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Abstract: This paper presents a systematic control scheme 
for a wind energy conversion system with variable speed 
and describes a permanent magnet synchronous 
generator PMSG with five phases. The machine employs 
back-to-back converters, while the grid-side converters 
are used. Stator current and mechanical rotation speed 
control are employed to accomplish maximum power 
point tracking operation on the machine side converter at 
wind speed below the rated speed. The pitch of the angle 
is used to limit the extracted wind energy when the wind 
surpasses the specified wind. The grid current control loop 
regulates both active and reactive power injection at the 
unity power factor for the grid side converter. The five-
phase PMSG rotor speed is controlled by the twisting 
sliding mode controller in order to maintain the reference 
speed in various wind speeds. Performance comparisons 
between the twisting sliding mode controller, 
conventional proportional integral controller, and integral 
sliding mode controller show that the twisting sliding 
mode controller is superior to the other controllers in 
steady state error. According to this study, the overall 
efficiency is increased to 94% when using the TSMC 
controller rather than the ISMC and PI controllers, which 
are currently at 92.45% and 88.12% respectively. 
MATLAB/Simulink simulation results are used to verify the 
effectiveness of the suggested control technique. 

Keywords: Phase locked loop; total harmonics distortion; 

machine side converter; grid side converter; twisting 

sliding mode control.  

1. Introduction 

Wind power is a promising direction for 

electricity generation. The use of renewable 

clean wind energy helps to cover the increasing 

electricity consumption of a growing world 

population as demonstrated in [1-3]. Because of 

wind energy conversion systems (WECS) 

maximize power extraction energy and increase 

efficiency over fixed-speed systems. The 

methods for developing and running them have 

drawn a lot of interest as in [4]. In variable-speed 

wind turbine systems (VS-WTS), the doubly-fed 

induction generator (DFIG) as in [5] or (PMSG) 

as in [6] is commonly used. The PMSG recently 

has seen a significant increase in use due to of 

own excellent characteristics of simple structure, 

effective energy outcome, gear reduction 

building, self-excitation, and low noise as 

demonstrated in [7]. Three-phase generators 

provide electricity. According to recent research, 

multi-phase machines, such as five-phase 

machines, increase performance in renewable 

energy, aerospace, oil and gas, and hybrid and 

electric autos. Five-phase technology benefits 

many generators and motors, especially those 

that need softer, smaller, more convenient, and 

reliable power production systems. Our method 

improves torque ripple, capacitor needs, power 

density, and fault tolerance, based on 

manufacturing methods that have been tried and 
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tested, as illustrated in [8,9]. The three-phase 

dual machine as given in [10] as well as the six-

phase machine shown in [11] are two multi-phase 

topologies used by WECS. Multiphase 

generators do give more degrees of freedom for 

fault-tolerant operation. The five-phase PMSG is 

widely employed in a variety of applications, 

including the Marine Current Turbine (MCT), 

and the remaining healthy phases of the PMSG 

can be used to recompense for faults and keep the 

MCT running as demonstrated in [12,13]. 

Furthermore, the development of huge power 

electronic devices aids in the improvement of 

controllability and reliability as in [14]. Power 

electronics converter topologies are coupled to 

the power grid to increase WECS quality and 

reliability as illustrated in [15]. Putri et al. in [16] 

present control of the model on the generator and 

grid sides by using two control strategies. Due to 

the unpredictability and increased intermittency 

of wind power production, wind power producers 

must be incorporated into the grid, which is 

problematic. As a consequence, effective 

synchronization approaches are required as 

shown in [17, 18]. Several studies investigated 

maximum power point tracking (MPPT) and 

blade pitch control in WECS as illustrated in [19–

21]. Janaszek et al. in [22] and Hosseyni et al. in 

[23] proposed numerous multiphase machine 

control approaches that have been developed, 

including multiphase direct torque control (DTC) 

and field orientation control (FOC). More than 

just building the controller, system control 

architecture is a multi-stage process. Before 

making a controller, a design goal needs to know 

enough about the system wants to control. 

Traditional vector control architectures for 

multiphase machine-driven applications, such as 

proportional-integral (PI) controllers, have 

several limitations, including parameter tuning 

difficulties, inferior dynamic performance, and 

lower resilience as in [24,25]. The sliding mode 

control (SMC) is an excellent control technique 

for dealing with PI controller weak resilience and 

static and dynamic performance, has a basic 

structure and idea, and is resistant to system 

uncertainties and unknown disruptions, solar 

electricity uses SMC as demonstrated in [26-28], 

wind turbine systems as given in [29-31] and 

additional applications are being added every 

day. Shtessel et al. in [32] described the primary 

motivation for developing second-order sliding 

mode control (SOSMC) is to minimize 

chattering. Despite their ability to effectively 

reduce and change chattering, alternative 

(SOSMC) methods, such as twisting sliding 

mode controller (TSMC), suboptimal algorithms, 

control algorithms with preset convergence 

criterion, and quasi-continuous control 

algorithms. The structure of the paper is 

summarized below: The analytical modeling of 

the WECS consists of WT model and the five-

phase PMSG is presented in Section 2. Section 3 

describes the control system, which includes the 

GSC and MSC, as well as the suggested TSMC 

controller and the MPPT approach for pitch angle 

management. Section 4 presented the simulation 

results, comments, and the dynamic response of 

the system are in. Finally, section 5 contains the 

conclusion.                         

                   

2. Modeling of WECS 

A structure consisting of a wind turbine (WT), a 

generator, and a VSWT. To measure the 

maximum wind output, use a PWM rectifier on 

the generator. The WECS model presented in 

Fig. 1 also includes a grid-side PWM inverter to 

regulate active and reactive power on the grid 

independently [14]. 

 

2.1. Model of the Wind Turbine   

The power of the air stream is the flow of kinetic 

energy per unit of time through the cross-
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sectional area of the turbine rotor blade as 

illustrated in [6, 28]: 

𝑃𝑤 = 0.5 𝜌 𝐴 𝑉𝑤
3                                              (1) 

the mechanical power developed by the turbine 

can be expressed as: 

𝑃𝑚 = 0.5 𝜌 𝐴𝐶𝑝(𝜆,𝛽)𝑉𝑤
3                                    (2) 

Where 𝐶𝑝 stands for the power coefficient, which 

is equal to ( 𝑃𝑚 𝑃𝑤⁄  ), 𝜌 is the air density, (𝛢 =

𝜋𝑅2 ), Α  an area swept by the wind turbine rotor, 

R is the blade length of the turbine, λ is the tip 

speed ratio (TSR), β is the pitch angle and 𝑉𝑤 is 

the wind speed. 

The 𝐶𝑝 can be modeled by the following equation 

 

𝐶𝑝(λ,β) = 0.5176 (
116

𝜆𝑖
− 𝑜. 4𝛽 −

5) 𝑒𝑥𝑝(−21 𝜆𝑖⁄ ) + 0.0068𝜆                           (3) 

1

𝜆𝑖
=  

1

𝜆+0.08𝛽
−

0.35

1+𝛽3                                         (4)  

𝜆 =
𝜔𝑟

𝑉𝑤
𝑅                                                           (5) 

 

𝜔𝑟 is the turbine rotational speed, The 

mechanical torque 𝑇𝑚 of the turbine can be 

obtained as follows: 

 

𝑇𝑚 = 
𝑃𝑚

𝜔𝑟
                                                            (6)     

 

  

 

Figure 1. Configuration of a WECS [21] 

 

 

 

Fig. 2 represents the relationship between the 

𝐶𝑝and 𝜆. The optimal value of 𝐶𝑝 and 𝜆  are equal 

to 0.48 and 8.1 respectively, can be obtained only 

when 𝛽 is equal to zero as in [33]. Fig. 3 

illustrates the power delivered by the wind 

turbine plotted as a function of the rotational 

speed of the wind turbine for different wind 

speeds.  

 

 

According to the graphs, wind speed an effect on 

the MPP. The TSR must be maintained at the 

optimal operating position for every given wind 

speed to maximize power generation as given in 

[33-34]. 
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     Figure 2. Relation between Cp and λ [33]                                      Figure 3. Relation between Pm and ωr [33] 

 

2.2. Dynamic Model for Five Phases of PMSG 

The d and q-axis stator voltage components in the 

synchronous rotating frame can be described 

using Park's Transformation on the five-

coordinate of the PMSG dynamic model as 

[13,35]: 

     𝑉𝑑1=𝑅𝑠𝑖𝑑1+𝐿𝑑1
𝑑𝑖𝑑1

𝑑𝑡
 - 𝜔𝑒𝐿𝑞𝑖𝑞1 

     𝑉𝑞1=𝑅𝑠𝑖𝑞1+𝐿𝑞1
𝑑𝑖𝑞1

𝑑𝑡
 + 𝜔𝑒𝐿𝑑𝑖𝑑1+𝜔𝑒𝜓𝑝𝑚     (7) 

     𝑉𝑑2=𝑅𝑠𝑖𝑑2+𝐿𝑑2
𝑑𝑖𝑑2

𝑑𝑡
 - 3 𝜔𝑒𝐿𝑞𝑖𝑞2 

     𝑉𝑞2=𝑅𝑠𝑖𝑞2+𝐿𝑞2
𝑑𝑖𝑞2

𝑑𝑡
 + 3 𝜔𝑒𝐿𝑑𝑖𝑑2  

 

Where 𝑅𝑠 is the stator resistance, 𝐿𝑑,𝑞 is the stator 

dq- axis inductance, 𝑉𝑑1,𝑑2 and 𝑉𝑞1,𝑞2 the dq-axis 

voltage of the stator, 𝑖𝑑1,𝑑2 and 𝑖𝑞1,𝑞2 dq-axis 

current of the stator, 𝜔𝑒 is the electrical angular 

velocity and 𝛹𝑝𝑚 is the rotor permanent magnet 

flux-linkage. 

when the air gap in the PMSG is uniform, then 

the 𝐿𝑑 = 𝐿𝑞 = 𝐿𝑠. The electromagnetic torque of 

5-phase PMSG can be represented by forcing the 

current components ( 𝑖𝑑1, 𝑖𝑑2 and 𝑖𝑞2) to zero. 

𝑇𝑒= 2.5 p𝜓𝑝𝑚𝑖𝑞1                                              (8) 

For a wind turbine system, the mechanical 

equation is as follows: 

𝜔.
𝑚= 

1

𝐽
 ( 𝑇𝑚 - 𝑇𝑒 - B𝜔𝑚 )                                (9) 

 

 

 

Where B denotes the friction coefficient and J the 

moment of inertia.  

 

3.    Control System 

3.1. Machine Side Control 

Fig. 4 shows the (MSC), which contains a wind 

turbine directly connected with a five-phase 

PMSG that is connected with the grid at unity 

power factor via BTBC. The control scheme 

contains two internal and external control loops. 

The external loop control is used to control the 

rotational speed while the internal control loop is 

used to control the current. The control loop of 

the speed uses a TSMC type controller to control 

the speed and creates an iq1 reference current 

component generated during wind speed changes 

on which the electromagnetic torque 𝑇𝑒 depends 

according to equation (8). Furthermore, by 

reducing the other current components ( 𝑖𝑑1, 

𝑖𝑑2and 𝑖𝑞3)   to zero, the internal control loop is 

employed to manage the constant current 

components d-q, ensuring that the maximum 

torque per ampere is obtained, as demonstrated 

in [7,20,23]. Current control is accomplished by 

using on/off hysteresis switching. The proposed 

control (TSMC) is used to treat and improve the 

performance and response of the dynamic system 

and improve efficiency  in addition, the steady-
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state error is almost negligible, in contrast to the 

used control PI and ISMC, which suffers from     

a poor forced response and steady-state error, In 

addition to the overshooting in the ISMC 

controller as in [4,25].                                            

Figure 4. Machine side control (MSC)

3.1.1. MPPT Technique 

To create the reference speed command, an 

MPPT controller is utilized. This instruction will 

allow the WECS to harvest the highest amount of 

power possible from the available wind power. 

Furthermore, for any instantaneous wind speed, 

the ideal rotational speed of the wind turbine 

rotor may be calculated using the following 

formula as shown in [7,20]: 

 

𝜔𝑟𝑒𝑓 = 
𝜆𝑜𝑝𝑡.𝑉𝑤 

𝑅
                                                 (10) 

 

The reference speed is compared with the actual 

speed of the five-phase PMSG and the error from 

the difference between them is applied to the 

proposed controller as in [20]. The maximum 

power point follows a path that is proportional to 

the cubic of the wind speed as demonstrated in 

[34]. 

𝑃𝑚−𝑚𝑎𝑥= 0.5𝜌𝛢𝐶𝑝𝑚𝑎𝑥 [
𝑅.𝜔𝑟𝑒𝑓

𝜆𝑜𝑝𝑡
]

 

  3

                    (11) 

The goal of a good wind generator controller is 

to change the output current of the generator to  

reach the speed that provides the maximum 

power for each wind speed. This can of course 

only be done if you have a variable speed 

generator. 

 

3.1.2. Regulation of pitch angle 

Regulation systems that change the pitch angle of 

the blade, also known as variable pitch, have the 

capability of rotating the blades along their 

longitudinal axis to adjust the power based on 

wind conditions, increasing the rotor's 

aerodynamic efficiency. This technology 
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provides for the extraction of nominal electrical 

power at wind speeds greater than the nominal. 

As well as a high-speed wind security 

mechanism. The pitch servo motor is powered by 

the gain as shown in Fig. 5. 

 
Figure 5. Pitch angle Control  

 

3.1.3. Twisting sliding mode control (TSMC) 

Because power electronic systems are prone to 

nonlinearities, such as uncertainties, unmolded 

dynamics, and disturbance. As a result, SMC is 

employed in power electronic systems due to 

features like high robustness against system 

uncertainties, unknown disturbances, fast 

response, complete controllability, flexibility, 

high control performance, high efficiency, 

simple structure, and concept. The proposed 

TSMC avoids the chattering in the control action 

and minimized the steady state error in the 

traditional PI controller and ISMC controller. In 

SOSMC both the sliding surface (s) and the state 

error variable (e) converge to zero in a finite time. 

In order to design the TSMC, two steps must be 

taken. The sliding surface must first be made and 

the second is to get the controller function 𝑈𝑐  as 

illustrated in [31,32]. 

The twisting algorithm is defined by the 

following equation given in [32]:  

 

𝑈𝑐= 𝑈𝑒𝑞+𝑈𝑢𝑛                                                 (12) 

 

Where 𝑈𝑐 is the controller function, 𝑈𝑒𝑞 is a 

linear (continuous part, equivalent control) and 

the 𝑈𝑢𝑛 which is a nonlinear (discontinuous part). 

Sliding surface can be defined as:  

 

𝑆𝜔= 𝑒𝜔                                                           (13) 

Where eω is the difference speed and is equal to 

(𝑒𝜔= 𝜔𝑟𝑒𝑓 - 𝜔𝑚 ). 

𝑆�̇�= 𝑒�̇� = 𝜔𝑟𝑒𝑓̇  - 𝜔�̇�                                      (14) 

 

By substituting eq. (8) and eq. (9) into eq. (14) 

yield: 

 

𝑆�̇� = 𝜔𝑟𝑒𝑓̇  - 
1

𝐽
 ( 𝑇𝑚 – 2.5 p𝜓𝑝𝑚𝑖𝑞1 - B𝜔𝑚 )    (15) 

 

Arranging (15), 

 

𝑆�̇�= 𝜔𝑟𝑒𝑓̇  - 
1

𝐽
 ( 𝑇𝑚 - B𝜔𝑚 ) + 

2.5 𝑝𝜓𝑝𝑚

𝐽
 𝑖𝑞1      (16) 

 

          ∅               m(t)                 𝛾        𝑈𝑐 

 

𝑆�̇� =  ∅ + 𝛾 𝑈𝑐 - m(t)                                     (17) 

 

Where m(t) represents all system disturbances. 

The control component can be calculated as 

 

𝑆�̈�= 𝑆�̇�= m(t) = 0                                         (18) 

 

0 = ∅ + γ Ueq                    Ueq = 
−∅

γ
               (19)                                                                                   

As a result, the controller function to ensure a 

reachability condition can be rewritten as: 

  

𝑈𝑐 = 𝑈𝑒𝑞+𝑈𝑢𝑛  

     = −𝛾−1 ( ∅ + 𝑟1 sgn(s) + 𝑟2 sgn (�̇�)) 

 𝑟1 > 𝑟2 > 0                                                    (20) 

  

The sat function is used instead of signum 

function to decrease the chattering issue, as well 

as add two terms to solve the problem of the 

reaching phase instability. The 𝐾𝑠 and 𝐾𝜔 are 

selected to provide the highest performance 

while minimizing dynamic system disturbances. 
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𝑈𝑐= 𝑈𝑒𝑞+𝑈𝑢𝑛  

    = −𝛾−1 ( ∅ + 𝑟1 sat(s) + 𝑟2 sat(�̇�) + 𝐾𝑠𝑆𝜔 + 

         𝐾𝜔𝜔𝑚 )            𝑟1 > 𝑟2 > 0                    (21)  

 

3.2. Control of the Grid Side 

The fundamental objective of the GSC is to 

provide active power to the grid at a power factor 

of one and use the method of voltage-oriented 

control to regulate the DC-link voltage Fig.6. 

There is two loop control in the GSC, the first 

loop is the outer control utilized to maintain a 

constant DC-link voltage at reference value, and 

the second loop is an inner control that regulates 

the dq-axis current in order to give active power 

to the grid at all times (UPF) as demonstrated in 

[4,7,33]. The inverter can be supplied with 

frequency and phase angle by utilizing a phase-

locked loop (PLL). The objective is to 

synchronize the inverter's current angle with the 

grid's voltage angle to achieve a power factor as 

close to (UPF) as feasible as in [36]. In a 

reference frame rotating synchronously with the 

grid voltage, the dynamic model of the grid 

connection is as follows [34]: 

𝑉𝑔𝑑 = 𝑉𝑖𝑑 - R𝐼𝑔𝑑 - L 
𝑑

𝑑𝑡
 𝐼𝑔𝑑 + L 𝜔𝑔𝐼𝑔𝑞             (22) 

𝑉𝑔𝑞 = 𝑉𝑖𝑞 - R𝐼𝑔𝑞 - L 
𝑑

𝑑𝑡
 𝐼𝑔𝑞 - L 𝜔𝑔𝐼𝑔𝑑               (23) 

 

where L is the grid inductance and R is the grid 

resistance.                                                              

𝑉𝑖𝑑 and 𝑉𝑖𝑞 are the d-q axis inverter voltage 

components. The 𝑉𝑔𝑞 = 0, As a result, the power 

system is only supplied with active power as 

shown in [21]. the grid vector voltage is: 

 

𝑉 = 𝑉𝑔𝑑 + j0                                                  (24) 

 

The following equations are used to express 

active and reactive power: 

𝑃𝑔 = 
3

2
 𝑉𝑔𝑑𝐼𝑔𝑑                                                  (25) 

𝑄𝑔 = 
3

2
 𝑉𝑔𝑑𝐼𝑔𝑞                                                 (26) 
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4. Results of the Simulation and Discussion 

The system under study is based on a 5-phase 

PMSG linked to the grid through BTBC and 

developed in MATLAB/Simulink R2020a. The 

suggested TSMC is implemented at different 

wind speeds, as well as the MPPT and the angle 

of the blade angle control in the MSC controller. 

The DC-link capacitor voltage and current 

management are controlled by the GSC 

controller. The Ziegler-Nichols approach is used 

to get the best PI controller gain value. All the 

system parameters, including ISMC, TSMC, and 

PI gains, have been chosen to ensure the system 

will work well as shown in appendices I and II. 

Fig.7 to Fig. 10 illustrate the WT characteristics. 

Fig. 7 shows the variable wind speed as a step 

function with a period from zero to 20 seconds 

where the wind speed at 5 seconds changed to 

12m/s, at 10 seconds changed to 13m/s, and at 15 

seconds changed to 11m/s. The pitch angle is 

displayed in Fig. 8, where we can see that at 

speeds under the specified wind speed the angle 

𝛽 is zero degrees, while at speeds above the rated 

wind speed, the pitch angle is roughly 1.745 

degrees at 13m/s as stated in Table 1. 

Table 1. Features of wind turbines 

𝐕𝐰𝐢𝐧𝐝 

(m/s) 
𝐂𝐩 𝛌 𝛃(𝐝𝐞𝐠𝐫𝐞𝐞) 𝛚𝐫𝐞𝐟 

(rad/sec) 
10 0.48 8.1 0 2.642 
11 0.48 8.1 0 2.908 
12 0.48 8.1 0 3.171 
13 0.3789 7.476 1.745 3.171 
14 0.3019 6.939 5.688 3.171 
15 0.2457 6.477 9.89 3.171 

Figure 6. Grid side control [34]. 
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Time (second) 

Figure 7. Variation of wind speed 

Time (second) 

Figure 8. Pitch angle (β)at variable wind speed 

 

Fig. 9(a, b) shows the tip speed ratio (TSR) at 

different ways of controlling, where using PI and 

ISMC controllers in Fig. 9(a) and TSMC 

controller in Fig. 9(b) yet obvious that the TSR is 

constant at value 8.1 at speeds underrated speed 

and start to decrees under 8.1 to 7.476 at 13m/s, 

6.939 at 14m/s, 6.477 at 15m/s when speed 

exceeded the rated wind speed 12m/s Table 1. 

Fig. 10(a, b) illustrate the power coefficient (𝐶𝑝) 

also at different methods of controlling such as 

Fig. 8, the 𝐶𝑝 values when the speed less than the 

specified wind speed is constant at 0.48, while 

starting to decrease at speed below rated wind 

speed. 

(a) [21] 

  
Time(second) 

(b) 

Figure 9. Tip Speed Ratio (λ )[(a) PI, ISMC controllers and(b) TSMC controller] 
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(a) [21] 

 

    
 Time(second) 

(b) 

Figure 10. Power coefficient (Cp) [ (a) PI, ISMC, and (b) TSMC] 

 

The generator side characteristics represented in 

Fig. 11 to Fig. 14 demonstrate how speed 

controllers affect rotor speed and mechanical 

power. Fig.11(a, b) shows the reference and 

actual rotor speed which can be tracked by using  

PI, ISMC, and TSMC, noted that the settling time 

is 0.005 second in TSMC while is 0.705 seconds 

and 0.112 second in conventional PI and ISMC 

respectively at a rated wind speed 12 m/s [21]. 

Fig. 12(a, b) illustrates the actual and reference 

mechanical power. shows that the TSMC has the 

best performance over the PI and ISMC 

controllers. Fig. 13 shows the match between the 

electromagnetic torque and mechanical torque 

because of the direct drive between the WT and 

5-phase PMSG. Fig. 14 shows the five-phase 

current where note that the waveform is a pure 

sinusoidal waveform, in addition there are  

change in current under variation of wind speed. 

 
(a) [21] 

 
Time (second) 

(b) 

Figure 11. Rotor Speed [ (a) PI, ISMC and (b) TSMC] 
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(a) [21] 

 
Time (second) 

(b) 

Figure 12. Mechanical Power [ (a) PI, ISMC and (b) TSMC] 

 

 
 

Time (second) 

                                            Figure 13. Torque 

  
Time (second) 

Figure 14. Five Phase Current 

 

Fig. 15 to Fig. 19 show the properties of the GSC. 

Despite variations in wind speed, the DC-link 

voltage remains constant at 1150 V Fig. 15. Fig. 

16 shows the phase voltage and current, clear that 

the voltage and current are in the same phase at a 

frequency of 60 Hz, and the amplitude of phase 

current is about 2000 A. Fig.17 illustrates the real 

power injected into the grid at UPF with the value 

of 1.41 MW at a rated wind speed of 12m/s and 

reactive power around zero value to guarantee 

UPF Fig. 18.  Fig. 19 represents the THD% with 

a minimum value of about 1.953% for TSMC and 

2.19%, 2.35 for the ISMC and PI controllers 

respectively. This is as a result of the proposed 

controller.
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Time (second) 

Figure 15. DC-link Voltage 

 
Time (second) 

Figure 16. Phase Voltage and Current    

   
Time (second) 

Figure 17. Active and Reactive Power 

 

 
Time (second) 

Figure 18. Power Factor 

 

   
Time (second) 

Figure 19. Total Harmonics Distortion% 

 

The suggested TSMC controller provides 

excellent control and performance in terms of 

speed regulation [25]. The dynamic response of 

the TSMC, PI, and ISMC controllers is shown in 
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Fig. 11(a, b). The settling time of the TSMC is 4 

msec, while the settling times of the ISMC and 

PI controllers are 112 msec and 705 msec, 

respectively. The overshoot and undershoot in 

the TSMC controller are negligible, in contrast to 

the PI and ISMC controllers which have 

overshoot and undershoot. Clear that the 

reference speed is varied to 2.642 at 10m/s, 2.908 

at 11m/s below rated wind speed, and remained 

Constant to 3.171(rad/s) at all speeds over rated 

wind speed 12m/s because of the pitching 

angle Table 1. The main goal of the controllers is 

to increase energy capture and ensure operating 

at a safety zone at or underrated wind speed. A 

comparison of theoretical power and real grid 

power is done to validate the efficiency of the 

proposed WECS-based control systems [33]: 

 

𝜂𝑠𝑦𝑠 = 
𝑃𝑔

𝑃𝑡ℎ
 × 100%                                         (27) 

 

where 𝜂𝑠𝑦𝑠 indicates WECS efficiency, 𝑃𝑔 refers 

to grid-injected power, and 𝑃𝑡ℎ refers to 

theoretical extracted power that can be evaluated 

from eq. (1). Table 2 lists the performance 

characteristics such as steady-state error, settling 

time response, and overall system efficiency, 

which reveal that the TSMC performs better in 

terms of overall system performance. The 

proposed TSMC boosts total system efficiency 

by 94%, compared to 92.45% for the ISMC and 

88.12% for the PI controller Table 2. 

 

Table 2. A comparative analysis of the TSMC, 

traditional PI, and ISMC for WECS over a long period. 

Controller Steady-state 

error 

(percentage%) 

Settling 

time 

(msec.) 

𝛈𝐬𝐲𝐬 

(%) 

Conventional 

PI 
0.841 705 88.12% 

ISMC 0.204 112 92.45% 
TSMC 0.031 5 94% 

 

 

5. Conclusions 

This research offers a more accurate TSMC 

controller in comparison to the classic PI and 

ISMC controllers. Demonstrates that the TSMC 

surpasses the traditional PI and ISMC controllers 

in terms of performance. The proposed TSMC 

speed controller improves the system's steady-

state error and dynamic response, the settling 

time is 0.005 second for TSMC and 0.112 second 

and 0.705 second for the ISMC and PI controllers 

respectively. Furthermore, the steady-state error 

is 0.031% for TSMC and 0.204%, and 0.841% 

for the ISMC and PI controllers respectively. The 

overshoot and downshoot are low in comparison 

to the PI and ISMC controllers. The total 

harmonics distortion reduced to  1.953% due to 

suggested control while 2.19% and 2.35% for 

ISMC and PI controllers respectively. Due to 

using the proposed TSMC, the overall WECS 

efficiency reached 94% compared with ISMC 

and PI controllers is 92.45% and 88.12% 

respectively. Extensive simulations using 

MATLAB and SIMULINK are utilized to 

evaluate the suggested control approach with 

varying wind speed profiles. In terms of dynamic 

performance, the simulation results indicate that 

the TSMC outperforms the competition in the 

advanced control system that enables to manage 

rotor speed in a range of conditions. 
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Appendix – I                                                                                                       
Parameters of WECS [33,37]      

 

I1. Characteristics of wind turbines 

The blade's radius R = 30.65 m 

Density of air  ρ = 1.255 kg/m3 

TSR optimum λ = 8.1 

Maximum power 

Coefficient 

C = 0.48       

 

 

I2. The five-phase PMSG parameters 

Rated power                 P = 1.5 MW 

Number of pole pairs   n = 40 

Stator resistance           Rs = 3.17 mΩ 

Stator inductance         LS = 3.07 mΗ 

Moment of inertia        J = 10000 kg.m2 

Flux linkage                 ψ = 7.0172 wb 

 

 

I3. Parameters for the DC bus and gird 

Voltage of dc-link Vdc = 1150 V 

DC-link capacitor C = 0.003 F 

Grid voltage Vg = 575 V 

Grid frequency F = 60 Ηz 

Grid resistance Rg = 0.002 Ω 

Grid inductance  Lg = 400 μΗ 

 

 

Appendix –II 
 

GSC's PI-controller gains 

Kpvdc
 8 

Kivdc
 400 

Kpiq
 10 

Kiiq
 20 

Kpid
 10 

Kiid
 20 
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MSC's PI controller gains   

Kp 15 
Ki 35 

 
 

MSC's ISMC controller gains         

Kp 8 

Ki 0.1 

ρω 35 

Kc 5 

Kt 3.5 

                                                             

 

 

 

MSC's TSMC controller gains 

r1 100 
r2 0.8 
Ks 30 
Kω 14.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


