃𝛽 

∗ = 0   
 (36) 

3.5. Operation Mode No. 5 

The water tank is not full 𝐻𝑤 < 𝐻𝑤 
∗, Р𝑮 > 𝟎 while the energy generated by the PMSG is not 

adequate for the IM. The shortage is covered by the energy storage element.  

 

{

𝑃𝛱 
∗ = 𝑃𝛱_𝑛𝑜𝑚

 
𝑃𝛽 

∗ = 𝑃𝐺 − 𝑃𝛱_𝑛𝑜𝑚 − 𝑃𝐷𝐶 
∗ 

 (37) 

3.6. Operation Mode No. 6 

The water tank is not full  𝐻𝑤 < 𝐻𝑤 
∗ , Р𝐺 = 0 , and 𝑆𝑂𝐶 > 𝑆𝑂𝐶𝑀𝑖𝑛. The IM is powered by the 

energy storage element. 

 

{

𝑃𝛱 
∗ = 𝑃𝛱_𝑛𝑜𝑚

 
𝑃𝛽 

∗ = −𝑃𝛱_𝑛𝑜𝑚 − 𝑃𝐷𝐶 
∗ 

 (38) 

3.7. Operation Mode No. 7 

The water tank is not full  𝐻𝑤 < 𝐻𝑤 
∗, Р𝐺 = 0 . while 𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑀𝑖𝑛. 
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{

𝑃𝛱 
∗ = 0
 

𝑃𝛽 
∗ = 0 

 (39) 

Fig. 8 and Fig. 9 illustrate the power management system, Operation mode selection, and power 

calculations. 

 

Fig. 8. Power management system 

 
Fig. 9. Operation mode selection and power calculations 

4. Control Algorithms Utilized for the MSC 

To enhance the performance of the PMSG and the quality of the electric power produced by it, 

different algorithms (FOC, BSC, CSMC, ISMC) are implemented to control the MSC via current 

control loops. The concept and design of each is discussed as follows: 
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4.1. Field-Oriented Control 

This control algorithm decouples the components of the flux and the torque of the PMSG, which 

makes it possible to control the PMSG in a way similar to the separately excited DC machines. The 

flux is controlled using the direct component of the PMSG stator current. The reference value of the 

Second is set to zero ί𝛿 
∗
=  𝟎 to achieve maximum torque per ampere (MTPA), while the quad 

component is used to regulate the electromagnetic torque according to the following equation: 

 
𝛵 𝜀𝑚𝐺  

∗ =
3

2
𝛲𝐺 𝜑Ϻ ίϘ  

∗
 (40) 

Both direct and quad components of the PMSG stator current are managed using current control 

loops that implement PI regulators as illustrated in Fig. 10. 

 

{
𝜈𝛿(S) = ί𝛿(𝑅S + S𝐿S) − (𝛺𝜀𝐿SίϘ)

 
𝜈Ϙ(S) = ίϘ(𝑅S + S𝐿S) + (𝛺𝜀𝐿Sί𝛿 + 𝛺𝜀𝜑Ϻ)

 (41) 

 

 
Fig. 10. General schematic of the FOC algorithm utilized for MSC 

4.2. Backstepping Control 

This control algorithm (Fig. 11) is designed using virtual inputs є(ί𝛿), є(ίϘ) and є(𝛺𝐺) which 

can be expressed using the following equations:  

 

{

є(ί𝛿) = ί𝛿 
∗ − ί𝛿

є(ίϘ) = ίϘ 
∗ − ίϘ

є(𝛺𝐺) = 𝛺𝐺 
∗ − 𝛺𝐺

 (42) 

 

{
 
 

 
 є̇(ί𝛿) =

𝑑ί𝛿 
∗

𝑑𝑡
−
𝑑ί𝛿
𝑑𝑡 

є̇(ίϘ) =
𝑑ίϘ 

∗

𝑑𝑡
−
𝑑ίϘ
𝑑𝑡

 (43) 
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є̇(𝛺𝐺) =

𝑑𝛺𝐺 
∗

𝑑𝑡
−
𝑑𝛺𝐺
𝑑𝑡

=
𝑑𝛺𝐺 

∗

𝑑𝑡
−
1

𝐽𝐺
(𝛵𝐺 −

3𝛲𝐺
2
ίϘ − 𝐹𝛺𝐺) (44) 

Using PMSG equations: 

 

{
 
 

 
 є̇(ί𝛿) =

𝑑ί𝛿 
∗

𝑑𝑡
+ ( 

𝑅S
𝐿S
ί𝛿 − 𝛺𝜀ίϘ −

𝜈𝛿
𝐿S
 )

 

є̇(ίϘ) =
𝑑ίϘ 

∗

𝑑𝑡
+ ( 

𝑅S
𝐿S
ίϘ + 𝛺𝜀ί𝛿 +

𝛺𝜀𝜑Ϻ
𝐿S

−
𝜈Ϙ
𝐿S
 )

 (45) 

A candidate Lyapunov function is adopted for MSC as follows: 

 
𝜎 =

1

2
є(ί𝛿) 

2 +
1

2
є(ίϘ) 

2 +
1

2
є(𝛺𝐺) 

2 (46) 

 𝜎̇ = є̇(ί𝛿)є(ί𝛿) + є̇(ίϘ)є(ίϘ) + є̇(𝛺𝐺)є(𝛺𝐺) (47) 

 
𝜎̇ = −ξ𝛺

 є(𝛺𝐺) 
2 − ξ𝛿

 є(ί𝛿) 
2 − ξϘ

 є(ίϘ) 
2 −

3𝛲𝐺є(ίϘ)𝜑Ϻє(𝛺𝐺)

2𝐽𝐺

+
є(ί𝛿)[𝑅Sί𝛿 −𝜔𝜀𝐿SίϘ − 𝜈𝛿 + ξ𝛿

 𝐿Sє(ί𝛿)]

𝐿S

+
2є(ίϘ)[ξ𝛺

 𝐽𝐺 − 𝐹][𝛵 𝐺 + ίϘ𝜑Ϻ − 𝐹𝛺𝐺  ]

3𝛲𝐺𝐽𝐺𝜑Ϻ

+
є(ίϘ)[𝑅SίϘ + 𝛺𝜀𝐿Sί𝛿 − 𝜈Ϙ + ξϘ

 𝐿Sє(ίϘ)]

𝐿S
 

 

The constants ξ𝛺
 , ξ𝛿

  and ξϘ
  are positive, which makes 𝜎̇ negative, which satisfies the condition 

of Lyapunov. 

Therefore, the control laws will be presented as: 

 𝜈𝛿 
∗ = 𝑅Sί𝛿 −𝛺𝜀𝐿SίϘ + ξ𝛿

 𝐿Sє(ί𝛿) (48) 

 
𝜈Ϙ 

∗ =
2𝐿S[ξ𝛺

 𝐽𝐺 − 𝐹][𝛵 𝐺 + ίϘ𝜑Ϻ − 𝐹𝛺𝐺  ]

3𝛲𝐺𝜑Ϻ𝐽𝐺
+ [𝑅Sί𝛿 + 𝛺𝜀𝐿Sί𝛿 +𝛺𝜀𝜑Ϻ + ξϘ

 𝐿Sє(ίϘ)]

−
3𝛲𝐺𝐿S𝜑Ϻє(𝛺𝐺)

2𝐽𝐺
 

(49) 

4.3. Proposed Sliding Mode Control 

The proposed schematic shown in Fig. 12 highlights the modular structure of the control 

algorithm, where the switching function can be flexibly replaced (between classic and proposed) 

without altering the overall control architecture. Generally, the control is achieved through three major 

steps. First is defining a sliding surface, second is developing control laws for the direct and quad 

components of the stator voltage of the PMSG, and third is using a candidate Lyapunov function to 

examine the stability of the control system. 

The sliding surface can be defined as: 

 
𝑆(х) = (

𝑑

𝑑𝑡
+ 𝛿)

𝛫−1

є(х) (50) 

By choosing Κ=1 
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Fig. 11. General schematic of the BSC algorithm utilized for MSC 

 
Fig. 12. General schematic of classical SMC and improved sliding mode control algorithms utilized for MSC 

 𝑆(х) = є(х) = х∗ − х𝐴𝑐𝑡𝑢𝑎𝑙 (51) 

The control laws that will regulate the direct and quad components of the PMSG stator voltages 

are developed based on the following equations: 

 

{
S(ί𝛿) = є(ί𝛿) = ί𝛿 

∗ − ί𝛿
 

S(ίϘ) = є(ίϘ) = ίϘ 
∗
− ίϘ

 (52) 
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By differentiating both equations:  

 

{
 
 

 
 Ṡ(ί𝛿) =

𝑑ί𝛿 
∗

𝑑𝑡
−
𝑑ί𝛿
𝑑𝑡 

Ṡ(ίϘ) =
𝑑ίϘ 

∗

𝑑𝑡
−
𝑑ίϘ
𝑑𝑡

 (53) 

Using PMSG equations: 

 

{
 
 

 
 Ṡ(ί𝛿) =

𝑑ί𝛿 
∗

𝑑𝑡
+ (

𝑅S
𝐿S
ί𝛿 − 𝛺𝜀ίϘ −

𝜈𝛿
𝐿S
 )

 

Ṡ(ίϘ) =
𝑑ίϘ 

∗

𝑑𝑡
+ ( 

𝑅S
𝐿S
ίϘ + 𝛺𝜀ί𝛿 +

𝛺𝜀𝜑Ϻ
𝐿S

−
𝜈Ϙ
𝐿S
)

 (54) 

The control law in this algorithm encompasses two parts: the first is the equivalent 𝜈eq 
 , and the 

second is the switching 𝜈n
 . 

So, the control law is expressed using the following equation: 

 𝜈(𝑡) = 𝜈eq 
 (t) + 𝜈n 

 (t) (55) 

4.3.1. The Equivalent Component 𝝂𝒆𝒒 
  

This part plays a vital role in ensuring the system's operation along the specified sliding surface 

(manifold) once it has been achieved, effectively illustrating the ideal, continuous control necessary 

to uphold the reduced-order dynamics. 

By substituting in (54): 

 

{
 
 

 
 𝑆̇(ί𝛿) =

𝑑ί𝛿 
∗

𝑑𝑡
+ ( 

𝑅𝑆
𝐿𝑆
ί𝛿 − 𝛺𝜀ίϘ −

𝜈𝛿𝑒𝑞 + 𝜈𝛿𝑛

𝐿𝑆
)

 

𝑆̇(ίϘ) =
𝑑ίϘ 

∗

𝑑𝑡
+ ( 

𝑅𝑆
𝐿𝑆
ίϘ + 𝛺𝜀ί𝛿 +

𝛺𝜀𝜑Ϻ
𝐿𝑆

−
𝜈Ϙ𝑒𝑞 + 𝜈Ϙ𝑛

𝐿𝑆
 )

 (56) 

In steady-state Ṡ(х) = 0 , 𝜈𝛿𝑛 = 0  and 𝜈Ϙ𝑛 = 0. 

Therefore, 

 

{
 
 

 
 𝜈𝛿𝑒𝑞 = 𝐿S

𝑑ί𝛿 
∗

𝑑𝑡
+ 𝑅Sί𝛿 − 𝛺𝜀𝐿SίϘ
 

𝜈Ϙ𝑒𝑞 = 𝐿S
𝑑ίϘ 

∗

𝑑𝑡
+ 𝑅SίϘ + 𝛺𝜀𝐿Sί𝛿 + 𝛺𝜀𝜑Ϻ 

 (57) 

4.3.2. The Switching Component 𝝂𝒏 
 and the Control Law 

The switching element of the control law plays a vital role in steering the system's state towards 

a defined sliding surface. It acts as a switch, shifting between two control laws according to the 

position of the system's state concerning the sliding surface. The switching component of the control 

law in classical sliding mode control is designed based on a saturation function, which is expressed 

using the following equation [55]: 

 

𝑆𝑎𝑡(𝑋, 𝛥1) = {
 
𝑋

𝛥1
                   𝑖𝑓 |𝑥| ⩽ 𝛥1

 
Sgn(X)           𝑖𝑓 |𝑥| > 𝛥1

 (58) 
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Therefore, the switching component of the control law can be defined as: 

 

{
𝜈𝛿𝑛1 = 𝜁𝛿𝑛1 𝑆𝑎𝑡(S(ί𝛿))

 
𝜈Ϙ𝑛1 = 𝜁Ϙ𝑛1 𝑆𝑎𝑡(S(ίϘ)) 

 (59) 

And the control law can be expressed according to the following: 

 

{
 
 

 
 𝜈𝛿 

∗ = 𝐿S
𝑑ί𝛿 

∗

𝑑𝑡
+ 𝑅Sί𝛿 − 𝛺𝜀𝐿SίϘ + 𝜁𝛿𝑛1 𝑆𝑎𝑡(S(ί𝛿))

 

𝜈Ϙ 
∗ = 𝐿S

𝑑ίϘ 
∗

𝑑𝑡
+ 𝑅SίϘ + 𝛺𝜀𝐿Sί𝛿 + 𝛺𝜀𝜑Ϻ + 𝜁Ϙ𝑛1 𝑆𝑎𝑡(S(ίϘ)) 

 (60) 

Unlike the saturation function, which introduces a fixed boundary layer around the sliding 

surface, the fal function provides a nonlinear and continuous modulation of the switching gain. This 

enables strong corrective action when the system state is far from the sliding surface, while 

significantly attenuating the control effort near the surface, leading to superior chattering suppression. 

The switching component of the control law in the proposed sliding mode control is designed 

based on a fal function which is expressed using the following equation [56]: 

 

𝑓𝑎𝑙(𝑋, 𝛼, 𝛥2) = {
 
𝑋

𝛥2
1−𝛼                    𝑖𝑓 |𝑥| ⩽ 𝛥2

 
|𝑥|𝛼𝑆𝑔𝑛(𝑋)         𝑖𝑓 |𝑥| > 𝛥2

 (61) 

Therefore, the switching component of the control law can be defined as:  

 

{
𝜈𝛿𝑛2 = 𝜁𝛿𝑛2 𝑓𝑎𝑙(S(ί𝛿)) + ∫ 𝜁𝛿𝑛3 𝑓𝑎𝑙(S(ί𝛿)) 𝑑𝑡

 
𝜈Ϙ𝑛2 = 𝜁Ϙ𝑛2 𝑓𝑎𝑙(S(ίϘ)) + ∫ 𝜁Ϙ𝑛3 𝑓𝑎𝑙(S(ί𝛿)) 𝑑𝑡

 (62) 

And the control law can be expressed according to the following: 

{
 
 

 
 𝜈𝛿 

∗ = 𝐿S
𝑑ί𝛿 

∗

𝑑𝑡
+ 𝑅Sί𝛿 − 𝛺𝜀𝐿SίϘ + 𝜁𝛿𝑛2 𝑓𝑎𝑙(S(ί𝛿))𝜁𝛿𝑛2 𝑓𝑎𝑙(S(ί𝛿)) + ∫ 𝜁𝛿𝑛3 𝑓𝑎𝑙(S(ί𝛿)) 𝑑𝑡

 

𝜈Ϙ 
∗ = 𝐿S

𝑑ίϘ 
∗

𝑑𝑡
+ 𝑅SίϘ + 𝛺𝜀𝐿Sί𝛿 + 𝛺𝜀𝜑Ϻ + 𝜁Ϙ𝑛2 𝑓𝑎𝑙(S(ίϘ)) + ∫ 𝜁Ϙ𝑛3 𝑓𝑎𝑙(S(ί𝛿)) 𝑑𝑡

 (63) 

Similar to FOC, the reference value of the direct component of the PMSG stator’s current is set 

to zero  ί𝛿 
∗
=  0  to achieve maximum torque per ampere (MTPA), while ίϘ 

∗
 is calculated according 

to equation (40). 

It is important to emphasize that the proposed approach does not introduce a fundamentally new 

reaching law structure. Instead, the novelty lies in replacing the fixed-slope boundary layer associated 

with the classical saturation function by a nonlinear continuous fal function. This replacement results 

in a state-dependent effective switching gain. For |𝑆| > ∆2, the switching term behaves as 

𝜈n 
 = 𝜁|𝑆|𝛼𝑆𝑔𝑛(𝑆),  which implies an effective gain proportional to |𝑆|𝛼−1. Consequently, stronger 

corrective action is produced when the system state is far from the sliding surface, while the gain is 

automatically reduced near the surface, significantly attenuating chattering without altering the overall 

control structure. The stability of the controller is examined by using a candidate Lyapunov function: 

 
ϒ =

1

2
S(ί𝛿) 

2 +
1

2
S(ίϘ) 

2 (64) 
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 ϒ̇ = Ṡ(ί𝛿)S(ί𝛿) + Ṡ(ίϘ)S(ίϘ) < 0 (65) 

It is worth noting that for 0 < 𝛼 < 1, when 𝑆 > ∆2 The Lyapunov derivative satisfies ϒ̇ ≤
−𝜁|𝑆|𝛼+1, which guarantees finite-time reaching of the boundary layer. 

Inside the boundary region 𝑆 ≤ ∆2, the fal function behaves linearly, resulting in exponential 

convergence of the sliding variable. Therefore, the proposed controller ensures practical finite-time 

convergence to a small neighborhood of the sliding surface while significantly reducing chattering 

compared to classical saturation-based SMC. 

Constants 𝜁𝛿𝑛1, 𝜁Ϙ𝑛1, 𝜁𝛿𝑛2, 𝜁Ϙ𝑛2,  𝜁𝛿𝑛3 and 𝜁Ϙ𝑛3 are positive, which makes ϒ̇ negative, satisfying 

the condition of Lyapunov. Due to the continuous and nonlinear nature of the fal function, the time 

derivative of the Lyapunov function exhibits smoother convergence compared to the saturation-based 

SMC, providing smoother control action and reduced high-frequency oscillations while preserving 

Lyapunov stability. 

5. Performance Evaluation Results 

To evaluate the performance of each control algorithm, FOC, BSC, CSMC, and the proposed 

ISMC were utilized to control the MSC. A simulation was executed on MATLAB, and the results of 

the control algorithms were compared according to the following:  

1. Parameters of the System are detailed in Table 2. 

2. Wind speed is variable with min value = 1.35004 m/s and max value = 13.0994 m/s. 

3. The FOC algorithm is implemented to control IMC. 

5.1. The Performance of the Turbine 

Fig. 13 shows the wind speed, which varies between 1.35 m/s and 13.1 m/s. The rated speed 

permissible by the turbine is 10.2 m/s. beyond the rated wind speed, the pitch angle control is activated 

to regulate the rotational speed of the turbine and the generator, which is shown in Fig. 14. Fig. 15 

shows the rotational speed of the turbine. Fig. 16 shows the tip speed ratio of the wind turbine, which 

is maintained at an optimum value to ensure the most beneficial usage of the wind turbine under all 

possible fluctuations of wind speed. Fig. 17 shows the mechanical power extracted from the wind. 

Fig. 18 shows the power coefficient. It represents the ratio of the useful mechanical power extracted 

to the mechanical power of the wind. The turbine can’t extract mechanical power beyond the rated 

value, so the power coefficient decreases when the wind speed crosses the threshold set for the pitch 

angle control. The zoomed parts highlight the periods [66.37-68.79] sec and [100.806-107.823] sec 

when wind speed exceeds the rated value. 

 
 

Fig. 13. Wind speed 
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Fig. 14. Pitch angle 

 

Fig. 15. Turbine rotational speed 

 

Fig. 16. Tip speed ratio 
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Fig. 17. Mechanical power extracted 

 

Fig. 18. Power coefficient 

5.2. The Performance of the Generator 

The rotational speed of the generator is shown in Fig. 19. The performance of the generator is 

examined by inspecting the behavior of both the direct and the quad components of the PMSG stator 

current, the electromagnetic torque, and the active power generated. The quad current component 

shown in Fig. 20 controls the electromagnetic torque and the active power generated. It reflects the 

variation of the wind speed. Zoomed time intervals show the behavior of the quad current component 

under the utilized algorithms. The first interval shows the beginning of the generation. Intervals [0-

0.3], [57.5-57.85], [60-60.02], and [93.49-93.515] show moments when a sharp, sudden change of 

wind speed occurs. As seen, the proposed algorithm has the fastest response while maintaining 

minimum steady-state error. 

The active power shown in Fig. 21 and the electromagnetic torque shown in Fig. 22 have a pattern 

similar to the quad current component. Several time intervals are zoomed to highlight the behavior of 

both at the beginning and when wind speed increases or decreases sharply under the four control 

algorithms. The proposed algorithm shows a response faster than the other algorithms, and it also has 

reduced oscillations and steady state error, which improves the performance of the generator. 

The direct current component shown in Fig. 23 has a reference value set to zero to achieve 

maximum torque per ampere. As shown, it has the lowest value under the proposed control algorithm, 

followed by the other algorithms. 
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Fig. 19. Angular speed of PMSG 

 

Fig. 20. Quad current component of PMSG 

 

 

Fig. 21. PMSG active power 
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Fig. 22. PMSG electromagnetic torque 

 
Fig. 23. Direct current component of PMSG 

5.3. THD Analysis of the PMSG Stator Current 

Fig. 24 shows a sample of current harmonics Analysis of PMSG three-phase stator currents under 

FOC, CSMC, BSC, and ISMC using FFT. The results are presented in Table 1, which shows that 

ISMC achieved the lowest THD. 

5.4. The Effect of Parameter Uncertainties on the Performance of the Generator  

To examine the robustness of the proposed algorithm against parameter variation, the quad 

component (Fig. 25), the active power (Fig. 26), and the electromagnetic torque (Fig. 27) were 

inspected during a time period while both Rs and Ls are variable. The figures show that FOC is highly 

sensitive to parameter variation. Its slow response becomes slower. The CSMC suffers from increased 

oscillations due to parameter mismatch. The BSC, on the other hand, has a faster response but with 

steady state error. The ISMC has the fastest response with the minimum steady state error.  

5.5. The Performance of the DC Link 

The voltage of the DC link shown in Fig. 28 has a reference value set to 550 V. A time interval 

[64.9-65.7] is zoomed and inspected. As seen, under the proposed algorithm, the DC link voltage is 

closer to the reference value than the other algorithms. 
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Table 1.  Current harmonics Analysis of PMSG three-phase stator currents under FOC, CSMC, and the 

proposed ISMC 

Phase FOC CSMC BSC ISMC 

Phase (a) 
Essential (4.593 A) 

THD (0.64 %) 

Essential (4.591 A) 

THD (0.97 %) 

Essential (4.625 A) 

THD (0.43 %) 

Essential (4.594 A) 

THD (0.27 %) 

Phase (b) 
Essential (4.598 A) 

THD (0.27 %) 

Essential (4.603 A) 

THD (0.62 %) 

Essential (4.625 A) 

THD (0.25 %) 

Essential (4.594 A) 

THD (0.16 %) 

Phase (c) 
Essential (4.589 A) 

THD (0.48 %) 

Essential (4.600 A) 

THD (0.73 %) 

Essential (4.623 A) 

THD (0.32 %) 

Essential (4.593 A) 

THD (0.21 %) 

 

 

Fig. 24. Phase A under FOC 

 

Fig. 25. Quad current component of PMSG 

5.6. The performance of the Battery 

To evaluate the performance of the battery under the studied algorithms, the state of charge, the 

voltage, the current, and the power of the battery are inspected. The state of charge is shown in Fig. 

29, and the voltage is shown in Fig. 30. Several time intervals are zoomed to highlight the periods 

when the battery starts to get charged by surplus power from the generator, and when the battery starts 

to supply power to the induction motor to cover the power shortage. As seen, under the proposed 

algorithm, the battery starts to be charged, and starts supplying power faster than the other algorithms. 
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Fig. 26. PMSG active power 

 

Fig. 27. PMSG electromagnetic torque 

 

Fig. 28. DC link voltage 
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Fig. 29. Battery state of charge (%) 

 

Fig. 30. Battery voltage 

The current of the battery is shown in Fig. 31, and the power of the battery is shown in Fig. 32. 

Several time intervals are zoomed to highlight the response of the system under the studied algorithms. 

As seen, the proposed algorithm has a faster response than the other algorithms, and manages to solve 

the chattering issue suffered by the classical sliding mode control algorithm with minimum steady 

state error. 

5.7. The Performance of the Water Pump 

Fig. 33, Fig. 34, Fig. 35, Fig. 36 show the performance of the water pump. Inside the tank, the 

water stage is determined to be 3.5 meters. When it drops below the reference value, the water pump 

starts refilling it. This is done by increasing the water flow, as illustrated in Fig. 33. At the beginning, 

when the tank was empty, it started to fill it, but when the water level (Fig. 34) reached its reference 

value, the water flow was stopped to avoid overfilling the tank. When the level started to drop due to 

water consumption, the water pump started refilling the tank to restore the water level to the reference 

value. The water flow is controlled by the water pump, which is supervised by the power management 

system. The power it draws from the system can be observed in Fig. 36. It shows the time periods 

during which the water pump operates to supply the required water flow for the tank. The torque of 

the water pump can be seen in Fig. 35. It indicates the performance of the water pump. It can be 
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noticed that the effectiveness of the designed power management is validated through optimizing the 

water stage inside the tank according to the power flow in the system. 

 

Fig. 31. Battery current 

 

Fig. 32. Battery power 

 

Fig. 33. Water flow 
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Fig. 34. Water level 

 

Fig. 35. Pump torque 

 

Fig. 36. Pump power 
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5.8. Power Flow Analysis 

To evaluate the performance and the effectiveness of the power management system designed, 

the power produced by the generator, the power of the battery, the power consumed by the IM, and 

the excess power are compared for each control algorithm. Fig. 37 presents the power flow analysis 

under FOC, Fig. 38 covers CSMC, Fig. 39 covers BSC, and Fig. 40 covers ISMC. As presented in the 

figures, regardless of the control algorithm implemented for the MSC, the designed power 

management system has managed to achieve a stable power flow between both the generator and the 

water pump while utilizing the battery efficiently. Table 2 presents the time periods during which the 

system switches between different operation modes. 

Table 2.  Operation modes executed during different time periods 

Time periods Operation mode executed 

[0-1.16], [12.3-13.47], [91.16-92.5] 

Operation mode no.3 is executed. The tank is not full. The Pump 

is powered by the generated power, while excess power charges 

the battery 

[1.16-3.6], [10-12.3], [20.4-23.47], [30-33.47], 

[40-43.3], [50-53.44], [60-63.4], [79.85-83.4], 

[90-91.16] 

Operation mode no.5 is executed. The tank is not full. Generated 

power is not adequate for the pump. The shortage is covered by 

the battery 

[3.6-10], [13.47-19.18], [23.47-30], [33.47-40], 

[43.3-50], [53.44-60], [63.47-66.84], [83.4-

86.98] 

Operation mode no.2 is executed. The tank is full. While the 

generated power charges the battery. 

[19.18-20], [66.84-70], [73.47-79.85], [86.89-

90], [93-100], [103.5-110], [113.5-120] 

Operation mode no.1 is executed. The tank is full. While the 

battery is fully charged. 

[20-20.4], [70-73.47], [92.5-93.5], [100-103.5], 

[110-113.5] 

Operation mode no.4 is executed. The tank is not full. Generated 

power is adequate for the pump. The battery is fully charged. 

 

 

Fig. 37. System power flow under FOC 

5.9. Convergence Time Analysis 

To further investigate the time response of the system under the studied control algorithms, a step 

wind speed signal (Fig. 41) is used to evaluate the behaviour of the system. To see which control 

algorithm has faster response, settling time with 2% tolerance band of each is examined and compared 

at start [0-0.4], when wind speed increases [5-5.6], and when it also decreases [9-9.5]. The 

electromagnetic torque (Fig. 42), the quadrature current component (Fig. 43), and the active power of 

the PMSG are focused (Fig. 44). Settling time analysis shown in Table 3. 
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Fig. 38. System power flow under CSMC 

 

Fig. 39. System power flow under BSC 

 

Fig. 40. System power flow under ISMC 
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Table 3.  Settling time analysis 

 FOC CSMC BSC ISMC 
 

 

 

Τ 𝜀𝑚𝐺  

[0-0.4] 

0.2878 sec 

[0-0.4] 

0.0459 sec 

[0-0.4] 

0.0032 sec 

[0-0.4] 

0.00155 sec 

[5-5.6] 

0.4217 sec 

[5-5.6] 

0.094 sec 

[5-5.6] 

0.0055 sec 

[5-5.6] 

0.0029 sec 

[9-9.5] 

0.3561 sec 

[9-9.5] 

0.0776 sec 

[9-9.5] 

0.0072 sec 

[9-9.5] 

0.0025 sec 

 

 

 

ίϘ 

[0-0.4] 

0.382 sec 

[0-0.4] 

0.0042 sec 

[0-0.4] 

0.0011 sec 

[0-0.4] 

0.0007 sec 

[5-5.6] 

0.4405 sec 

[5-5.6] 

0.0933 sec 

[5-5.6] 

0.0057 sec 

[5-5.6] 

0.0033 sec 

[9-9.5] 

0.4483 sec 

[9-9.5] 

0.0756 sec 

[9-9.5] 

0.0048 sec 

[9-9.5] 

0.0029 sec 

 

 

 

Р𝐺 

[0-0.4] 

0.4014 sec 

[0-0.4] 

0.0773 sec 

[0-0.4] 

0.00635 sec 

[0-0.4] 

0.00251 sec 

[5-5.6] 

0.4890 sec 

[5-5.6] 

0.1320 sec 

[5-5.6] 

0.0091 sec 

[5-5.6] 

0.0041 sec 

[9-9.5] 

0.2621 sec 

[9-9.5] 

0.1132 sec 

[9-9.5] 

0.00428 sec 

[9-9.5] 

0.0021 sec 

 

 

Fig. 41. Step wind speed 

 

Fig. 42. PMSG electromagnetic torque 
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Fig. 43. PMSG quad current component 

 

Fig. 44. PMSG active power 

6. Conclusion 

This study evaluated the effectiveness of four control strategies-Field-Oriented Control (FOC), 

Classical Sliding Mode Control (CSMC), Backstepping control (BSC), and a new Improved Sliding 

Mode Control (ISMC)-for regulating the performance of the generation unit in a WECS-based 

irrigation pumping system. A comprehensive set of performance assessments was conducted using 

MATLAB/Simulink under identical operating conditions to ensure a fair and objective comparison. 

The results indicate that, although FOC benefits from structural simplicity, it exhibits the slowest 

dynamic response. In contrast, CSMC provides faster convergence but suffers from pronounced 

oscillatory behavior, leading to increased current harmonics, as evidenced by the Total Harmonic 

Distortion (THD) analysis of the PMSG stator currents. The proposed ISMC demonstrates a 

substantial improvement over both conventional approaches, achieving a THD reduction of 52% 

relative to FOC, 72% relative to CSMC and 36% relative to BSC, thereby confirming its superior 

harmonic suppression capability. Moreover, convergence time analysis reveals that the ISMC attains 

the fastest dynamic response, with an approximately 99% reduction in settling time compared to FOC, 
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about a 95% reduction compared to CSMC, and 51% compared to BSC. These results directly reflect 

the effectiveness of the improved control formulation in mitigating chattering effects while 

maintaining robustness and fast trajectory convergence. Consequently, the proposed ISMC emerges 

as the most effective control strategy among the evaluated methods, simultaneously ensuring rapid 

dynamic response and high-quality current waveforms. In addition, the implemented power 

management strategy successfully maintains balanced power flow among the PMSG, battery energy 

storage system, and irrigation load, thereby enhancing the overall stability, reliability, and efficiency 

of the standalone WECS. These findings highlight the suitability of the proposed ISMC framework 

for renewable energy-driven pumping applications operating under variable and uncertain wind 

conditions. 

Future works will focus on expanding the system to include other types of renewable energy 

sources (PV solar panels and fuel cells [57]). Different optimization algorithms [58] for the gains of 

the control law will be examined to improve the dynamic response of the control algorithm. The 

proposed control algorithm will be modified, improved and applied to other types of generators such 

as doubly fed induction generators (DFIG), hybrid excitation synchronous generator (HESG) [59] and 

Self Excited Synchronous Generator (SESG) [60]. 

 

Abbreviations and Symbols 

𝐌𝐒𝐂 Machine side converter 𝝂Ϙ 
∗, ίϘ 

∗
 Ref values of the quad component 

of the PMSG stator voltage and 

current 

𝐈𝐌𝐂 Induction motor converter 𝝂Ϙ, ίϘ Actual values of the quad 

component of the PMSG stator 

voltage and current 

𝐈𝐌 Induction motor 𝝂𝒂 
∗, 𝝂𝒃 

∗, 𝝂𝒄 
∗ Ref values of PMSG 3-𝝋 stator 

voltage 

𝐏𝐌𝐒 Power management system ί𝒂, ί𝒃, ί𝒄 Actual values of PMSG 3-𝝋 stator 

current 

Р𝒂𝒆𝒓𝒐 Wind kinetic power 𝚻 𝜺𝒎𝑮, 𝚻 𝜺𝒎𝑮 
∗ Actual and ref values of the 

electromagnetic torque of PMSG    

𝝆𝒂, 𝝆𝒘 Air and water density 𝜬𝑮, 𝜬Ϻ Number of pole pairs of PMSG 

and IM 

𝒓 Radius of wind turbine’s blades  Р𝑮, Ϙ𝑮 Real and imaginary powers of 

PMSG 

𝒗𝒘
  Wind speed 𝝂𝒄𝒃, 𝝂𝒄𝒔 Voltages of the bulk capacitor and 

the surface capacitor 

𝒗𝑪𝒖𝒕 𝒊𝒏
 , 𝒗𝑪𝒖𝒕 𝒐𝒇𝒇

  Cut in and cut off wind speeds 𝑪𝒃, 𝑪𝒔  bulk capacitor and surface 

capacitor 

𝒗𝒓𝒂𝒕𝒆𝒅
  Rated wind speed  𝑹𝝉, 𝑹𝜺, 𝑹𝐒 Terminal, surface, and end 

resistances 

Р𝑻, 𝚻 𝑻 Wind turbine power and shaft 

torque 

PI Proportional-Integral controller 

𝑪𝒑, 𝝀, 𝜷 Wind turbine’s power coefficient, 

tip speed ratio, and pitch angle 
𝑳𝜷 Inductance of inductor-based filter 

used for battery current 

TSR Tip speed ratio MPPT method 𝝂𝜷, ί𝜷 Battery voltage and current 

𝝀𝒊 Intermediate tip speed ratio 𝑷𝜷 
 , 𝑷𝜷 

∗ Actual and ref values of battery 

power  

𝝀 𝒐𝒑𝒕 Optimum tip speed ratio 𝑺𝑶𝑪 , 𝑺𝑶𝑪𝑴𝒊𝒏, 𝑺𝑶𝑪𝑴𝒂𝒙 Battery state of charge, its min 

and max values 

𝜴𝑻, 𝜴𝑻 
∗ Wind turbine actual and ref 

angular speed 
𝝂𝜶𝐈, 𝝂𝜷𝐈 Induction motor stator voltage in 

𝜶, 𝜷 ref frame 

𝑮 Gearbox ratio 𝝂𝜶𝐈𝐈, 𝝂𝜷𝐈𝐈 Induction motor rotor voltages in 

𝜶, 𝜷 ref frame 

𝜯 𝑮 PMSG shaft torque ί𝜶𝐈, ί𝜷𝐈 Induction motor stator currents in 

𝜶, 𝜷 ref frame 

𝜭 𝜺𝑮 PMSG stator electrical angle ί𝜹𝐈, ίϘ𝐈 Induction motor stator currents in 

𝒅, 𝒒 ref frame 

𝜴𝜺 PMSG electrical angular speed  ί𝜶𝐈𝐈, ί𝜷𝐈𝐈 Induction motor rotor currents in 

𝜶, 𝜷 ref frame 
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𝜴𝑮, 𝜴𝑮 
∗ PMSG actual and ref angular 

speed 

𝑹𝐈, 𝑹𝐈𝐈 Induction motor stator and rotor 

resistances 

𝑱𝑻, 𝑱𝑮, 𝑱Ϻ Inertia of turbine, PMSG, and IM 𝑳𝐈, 𝑳𝐈𝐈, ϺϺ Induction motor stator, rotor, and 

mutual inductances 

𝝋Ϻ Permanent magnet flux 𝝈Ϻ Leakage factor of the IM 

𝑹𝐒, 𝑳𝐒 PMSG stator resistance and 

inductance 
𝝋𝜶𝐈, 𝝋𝜷𝐈 Induction motor stator fluxes in 

𝜶, 𝜷 ref frame 

𝝂𝜹 
∗, ί𝜹 

∗
 Ref values of the direct 

component of the PMSG stator 

voltage and current 

𝝋𝜶𝐈𝐈, 𝝋𝜷𝐈𝐈 Induction motor rotor fluxes in 

𝜶, 𝜷 ref frame 

𝝂𝜹, ί𝜹 Actual values of the direct 

component of the PMSG stator 

voltage and current 

𝜭 𝜺𝑰 IM stator electrical angle 

  𝜴 𝜺𝑰 IM stator electrical angular speed 

𝚻 𝜺𝒎Ϻ, 𝚻 𝜺𝒎Ϻ 
∗ Actual and ref values of the 

electromagnetic torque of IM 

PWM Pulse width modulation 

𝜴Ϻ, 𝜴Ϻ 
∗ IM actual and ref angular speed 𝝂𝒂𝐈 

∗, 𝝂𝒃𝐈 
∗, 𝝂𝒄𝐈 

∗ Ref values of IM 3-𝝋 stator 

voltage 

𝝂𝜹𝐈 
∗, ί𝜹𝐈 

∗
 Ref values of the direct 

component of IM stator voltage 

and current 

ί𝒂𝐈, ί𝒃𝐈, ί𝒄𝐈 Actual values of IM 3-𝝋 stator 

current 

𝝂𝜹𝐈, ί𝜹𝐈 Actual values of the direct 

component of IM stator voltage 

and current 

𝑷𝜫, 𝑷𝜫 
∗ Actual and ref values of the water 

pump power 

𝝂Ϙ𝐈 
∗, ίϘ𝐈 

∗
 Ref values of the quad component 

of IM stator voltage and current 
𝑷𝜫_𝒏𝒐𝒎 Nominal power of the pump 

𝝂Ϙ𝐈, ίϘ𝐈 Actual values of the quad 

component of IM stator voltage 

and current 

𝑲𝜫 Water pump speed-torque 

coefficient  

𝝋𝜹𝐈𝐈, 𝝋𝜹𝐈𝐈 
∗ Actual and Ref values of the direct 

component of IM rotor flux 
𝜼 Efficiency of the pump 

abc/dq Park transformation 𝑸𝜫 Flow rate of the pump 

dq/abc Inverse Park transformation 𝒈 Gravity acceleration  

𝑯𝒘 
∗, 𝑯𝒘 Ref and measured water stage 

inside the tank 

ί𝑰𝑰𝑰 the current supplied to the DC link 

by the DC/DC converter 

𝑨𝒕 Water tank area 𝝂𝑰𝑰𝑰 The voltage supplied to the 

DC/DC converter by the battery 

𝑸𝒊𝒏, 𝑸𝒐𝒖𝒕 the Inflow and the outflow of the 

tank 

𝝂𝐞𝐪 
 , 𝝂𝐧 

  Equivalent and switching 

components of the control law 

𝝂𝑫𝑪, ί𝑫𝑪, 𝑪 DC link voltage, current, and 

capacity 
ϒ Candidate Lyapunov functions of 

CSMC and ISMC 

𝑷𝑫𝑪 
∗, ί𝑫𝑪 

∗
 Ref values of DC link power and 

DC link current 

𝜻𝜹𝒏𝟏, 𝜻Ϙ𝒏𝟏 CSMC constants 

ί𝐈 The output DC current of the MSC 𝜻𝜹𝒏𝟐, 𝜻Ϙ𝒏𝟐, 
𝜻𝜹𝒏𝟑, 𝜻Ϙ𝒏𝟑 

ISMC constants 

ί𝐈𝐈 The DC current withdrawn by 

IMC 
𝜎 Candidate Lyapunov function of 

BSC 

𝐌𝐂 Modulation coefficient ξ𝛺
 , ξ𝛿

 , ξϘ
  BSC constants 

Appendix 

System parameters 

Parameter Value Parameter Value 

λopt 8.1 LI, LII, ϺϺ 0.1164,0.1164,0.1113 H 

r 2m 𝜎Ϻ 0.0857 

ρa 1.22 kg/m3 RI, RII 1.411,1.045 Ω 

ρw 1 kg/L Battery rated voltage 240 V 

JG 0.0099 kg⋅m2 νDC 
∗, C 550 V, 2200 μF 

JϺ 0.34 kg⋅m2 Battery capacity 50 Ah 

G 3.83 Cb, Cs 8.8373 F,82.1 mF 

φϺ 0.50 Wb Lβ 30 mH 

ΡG, ΡϺ 4,2 Rτ,Rε, RS 2.75,3.75,3.75 mΩ 

RS, LS 0.82 Ω, 15.1 mH DOD 60% 

РG_nom 3.85KW ηBattery 85 % 

φII 
∗ 0.924 Wb   

https://en.wikipedia.org/wiki/Density
https://en.wikipedia.org/wiki/Density
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