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 Simple control of a stand-alone variable speed wind turbine with a 

permanent magnet synchronous generator (PMSG) is presented in this paper. 

PMSG fed different types of loads by means of a converter where switched 

mode rectifier is connected to the PMSG, boost DC-DC converter, and 

voltage source inverter (VSI). The wind turbine is operated at measured 

wind speed and it is tested at estimated wind speed which is based on the 

power calculation of turbine power, generating electric power, losses power, 

and the dynamic power during the variation of wind speed. The estimation 

of wind speed would provide a scope of what a control method is applicable 

in practice and this would increase the performance by scheduling the 

connected loads. The bidirectional battery charger is controlled and used 

during the shortage of wind speed. The converter of the battery charger is 

controlled and implemented on an embedded system by using an STM32-

based microcontroller. During the shortage or fluctuation of wind speed, the 

load voltage is controlled within the acceptable limit, where the voltage has 

been compensated. An extensive simulation has been conducted by 

MATLAB/Simulink, and the system shows a good dynamic response to the 

variation and decrease in wind speed. 
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1. INTRODUCTION 

Due to the shortage of fossil fuels and environmental issues, the use of the conventional source of 

energy for power generation is considered the most difficult that most countries are facing. Wind energy is 

considered a non-conventional, clean, and infinite natural source of energy that is available to be used. The 

variable-speed wind turbine system has more advantages compared to the fixed speed in terms of output 

power maximization, mechanical stress reduction, efficiency increase, and quality power enhancement. 

Power electronic converters are crucial with the variable wind speed system, where at the generator side the 

AC is converted to DC and it is boosted to the desired value based on the requirement of the voltage source 

inverter (VSI), then it is converted to AC again with constant amplitude and frequency to feed the load. The 

reason for using permanent magnet synchronous generator (PMSG) over other types of generators is the 

reliability of the wind turbine system that operated at a variable speed, which could be improved with the use 

of PMSG. Simple structure, slow speed operation capability hence no need for a gearbox that would suffer 

from frequent faults and require maintenance. That leads to making the system unreliable, and self-excitation. 

A high power factor and operation with high efficiency are the advantages of using PMSG in variable-speed 

wind systems [1]–[3]. 

https://creativecommons.org/licenses/by-sa/4.0/
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In the standalone system, the main challenge is to provide the customers with supply balanced 

voltage, and this would be performed by controlling an inverter, where in such systems, the energy is 

converted from DC to AC or AC to DC then to AC. The variations in the voltage are mainly caused due to 

the load changing. In the case of wind energy system, the fluctuations in wind speed would cause flickers 

which would reflect on the load voltage [3], [4]. Therefore, a stand-alone wind energy system is being 

developed. In [1]–[3], did not show how the bi-directional DC-DC converter would perform when there is no 

or shortage in wind speed. Bhende et al. [5] have not gone through the effect of load power and its variations. 

In [6], [7], did not show the response of battery bank and its control in the case of slow or absence of wind 

speed, and how it reacts to meet the power demand in this event. It's crucial to provide the load power needed 

in standalone wind energy systems, hence the battery energy storage system (BESS) is unavoidable. Since 

the change in the wind’s speed causes to fluctuate the generated power from wind systems, the excess power 

is stored in an energy storage system, a battery. It is utilized to stabilize the supplied electricity to the load 

when the speed of the wind turbine is out of the speed limit. In addition, this BESS would also reduce the 

fluctuating power from the wind system and make the best use of power that is feeding the load, hence 

maximizing the reliability [8]–[13]. 

In this paper, simple control of a stand-alone variable speed wind turbine with a PMSG is proposed 

and investigated. The main contributions of this paper include: i) proposing a simple control for a stand-alone 

variable-speed wind energy system, and evaluating it in both measured and assessed wind conditions,  

ii) adjusting the PMSG switch mode rectifier to achieve sensorless maximum power point extraction from the 

available wind speed, iii) maintaining the system's power balance by keeping the DC-link voltage constant, 

where the bi-directional DC-DC converter is situated between the battery bank and the DC-link voltage, hence 

the important load can be fed in the event of a shortage or decrease in wind speed, and iv) additionally, the 

STM32-based microcontroller for generation pulse width modulation (PWM) of the bi-directional DC-DC 

converter is configured and used to implement the proposed proportional integral (PI) digital controller. The 

rest of the paper is organized into the following sections: in section 2, the variable speed of stand-alone wind 

energy system configuration is presented. Section 3 shows the mathematical modeling of the proposed system. 

The results and discussion are illustrated in section 4. Finally, the conclusion is presented in section 5. 

 

 

2. VARIABLE SPEED STAND-ALONE WIND ENERGY SYSTEM CONFIGURATION 

The system layout is shown in Figure 1. The system includes a wind turbine and a PMSG that is 

directly powered by the wind turbine. The PMSG is fed in single switch rectifier mode by a three-phase diode 

rectifier and a DC-DC boost converter, which supplies power to the VSI via a DC-link capacitor. At the DC-link 

capacitor, the bi-directional DC-DC battery charger is connected, where it supplies the VSI at the time when there 

is a shortage or drop in wind speed. The loads are connected to the VSI by LC filter [1]–[3], [5], [7], [8], [14]–[17]. 

 

 

 
 

Figure 1. System diagram of the stand-alone wind energy system 

 

 

3. SYSTEM MODELING 

The system will be modeled and based on that it would be controlled. Firstly, the wind turbine 

would be modelled, then the DC-DC bi-directional battery bank is modelled and controlled after that the load 
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side inverter is controlled and finally, the wind speed is estimated based on the power calculations. The 

modeling is described as follows: 

 

3.1.  Wind turbine modeling 

The wind turbine power (𝑃𝑚) is expressed as (1): 

 

𝑃𝑚 = 0.5 𝜌 𝐴 𝑉𝑤
3 𝐶𝑝(𝜆, 𝛽) = 𝑘𝑃  𝑉𝑤

3 𝐶𝑝(𝜆, 𝛽) (1) 

 

Where 𝜌 is the average air density and its value is 1.2 𝑘𝑔 𝑚3⁄ , 𝐴 is the rotor blade swept area of the turbine 

and it is given by 𝜋𝑅2, where 𝑅 is the length of the blade in meters. 𝑉𝑤 is the speed of the wind in m/sec, 𝐶𝑝 

is the power coefficient and its value is determined by the tip speed ratio 𝜆 and the blade angle 𝛽. 𝑘𝑃 is the 

proportionality factor and its value is (0.5 𝜌 𝐴). 𝜆 that is given by 𝜆 = 𝑅 𝜔𝑟 𝑉𝑤⁄ , 𝜔𝑟 is the rotating speed of 

the rotor in rad/sec. It should be mentioned that usually (2 < 𝜆 < 13). 𝐶𝑝 dependency on 𝜆 and each has a 

maximum value, therefore the rotation speed of the wind generator must vary with wind speed to maximize 

the power from the wind. Theoretically, the maximum value of 𝐶𝑝 is 0.593. There are many expressions for 

𝐶𝑝(𝜆) based on the wind turbine design. In this paper the following expression is used [11], [13], [14], [18]–[23]. 

 

𝐶𝑝(𝜆) = 𝐶1 (
𝐶2

𝑧
− 𝐶3 𝛽 − 𝐶4) 𝑒−𝐶5/𝑧 + 𝐶6 𝜆 (2) 

 
1

𝑧
=

1

𝜆+0.08 𝛽
−

0.035

1+𝛽3 (3) 

 

Where 𝐶1 = 0.5176, 𝐶2 = 116, 𝐶3 = 0.4, 𝐶4 = 5, 𝐶5 = 21 and 𝐶6 = 0.0068 and they constants related to 

the wind turbine design and type. Based on these values, maximum 𝐶𝑝 and 𝜆 are obtained and drawn as 

follows and it is found that 𝐶𝑝𝑚𝑎𝑥 = 0.48 and 𝜆 = 8.1. it should be mentioned that the Cp − 𝜆 curve is 

obtained for different values of 𝛽 and it is shown in Figure 2. 

 

 

 
 

Figure 2. Dependent of power coefficient on tip speed ratio and rotor angle 

 

 

The operation of the wind turbine at its optimum or maximum 𝐶𝑝 results in the extraction of the 

most possible power from the wind turbine. Thus, it is essential to regulate the rotor speed at an optimum 

maximum tip speed ratio based on the available wind speed. The maximum output power from the wind 

turbine is expressed by (4) to (7). 

 

𝑃𝑚−𝑚𝑎𝑥 = (𝐾𝑝𝐶𝑝−𝑚𝑎𝑥  (𝑅 𝜆𝑚𝑎𝑥⁄ )3 ) 𝜔𝑟−𝑜𝑝𝑡
3 (4) 

 

𝑃𝑚−𝑚𝑎𝑥 = 𝐾𝑝−𝑜𝑝𝑡  𝜔𝑟−𝑜𝑝𝑡
3 (5) 
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𝐾𝑝−𝑜𝑝𝑡 = (𝐾𝑝𝐶𝑝−𝑚𝑎𝑥  (𝑅 𝜆𝑚𝑎𝑥⁄ )3 ) (6) 

 

𝜔𝑟−𝑜𝑝𝑡 =
𝜆𝑚𝑎𝑥

𝑅
 𝑉𝑤 (7) 

 

Where 𝐾𝑝−𝑜𝑝𝑡 is the optimal proportionality factor, 𝐶𝑝−𝑚𝑎𝑥 is the maximum power coefficient and 𝜆𝑚𝑎𝑥  is 

the maximum tip speed ratio. Figure 3 shows the generated mechanical power by the wind turbine as a 

function of the rotational speed of the rotor for different values of wind speed. The maximum power from the 

wind could be extracted by controlling the converter at the generator side which is the switch mode rectifier. 
 

 

 
 

Figure 3. Turbine power characteristic with turbine output power versus turbine speed 
 

 

The wind turbine's dynamic equation is given by the following equation, where it is directly 

connected to the PMSG: 

 

𝐽
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝑟 − 𝑓𝜔𝑚 (8) 

 

Where 𝐽 is the moment of inertia in 𝑁𝑚, 𝑇𝑟 is the mechanical torque in 𝑁𝑚, 𝑇𝑒 is the generator torque in  

N-m, and 𝑓 is the viscous friction coefficient (𝑘𝑔/𝑚2). The main function of the rectifier is to change the 

generated AC voltage from the PMSG, which has a variable amplitude and frequency, into DC voltage. The 

maximum phase voltage (𝑉𝑚) produced by the generator, which determines the value of the DC voltage and 

is given by (9): 

 

𝑉𝑑𝑐−𝑟𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 =
3√3

𝜋
 𝑉𝑚 (9) 

 

3.2.  DC-DC boost converter modeling and control 

The voltage of PMSG is rectified by the three-phase diode rectifier then it is boosted by the DC-DC 

boost converter. The main function of a boost converter is to change a fluctuating input DC voltage that 

results from various operating conditions into a suitable constant DC voltage. Controlling the converter duty 

cycle allows the DC-link voltage to be kept constant at the reference value, which is 500 V. The DC-DC 

boost converter's control structure is built on utilizing a PI-controller to keep the DC-Link voltage at the 

reference level as illustrated. The boost converter's input/output voltage and current relationships can be 

expressed mathematically. It needs to be mentioned that the switch of the DC-DC boost converter, which is 

usually insulated gate bipolar transistor (IGBT), is protected from blowing in case of over current. If the 

current passing through IGBT is exceeding 350 A, the IGBT is switched off and the gate pulse generation 

that follows would occur 0.1 s later when the current reaches 250 A [4], [6], [11], [24], [25]. 

 

𝑉𝑜𝑢𝑡 =
1

1−𝐷
𝑉𝑖𝑛 (10) 
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𝐼𝑑𝑐−𝑜𝑢𝑡 = (1 − 𝐷) 𝐼𝑑𝑐−𝑖𝑛 (11) 

 

Where 𝐷 is the duty cycle of the DC-DC boost converter. 

 

3.3.  DC-DC bi-directional battery charger modeling and control 

For a stand-alone wind energy supply system, the battery storage system (BSS) is essential to 

maintain the balance between the generated power from wind turbines and the necessary power of the load 

throughout the process of charging or discharging energy to or from the energy storage system (ESS). The 

DC-DC buck-boost converter is used to connect the BSS to the DC link of the VSI. Controlling this system 

would keep the DC-link voltage 𝑉𝑐𝑖 shown in Figure 1, at a constant level, moreover, the control system 

would charge/discharge the current to/from the BSS based on the demand power from the load. The voltage 

of the battery is kept at a value less than the voltage of the DC-link, therefore the number of the batteries 

connected in series is less. In this paper, the output voltage of the DC-DC buck-boost converter is kept at 

400 𝑉 and this system would provide the voltage to VSI in case of a drop or shortage of wind to supply the 

critical load. The state of charge (SOC) is 80% which is selected according to the assumption that even if 

there is a shortage in wind speed, the battery would be capable of providing power to the load of about 

15 𝐾𝑊 for about an hour. The battery rating is 61 𝐴ℎ𝑟 [3], [6], [9]–[12], [15], [16], [19], [26]–[31]. 

The continuous conduction mode operation is used for the DC-DC bi-directional buck-boost 

converter as shown in Figure 4. The switches 𝑄1 and 𝑄2 are switched in a manner where the converter is 

operated with four sub-intervals in a steady state. The different steady-state operation cases of the converter 

are shown in Figure 5. In interval 1; the lower switch 𝑄2 is turned on, while the upper switch 𝑄1 is switched 

off when the diodes 𝐷1 and 𝐷2 are reverse biased, as shown in Figure 5(a). The inductor is charged and the 

current flowing through it increases during this time when the converter operates in boost mode. Interval 2; 

both switches 𝑄1 and 𝑄2 are off at this time. As seen in Figure 5(b), the diode 𝐷1 of the higher switch 𝑄1 

begins to conduct. In this interval, the converter powers the DC-link voltage. In interval 3; as depicted in 

Figure 5(c), the top switch 𝑄1 is switched on and the bottom switch 𝑄2 is turned off, while the diodes 𝐷1 

and 𝐷2 are reversed bias. The converter switches to buck mode at this time and supplies the battery bank 

with energy. Interval 4; while both switches 𝑄1 and 𝑄2 are off during this time, the bottom switch's diode 𝐷2 

begins to conduct, as seen in Figure 5(d). 

The bi-directional DC-DC converter has two control loops; the outer loop regulates the DC-link 

voltage 𝑉𝑐𝑖, while the inner loop regulates the battery current (𝐼𝑏), as depicted in Figure 4. The bi-directional 

converter control charges and discharges the battery according to the battery SOC to maintain the 𝑉𝑐𝑖. In 

terms of functionality, the switches 𝑄1 and 𝑆8 complement one another. The IGBT 𝑄1 and the IGBT 𝑄2 

anti-parallel diode, turn on while charging, making the converter run in buck mode. The converter works in 

boost mode as IGBT 𝑄2 and the anti-parallel diode of IGBT 𝑄1 becomes active while discharging. By 

feeding the 𝑉𝑐𝑖 error (𝑒𝑣=𝑉𝑐𝑖−𝑟𝑒𝑓 − 𝑉𝑐𝑖) through a voltage PI controller, the desired battery current (𝐼𝑏) is 

produced [9], [30]–[32]. Where 𝐾𝑝 and 𝐾𝐼 are the proportional and integral gain of the PI controller. 

 

𝐼𝑏−𝑟𝑒𝑓 = (𝐾𝑝𝑉 +
𝐾𝐼𝑉

𝑠
) 𝑒𝑣 (12) 

 

The required battery current (𝐼𝑏−𝑟𝑒𝑓) is compared to the actual battery current (𝐼𝑏), and the 

difference is used to create the modulation index (m) that controls the bi-directional DC-DC converter [33], 

[34]. It should be mentioned that low ripple current produced by the inductor on the battery bank side leads to 

improved efficiency and a long lifetime. 

 

𝑚 = (𝐾𝑝𝑖 +
𝐾𝐼𝑖

𝑠
) (𝐼𝑏−𝑟𝑒𝑓 − 𝐼𝑏) (13) 

 

 

Voltage-PI 

Controller
PWM

VCi

VCi-Ref

+ Q1

_ 

+ 

_ 
Current-PI 

Controller

Ib-Ref

Ib-Ref

m

Q2

 
 

Figure 4. Bi-directional DC-DC control 
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(a) 

 

(b) 

  
(c) (d) 

 

Figure 5. Bi-directional DC-DC battery charger operation circuit (a) interval 1, (b) interval 2, (c) interval 3, 

and (d) Interval 4 

 

 

3.4.  Modeling and control of load side converter 

VSI is a converter located between the DC-link and load. The undesired high-frequency harmonics 

generated from the VSI are eliminated by placing the LC filter at the output of the VSI, this would improve 

the power quality at the load. There is no grid in the standalone wind energy system, therefore the function of 

the VSI is to regulate the frequency and voltage at the load side. The root mean square (RMS) value of the 

load line-to-line voltage is 220 V at 50 Hz frequency. The operation of the VSI is performed by PWM and 

there are two main techniques for this operation method, the first is the harmonic reference signal 𝑉𝑟  is 

compared with triangle signal, which is usually known as carrier signal 𝑉𝑐 and the second is space vector 

modulation SVM [5], [10], [20], [24], [25], [35], [36]. 

In the third-harmonic injection PWM, the three-phase reference signals 𝑉𝑟𝑎𝑏𝑐 with amplitude 𝑚 less 

than unity, 𝑚 ≤ 1 are controlled separately. For phase 𝑎, when the 𝑉𝑟𝑎 < 𝑉𝑐, the upper switch of the VSI leg 

A is switched-off when the logic is 0, and the lower switch is switched on and at this interval the potential of 

leg A is negative. The case is reversed when 𝑉𝑟𝑎 > 𝑉𝑐, where the potential is positive. Where 𝑉𝑟𝑎 is the 

reference voltage for phase 𝑎. The frequency of the carrier signal 𝑓𝑐 is much higher than the frequency of the 

reference signal 𝑓𝑟, therefore the phase voltage average value with respect to the mid-point of period 1 𝑓𝑐⁄  is 

𝑉𝑟𝑎 [23]. The RMS value of fundamental line voltage is expressed in (14): 

 

𝑉𝑝ℎ𝑎𝑠𝑒−𝑝ℎ𝑎𝑠𝑒 =
√6

4
𝑚 𝑉𝑑𝑐 = 0.612 𝑚 𝑉𝑑𝑐 (14) 

 

Where 𝑉𝑑𝑐 is the voltage across the capacitor of the DC-link of the VSI. An adequate amplitude of zero 

sequence triple harmonics could be added to the three-phase reference signal, hence the linear operation 

region of PWM would be extended. The added amplitude signal (∆𝑉) is expressed as in (15). Therefore, the 

RMS value of fundamental line-to-line voltage is more by 1.15 compared the (14) as expressed in (16). The 

simple control diagram of VSI is shown in Figure 6. 
 

∆𝑉 = −0.5[max(𝑉𝑟𝑎𝑏𝑐) + min(𝑉𝑟𝑎𝑏𝑐)] (15) 

 

𝑉𝑝ℎ𝑎𝑠𝑒−𝑝ℎ𝑎𝑠𝑒 =
1

√2
𝑚 𝑉𝑑𝑐 = 0.707 𝑚 𝑉𝑑𝑐 (16) 

 
 

 
 

Figure 6. Load side VSI control diagram 



Bulletin of Electr Eng & Inf  ISSN: 2302-9285  

 

Measured and estimated wind speed of a stand-alone energy system with … (Ali Salam Al-Khayyat) 

2657 

3.5.  Wind speed estimation modelling 

Formula (1) states that the power of the turbine is dependent on the speed of the wind 𝑉𝑤 and 

rotation speed of the rotor 𝜔𝑟, therefore if the mechanical power of the turbine and rotor speed, the estimation 

wind speed would be obtained. An assumption is made, where the characteristic of the turbine is obtained by 

either calculation or experimental data. The turbine mechanical power 𝑃𝑚 has not been measured, while the 

electrical power generated 𝑃𝑒𝑙  could be calculated, then the estimated mechanical power 𝑃𝑚𝑒  could be 

obtained as in (17): 
 

𝑃𝑚𝑒 = 𝑃𝑒𝑙 + 𝑃𝑑𝑖𝑛 + 𝑃𝑙𝑜𝑠𝑠 (17) 
 

Where 𝑃𝑙𝑜𝑠𝑠 is the losses power which is the sum of core copper losses of generator winding, losses of 

ventilation, and friction losses and it is given as (18), and 𝑃𝑑𝑖𝑛  is the dynamic power throughout the variation 

speed of rotation and is given as (19). Where 𝐼𝑠 is the stator current of the PMSG, 𝑅𝑠 is the stator resistor of 

the PMSG, 𝐹 is the viscous friction coefficient and D is the ventilation coefficient and 𝐽 is the total inertia. 

The block diagram of estimated wind speed is shown in Figure 7. 
 

𝑃𝑙𝑜𝑠𝑠 = 𝐼𝑠
2𝑅𝑠 + (𝐷 + 𝐹𝜔𝑟)𝜔𝑟 (18) 

 

𝑃𝑑𝑖𝑛 = 𝐽 𝜔 
𝑑𝜔

𝑑𝑡
 (19) 
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Figure 7. Block diagram of wind speed estimation 

 

 

4. RESULTS AND DISCUSSION 

MATLAB/Simulink is used to simulate the suggested control strategy for a standalone variable 

speed wind energy system under various operational conditions. The parameters used in the system are listed 

in Table 1. The load voltage is controlled at 220 V, and the RMS value  and load phase voltage are shown in 

Figure 8(a) and (b) respectively. 
 

 

Table 1. The system parameters 
Parameter Value 

Rated turbine output power 𝑃𝑚 60 kW 

Rated rotational speed 𝜔𝑟 22 rad/sec 

DC-link voltage 𝑉𝑐𝑖 500 V 

Rated wind speed 𝑉𝑤 10 m/sec 

Tip speed ratio 𝜆 8.1 

Power coefficient 𝐶𝑝 0.48 

RMS load voltage 𝑉𝑣 220 V 

Rated load frequency 𝑓𝑟 50 Hz 

Bi-directional DC-DC output voltage 400 V 
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(a) 

 

 
(b) 

 

Figure 8. Load voltages, (a) RMS value of load voltage and (b) phase load voltage 
 
 

The nominal power of the turbine in 𝑝. 𝑢 is 𝑃𝑚−𝑛𝑜𝑚, the wind speed base 𝑉𝑤−𝑏 which is either wind 

speed mean value or predominant wind speed in the specific region, the 𝑝. 𝑢 tip speed ratio is unity (𝜆 = 𝜆𝑚), 

(𝐶𝑝 = 𝐶𝑝−max ), and the proportionality factor 𝐾𝑝 = 1, therefore the (1) would be expressed as: 

 

𝑃𝑚−𝑛𝑜𝑚−𝑝𝑢 = 1 × (
𝐶𝑝

𝐶𝑝−𝑚𝑎𝑥
) × (

𝑉𝑤

𝑉𝑤−𝑏𝑎𝑠𝑒
)

3

 (20) 

 

𝑃𝑚−𝑛𝑜𝑚−𝑝𝑢 = (
𝑉𝑤

𝑉𝑤−𝑏𝑎𝑠𝑒
)

3

 (21) 

 

The load is made up of active-inductive components with the following powers: permanent load 

(10 kW) and switching on/off loads (13, 19, and 14 kW). The ballast load has a power output of (25.5 kW). 

From the turbine characteristic curve, it has been found that at the (22 rad/sec) rotating speed of wind 

generator, the (Pe = 52.6 kW) and that speed the turbine power is (60 kW). From that, the efficiency of the 

wind turbine is (87.7%). The required wind turbine power under (Pe = 10 + 13 + 19 + 14 = 56 kW) is 

(63.9 kW), which is (63.9 60 = 1.065 p. u)⁄ . At the maximum power (1.065 = (Vw 10⁄ )3), the wind speed 

is about (10.2 m/s). When the last load (14 kW) been switched off, then (Pe = 56 − 14 = 42 kW), and 

based on that the required wind turbine is (47.9 kW) that is about (0.8 p. u), and from that, the wind speed is  
(9.3 m/s). The load (19 kW) is switched off and (Pe = 23 kW) and the demanded wind turbine power is 

(26.6 kW) which is (0.437 p. u) and the wind speed for the operation with such load is (7.6 m/s). Under 

that condition where the wind turbine power is (0.19 p. u), the speed of the wind is (5.75 m/s) and at this 

wind speed the wind generator would stop and the load is fed from the battery bank that is feeding the VSI. 

When the estimation wind speed method is employed, the selection of the load is constructed as 

follows; the same equation used for the modeling of wind turbine has been used for load selection. Under the 

same rotating speed, the powers P1 at 8.8 m/s, P2 at 9.8 m/s, and P3 at 10.7 m/s are computed. Then these 

values of powers are compared with PMSG power P. The permanent load of 10 kW would remain if P < P1. 

In addition to the permanent load, the load of 13 kW would be added if P1 < P < P2. The load of 19 kW is 

connected to the system if P2 < P < P3. The last load 14 kW is turned on when P3 < P. After the system has 

been simulated it has figured out that the times of switching-off are 9, 17.8, and 34.2 s, which is the same as 

the actual wind speed. The response of measured and estimated wind speed is show in Figure 9(a), and the 

PMSG speed is illustrated in Figure 9(b) and it has observed that PMSG is stopped when the speed of the 

wind is (5.75 m/s). Turbine and load power responses are shown in Figure 9(c). Based on the selection of 

load, the drawn current would vary, the response of the current based on the selected load is shown in  

Figure 10. The total harmonic distortion (THD) of the phase load current is 1.92%. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 9. Responses of (a) measured and estimated wind speed, (b) PMSG speed, and (c) system power 

(turbine, load, and battery) 
 

 

The maximum WG power at this wind speed is calculated in 𝑝. 𝑢. as 𝑃𝑚 = (𝑉𝑤 10⁄ )3, and then this 

power is compared with the powers of the load sections while taking efficiency into consideration whether 

the system employs the wind speed 𝑉𝑤 or its estimation 𝑉𝑤𝑒 . When the WG power computed in this manner 

slightly exceeds the part power, the parts are switched off; when the calculated power levels are 5– 10% 

higher than the switching-off values, the parts are switched on. The load voltage was maintained constant 

while the wind speed was estimated. With a deceleration of 0.1 𝑚 𝑠2⁄ , the wind speed is dropping starting at 

the instant 𝑡 = 2 𝑠 from the original value of 11 𝑚/𝑠. After a short period, it can be seen that the amounts 𝑉𝑤 

and 𝑉𝑤𝑒  are nearly equal until the WG ceases, at which point they are irrelevant. The load components are 
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turned off one by one at 8.8, 18.6, and 34.3 𝑠. The wind speed is insufficient to supply the permanent load at 

𝑡 = 52 𝑠. The battery now powers this load after the WG has stopped as shown in Figure 11(a), where the 

battery bank would feed the VSI. Figure 11(b) shows the SOC of the battery. The load voltage is precisely 

maintained. The response of DC-link voltage according to the wind speed is shown in Figure 11, where at 

𝑡 = 52 𝑠 and the VSI is fed from the battery bank to feed the permanent load. 

The bi-directional DC-DC converter is controlled by digital PWM. The field programmable gate 

array (FPGA) is a powerful technology utilized by electronic system developers to implement hardware 

solutions without having to develop the elements of the electronic circuit. However, the cost of FPGA is high 

compared to microcontroller-based design. The choice of STM32-based microcontroller is based on 

compromising on three crucial factors: price, low power consumption, and performance. Hence a 

microcontroller STM32F3 with high speed (72 MHz) is utilized to implement the PWM controller, the PIN is 

shown in Figure 12. A bi-linear transformation is employed to represent the PI-based PWM part which is 

shown in Figure 4. The code of the program is written in C language under the Keil environment.  

Figure 12 shows the pin connection of STM32F3. In the configuration stage, PA1 and PA2 were configured 

as high-speed output general-purpose input/output (GPIO) for boosting and bucking mode signals. In order to 

read the measured voltage by the microcontroller, an ADC1 was configured to read the input voltage on pin 

PA12 and attenuated to be appropriate for microcontroller’s voltage levels. A general-purpose timer TIM3 is 

configured and driven by 1 MHz to obtain a delay function with 1 microsecond which is used to generate 

precise PWM signals (output 1 & output 2) where the generated duty cycle D is restricted by a range: 

1µ𝑠𝑒𝑐 ≤  𝐷 ≤  10 µ𝑠𝑒𝑐. Figure 13(a) illustrates the output of the two control signals in both modes: the 

boosting and the bucking mode, which is identical to the pulses in Figure 13(b) which is the result from 

system simulation. 
 

 

 
 

Figure 10. The load current of phase A 
 

 

 
(a) 

 

 
(b) 

 

Figure 11. DC-link voltage and output voltage of bi-directional battery charger (a) DC link voltage response 

and (b) SOC of the battery bank 
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Figure 12. The STM32F303 pins connection for generating PWM signals  

 

 

In order to increase the time between the certain part which is switched on and the speed of the 

wind. If this part is switched off, it is reasonable to lower the load voltage while still operating within the 

limits of the current standards by reducing 𝑉𝑤. The result of this measurement depends on how much the 

power loads vary on the provided voltage. When a certain load component is turned on and off, it is possible 

to reduce the load voltage within acceptable limits by allowing 𝑉𝑤 to drop in order to widen the gap between 

the wind speeds. The load voltage is adjusted to 220 V when a specific load part is turned on; with the wind 

speed lowers, the voltage drops by 10%. The response of the RMS value of load voltage as a function of 

decreasing wind speed is shown in Figure 14, where the load parts turning off times are  

t = 9, 19, and 40 sec. 

 

 

 
(a) 

 

 
(b) 

 

Figure 13. The PWM signals for buck-boost mode (a) experimental and (b) simulation 
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Figure 14. RMS value of load voltage at decreasing wind speed 

 

 

5. CONCLUSION 

Simple control of a variable speed stand-alone wind energy system has been presented and each part 

of the system has been analyzed and modeled. The system has been simulated and tested under measured and 

estimated wind speed and the results are compared. The voltage from PMSG has been controlled and boosted 

by the DC-DC boost converter which fed the VSI, moreover, by managing the DC-DC bidirectional  

buck-boost converter, which is coupled to the battery bank and the DC-link voltage, the battery bank has 

been able to store the excess wind energy and supply it to the load during a wind power shortage. Due to its 

fast response and cost-effectiveness, the STM32-based microcontroller is used for generating two PWM 

signals to control IGBT switches of the bi-directional DC-DC converter. The load voltage is controlled and 

compensated during the variation in the wind speed, and the power loads. The simulation results demonstrated 

that despite variations in wind speed and loads, the control technique has a good dynamic response. 
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