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 This paper presents the research on small-scale wind turbine systems based 

on the Maximum Power Point Tracking (MPPT) algorithm. Then propose 

a new structure of a small-scale wind turbine system to simplify the structure 

of the system, making the system highly practical. This paper also presented 

an MPPT-Fuzzy controller design and proposed a control system using 

the wind speed sensor for small-scale wind turbines. Systems are simulated 

using Matlab/Simulink software to evaluate the feasibility of the proposed 

controller. As a result, the system with the MPPT-Fuzzy controller has much 

better quality than the traditional control system. 
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1. INTRODUCTION 

In recent years, the sustainable energy source has been a topic of great interest and research. 

In particular, the source of wind energy is one hot topic [1-4]. Medium and large wind turbines have been 

installed in the mainland and offshore. However, in isolated areas and urban areas, the medium and large 

wind turbines cannot be installed. Therefore, the Small-Scale Wind Turbine (SSWT) has been applied to take 

advantage of these regions [5-7]. The direct-drive SSWT using a permanent magnet synchronous generator 

(PMSG) has advantages such as eliminating gearbox, eliminating noise and without the excitation system. 

Thus, it makes less maintenance of the system and reduces the system cost. The common feature of wind 

energy systems is controlling to reach the maximum power point of the output energy. Therefore, this paper 

presents and analyzes the algorithmic structures related to MPPT, then proposes the MPPT based-system 

structure for SSWT. 

There are some MPPT algorithms such as the following:  

- The tip speed ratio (TSR) algorithm requires an anemometer. The characteristics of this algorithm are 

simple, fast response but not high accuracy. The turbulence of the wind speed makes the output power 

unstable [8-10]. 

- The power signal feedback (PSF) algorithm requires the information of the maximum power curve of 

a wind turbine [9, 11]. This algorithm does not use an anemometer but uses electrical sensors to measure 

the input signal. 

- Based on the optimal torque (OT) algorithm, the torque of the generator is controlled according to 

the reference curve of optimum torque from the maximum power of the wind turbine at the corresponding 
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time of the wind speed [9, 11-13]. This algorithm requires information about the air density and 

the mechanical parameters of the turbine. This method is simple, fast but less effective than TSR method 

because the wind speed is not directly measured, means that the changes of wind are not reflected 

immediately on the set signal. 

To overcome the disadvantages of the above algorithms, the hill climb search (HCS) algorithm or 

perturbation and observation (P&O) algorithm are proposed. This algorithm is the optimal technique for 

finding optimal power-point. This method uses the sensors to monitor the direct current and the direct 

voltage [8, 14] then the step-size is generated by comparison between the two signals. This method can also 

use a tachometer of the generator for measuring the power and generating the step-size [15, 16]. This method 

is low cost, high reliability, and stability. However, the drawback of this method is fixed step-size, 

while the wind speed often changes. Therefore, when the wind speed variables change rapidly, the maximum 

power point cannot be found. Additionally, choosing an optimal step-size is not an easy task when the system 

has a large inertia. 

The traditional MPPT algorithm is improved in studies [8, 11, 14, 17]. These methods are 

a combination of conventional and nonlinear algorithms. It can change quickly the step-size to response to 

the output change of the algorithm. However, these improved algorithms have to offer many cases for 

comparison, so the program memory of the algorithm is large and the processing speed of the controller is 

decreased. Some studies [18]-[20] proposed a combination of conventional algorithms and the neural 

network. The advantages of the neural network are that the ability to learn is quick and it doesn't need 

the object model. However, the downside of this method is the slow ability to calculate the step-size, so it is 

difficult to apply in practice. 

The fuzzy logic algorithm has advantages such as able to apply the knowledge of the expert to 

the wind turbine system, fast response algorithm, high flexible and don't need to know the math equation of 

wind turbine system [5, 16, 21]. Therefore, this study will design an MPPT controller using fuzzy logic for 

SSWT. The proposed algorithm will take two signals to create step-size: the power of the wind turbine and 

the speed of the generator. These two signals are compared to create step-size for the controller. 

Then, the fuzzy controller gives the optimal step for the system. This proposed algorithm will compare with 

the conventional algorithm HCS through the simulation software Matlab/Simulink to prove the advantages of 

the proposed MPPT-fuzzy controller. 

 

 

2. THE SYSTEM STRUCTURE OF SSWT 

2.1.   The wind turbine model 

The power of the wind turbine is calculated by (1) [8]: 
 𝑃𝑡 = 𝐶𝑝(𝜆, 𝛽) 𝜌𝐴2 𝑉3 

(1)  

 

where, 𝐶𝑝 is the power conversion coefficient that is as (2). Plotting of the power conversion coefficient is 

shown in Figure 1. 
 𝐶𝑃(𝜆, 𝛽) = 𝑏1 (𝑏2𝜆𝑖 − 𝑏3𝛽 − 𝑏4) 𝑒−𝑏5𝜆𝑖 + 𝑏6𝜆 

(2)  

 

With  
1λi = 1λ+0.08β− 0.0351+β3 

 

The ratio between the turbine blade speed and the wind speed is as follows:  
 𝜆 = 𝑅𝜔𝑡𝑉  

(3)  

 

Therefore, the output power of the turbine is as follows: 
 𝑃𝑡 = 12𝜋𝜌𝑅2𝐶𝑝𝑉3 

(4)  

 

The torque of a wind turbine is as follows: 
 𝑀𝑡 = 𝑃𝑡𝜔𝑡 (5)  
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The wind turbines can operate according to different control rules depending on the wind speed,  

the detail is shown in Figure 2. 

 

 

 

2.2. The PMSG model 

The current and voltage equations on the coordinate system d-q [8]:  

 

{  
  𝑑𝑖𝑑𝑠𝑑𝑡 = 1𝑇𝑑𝑠 𝑖𝑑𝑠 + 𝜔𝑠 𝐿𝑞𝑠𝐿𝑑𝑠 𝑖𝑞𝑠 + 1𝐿𝑑𝑠 𝑢𝑑𝑠                   𝑑𝑖𝑞𝑠𝑑𝑡 = −𝜔𝑠 𝐿𝑑𝑠𝐿𝑞𝑠 𝑖𝑑𝑠 − 1𝑇𝑞𝑠 𝑖𝑞𝑠 + 1𝐿𝑞𝑠 𝑢𝑞𝑠 − 𝜔𝑠 𝜓𝑝𝐿𝑞𝑠  (6)  

 

where:  𝐿𝑑𝑠  – the stator inductance measured on vertical axis; 𝐿𝑞𝑠 – the stator inductance measured on 

horizontal axis; 𝜓𝑝 – the flux; 𝑇𝑑𝑠, 𝑇𝑞𝑠 -the  time constants of stator.  

Torque equation of the generator: 

 

 𝑀𝑔𝑒𝑛 = 32𝑃𝑐[𝜓𝑝𝑖𝑞𝑠 + 𝑖𝑑𝑠 𝑖𝑞𝑠(𝐿𝑑𝑠 − 𝐿𝑞𝑠 )] 
 

(7)  Pc is the number of polar pairs 

 
 

Figure 1.  The power conversion coefficient 𝐶𝑃 − 𝜆 (𝛽 is the pitch angle) 

 
 

Figure 2.  The power versus 𝜔𝑡 for different wind speeds 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 10, No. 4, August 2020 :  3927 - 3935 

3930 

2.3. The MPPT systems for the SSWT 
a. The MPPT system with sensors 

The system shown in Figure 3 has been used extensively in medium and large wind turbine 

systems [10, 22]. This structure uses a sensor that measures the wind speed, sensors for measuring the direct 

and alternating current, and the direct voltage. The system uses 6 IGBTs on the machine side to ensure 

the power in the low-speed areas is exploited to the maximum capacity [23, 24]. This method is often 

combined with the pitch control system to adjust the pitch angle in case the wind speed is greater than 

the norm. The cost of the system is high, but in return, the system is highly reliable and identifying 

the optimal power-point. 

b. The sensorless MPPT system 

This scheme shown in Figure 4 is widely used in SSWT systems 5, 8, 14, 17, 19, 25]. The advantage 

of this method is that it does not use an anemometer, only uses electric sensors so the system has a long life 

and reliable operation [23, 24]. 

 

 

 
 

Figure 3. MPPT structure with a wind speed sensor 

 

 

 
 

Figure 4. The sensorless MPPT structure for SSWT 
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3. DESIGNING THE MPPT CONTROLLER FOR SSWT 

3.1.  The SSWT structure using Direct - Drive PMSG 

The proposed structure is shown in Figure 5. The authors used wind speed meters and output 

transformers to ensure grid connection for the 380V AC system. The structure has eliminated the current 

sensor and voltage sensor because the SSWT system has guaranteed stability with different wind speeds. 

The system uses two signals such as the wind turbine power and the speed of the generator as the input-

signals for the MPPT. This structure also eliminates the gearbox system, so the space of the wind turbine is 

wider, the weight of the system is reduced and the installation process is actually easier. Therefore, 

this system is very suitable to install the turbine in isolated areas or urban areas. The proposed system also 

has the control section for the pitch angle so the SSWT system can operate in a wide range of wind speed 

with different regions. This structure has eliminated traditional elements such as a dump load, a passive pitch 

controller and a furling system. 

 

3.2.  The control strategy of the SSWT system 

Assuming that ignoring the losses in the system, the relationship curves between the turbine power 

(𝑃𝑡) and the generator speed (𝜔𝑡 = 𝜔𝑠) are shown in Figure 6. With a definite value of wind speed, the task 

of the MPPT controller is controlling the speed of the generator in order the power taken from the wind to 

the grid is maximum. For example, if the wind speed is 𝑉1, the generator speed is 𝜔𝑡1,  the power that 

the system transmits to the grid is point A, the MPPT controller will control the system to reach the speed of ωt2 corresponding to the transmitted power reach the maximum at point B. Similarly, if the wind speed 

increases to 𝑉2, 𝑉3, the MPP controller will control the system reach the speed of 𝜔𝑡3 (point F), 𝜔𝑡4 (point D) 

respectively to achieve maximum power. 

 

3.3.  Designing the MPPT-Fuzzy controller for SSWT 

The fuzzy-controller is based on the human experience through a set of experiential design rules. 

It also does not require the exact mathematical model of the control object. Design of a fuzzy controller has 

the three steps:  

- Fuzzification: Converting the input variable from the real value to the fuzzy value. 

- Setting the fuzzy logic rules “if ...then” 

- Defuzzification: Converting output value from the fuzzy value to the real value for controlling 

the object. 

Fuzzification of the input and output are shown as Figure 7, including linguistic variables: Decrease 

Big (DB), Decrease Small (DS), Zero (ZE), Increase Small (IS), and Increase Big (IB). The control rules  

are setup through expert knowledge and experience of the authors. There are 25 control rules which are 

shown in Table 1. 

 

 

 
 

Figure 5. The proposed SSWT system structure 
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Figure 6. The relationship between the turbine power, the generator speed, and the wind speed 

 

 

 
 

Figure 7. The linguistic variables 

 

 

Table 1. The rule base of Fuzzy controller ∆ωtref ∆Pt 
DB DS ZE IS IB 

∆ωt DB IB IS ZE DS DB 

DS IS IS ZE DS DS 

ZE DB DS ZE IS IB 

IS DS DS ZE IS IS 

IB DB DS ZE IS IB 

 

 

The diagram of the MPPT-Fuzzy control system is shown in Figure 8, and the Parameters of SSWT 

in research is shown in Table 2. The change of the output power of the wind turbine at the cycle (k) is as 

follows: 

 ∆𝑃𝑡[𝑘] = 𝑃𝑡[𝑘] − 𝑃𝑡[𝑘 − 1] (8) 

 

The change of the generator speed at the cycle (k) is as follows: 

 ∆𝜔𝑡[𝑘] = 𝜔𝑡[𝑘] − 𝜔𝑡[𝑘 − 1] (9) 

 

The optimal speed at the cycle (k): 

 𝜔𝑡𝑟𝑒𝑓[𝑘] = 𝜔𝑡[𝑘 − 1] + ∆𝜔𝑡𝑟𝑒𝑓[𝑘] (10) 
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The optimal reference-speed of the controller: 

 

 

 

 

where 𝐺1,𝐺2 and 𝐺3 are the adaptive coefficients. 

 

 

 
 

Figure 8. The diagram of the MPPT fuzzy controller 

 

 

Table 2. The Parameters of SSWT 
Rated power (kW) Radius of 

rotor (m) 

Air density 

(kg/m3) 

Power 

coefficient of 

optimal 

Tip speed ratio 

of optimal 𝜆 

b1 − b6 of coefficients Rated wind 

speed (m/s) 

2.5 1.8 1.225 0.48 8.1 0.5176; 11;  0.4;  5; 21; 0.0068 

9.5 

 

 

4. RESULTS AND ANALYSIS 

The authors ran the system with two different MPPT controllers: HSC and Fuzzy. Figure 9 shows 

the wind speed. This speed ranges from the start-up wind speed to the rated wind speed. At these regions of 

the wind speed that MPPT controllers need to find the maximum power. 

 

 

 
 

Figure 9. The wind speed 

 

 

In order to ensure the maximum power, the energy conversion coefficient 𝐶𝑃 always follows 

the optimal value. The characteristic of 𝐶𝑃 is shown in Figure 10. The simulation results show that in the first 

period of 0 - 0.1s, the Fuzzy controller's power coefficient responds quickly and closely to the value of 0.48, 

while the HCS controller was slower. At times t = 0.4s and 0.7s, the wind speed changes, we see the system 

with the Fuzzy controller set up faster than the system with the HCS controller. 

𝜔𝑡𝑛𝑒𝑤_𝑟𝑒𝑓 = 𝜔𝑡𝑟𝑒𝑓 − 𝜔𝑡 (11) 
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Figure 10. The power coefficient 

 

 

The generator speed (or the turbine speed) is shown in Figure 11. The Fuzzy controller has a fast 

response time and gives a larger value than the HCS controller. Therefore, the optimum speeds of the two 

controllers are different. The oscillation of the Fuzzy controller is also less than that of the HCS controller. 

Finally, we realize that the turbine power response of the Fuzzy controller is also better than that of the HCS 

controller as shown in Figure 12. 

 

 

 
 

Figure 11. The rotor speed 

 

 

 
 

Figure 12. Turbine power 
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5. CONCLUSION  
The authors have built successfully the MPPT-Fuzzy control system. A comparison between 

the traditional controller (HCS) and the Fuzzy controller has proven the advantages of the Fuzzy controller. 

Therefore, the MPPT-Fuzzy controller is completely feasible and highly applicable to the SSWT system. 

The paper also proposed the control structure for SSWT. With this type of structure, the system responds is 

better because it reflects the actual wind speed at the control time, and the power in the range of low wind 

speed is exploited with the optimal value. 
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