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 To supply a stable and efficient electricity, small-scaled wind turbine’s brake system plays 
an immense role in various wind speeds. Small-wind power generation systems are difficult 
to operate in strong wind region since the turbine could be over-rotated and damaged if the 
brake system is not robust enough to maintain a stable angular velocity. Most of the small-
scaled wind turbines use friction brakes to control the turbine speed for a stable electricity 
output. Since the friction brake are run out of time and needs frequent maintenance and 
eventually replacement, we introduce an eddy current based wind turbine brake system 
which is contactless with the rotor as an alternative to the friction brake system. The 
advantage of the proposed brake system is that the energy loss due to the friction will be 
reduced and will be more durable than the friction brake. The flow of this study is at first 
we did the analogical experiment of blade destruction to set to the maximum allowed 
angular velocity. Later, in order to verify the performance and stability requirement the 
mathematical implementation of eddy current brake system have done in DC-Green house 
for various wind penetration. Eventually the feasibility of eddy current brake system is 
confirmed in simulation results. 
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1. Introduction  

The Wind energy provide a vast energy contribution to the 
modern world energy requirements. Recently its development 
made a huge impact to the world energy needs. Wind energy has a 
long history for more than 130 years [1]. In the early age of the 
wind industry, windmills were used to pump water for farms. 
Nowadays larger scale wind turbines can produce up to 10MW 
and Small wind turbines can produce less than 100 kilowatts. 
However, management of the wind energy sources has been 
always challenging as it has a considerable effect on different 
aspects of the power system such as the power quality [2], power 
harmonics and inter-harmonics [3], power line communications 
[4], etc. In this regard, research topics regarding how to obtain a 
maximum power output for high speed wind input without 
destroying the small-scaled wind turbine system can be considered 
as one of the important research areas of the wind energy. Because 
in high speed wind conditions the turbines output could be 
overloaded and could destroy the small-scaled wind turbine due to 

low inertia momentum. Therefore, in such wind condition, the 
wind operation must be stopped to avoid being damage to the small 
scaled wind turbine.  

In this research, our work is about how to operate the wind 
turbine in such storm condition and how to generate the electricity 
without damaging the turbine. In the simulation results we have 
shown that it is possible to use eddy current magnetic brake system 
on the proposed method for the stall control. Wind turbine brake 
system plays an important role when there is storm condition. Most 
of the modern wind turbines use the friction brakes to control the 
rotation of the rotor of the wind turbine [5]. The brake pads are the 
important part to slower or stop the rotation of the rotor in strong 
wind situation. Therefore, these brake pads should be made for 
long term use. But still the modern wind turbine brakes can be used 
for few years, after that either it should be repaired or replaced by 
a new brake pad. Therefore, our aim is to introduce this magnetic 
brake system to replace the current friction brake system. The main 
specialty of this magnetic brake is there is no mechanical contact 
with the rotor for controlling the speed of the turbine. Therefore, 
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this eddy current brake system is an alternative method to the 
conventional friction-based brake system [6]. Also, magnetic 
brake system required less maintenance than the conventional 
brake system [7].  

In this paper, at first, we explain about small-scaled wind 
turbine blade which is destroyed due to experimental tension test 
that equivalent to centrifugal force due to over rotation of the blade. 
Afterwards the application of the magnetic brake and the eddy 
current brake were introduced. Later the mathematical modeling 
of the system and simulation results were explained. 

2. Analogical experiment of blade destruction 

Wind turbine blades are often destroyed by strong winds. The 
reason is due to the centrifugal force on the blades triggers into 
over-rotation by strong winds. In order to realize a tensile force 
equivalent to the centrifugal force until the blade destroys, the 
blade was subject to a tensile test. Figure 1 shows the test status of 
the broken wind turbine blade. In otherwords, this analogical 
experiment is done in order to obtain the safety margin of the blade. 
This experiment stands for loading force (i.e. equivalent to 
centrifugal force) to the blade until it breaks out. Through this 
experiment we can calculate the force that may cause destruction 
of the blade. Once the destructive force is obtained then we can re-
calculate the maximum allowed angular velocity. The material of 
the blade is made by FRP (Fiber Reinforced Plastic). Figure 2 
shows the experimental results of tension test of the blade. In this 
figure the horizontal axis stands for the displacement of the blade 
against the axis of the blade. Then vertical axis shows the tension 
force to the blade. Figure 2 was obtained using Microsoft Excel 
software. In this experiment, when the tensioned force reach to 
approximately 27 kN, at that point the blade is destroyed. So, in 
order to avoid such destruction, we have to concern safety margin. 
As it is obvious in Figure 2, tensioned force is linear with respect 
to displacement up to 6 mm. However, after 6mm the 
characteristics of the blade becomes non-linear against to force. 
Concerning safety margin and non-linearity of curve, we set the 
maximum allowed force to 4.5kN.  

 

Figure 1. Broken wind turbine blade 

 Equation (1) shows the relation between tensioned force that is 
equivalent to centrifugal force and angular velocity as well the 
parameter and value are shown in table 1 below this equation. 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 
stands for allowable maximum force, m is the weight and r is the 
length of blade. 

 Fmax= mrω2
max (1) 

 
Table 1: Specification of the blade 

Parameter Value Unit 
Fmax 4.5 kN 

m 4.5 kg 
r 1 m 

ωmax (without margin) 31.622 rad/s 
 
According to equation (1) and table 1, the allowable maximum 

angular velocity ω𝑚𝑚𝑚𝑚𝑚𝑚   is 31.622 rad/s (point A in the Figure 2). 
which is 4.5kN. We did not set the maximum angular velocity to 
the obtained value since safety margin is taken. Therefore, we put 
a secondary safety margin value as 29 rad/s (point B in the Figure 
2) and primary safety margin value as 25 rad/s (point C). By doing 
so, we can obtain low penetration value 3.8kN for 29rad/s and 1kN 
for 25rad/s which is less than 4.5kN. From point A to point D can 
be considered as the blade destruction area. After point D the blade 
was broken. Hence, we set the ω𝑚𝑚𝑚𝑚𝑚𝑚  as follows, 

ωmax= 25rad/s. 

 

Figure 2. Blade destruction chart  
 

3. Mechanism of eddy current brake 

3.1. Eddy current theory 

 Some specific theories are related to the eddy current theory, 
such as the Faraday law of induction, the Lenz law and Fleming’s 
right hand rule. Eddy current theory-based instruments are 
currently applied on many areas modern day. Some examples 
include bomb detectors and Electric meter for residence, among 
others. 

Faraday law of induction states that a magnetic field can 
produce a current in a closed circuit when the magnetic flux linking 
to the circuit is changing [8]. Equation (2) introduces the 
mathematical expression of the Faraday law of induction, 
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 ε = - dΦ
dt

 (2) 

where, ε and Φ stands for electromotive force and magnetic flux, 
respectively.  

Assuming this magnetic flux induced on a copper plate and its 
resistor is RC and I is the induced eddy current on a copper plate. 
We can obtain the mathematical expression as (3), According to 
ohm’s law, 

 -ε =RcIeddy (3) 

From (2) and (3) we can obtain the eddy current as the following 
equation indicates. 

 Ieddy= - 1
 Rc 

ε (4) 

Therefore, it can be stated that induced eddy current can be 
calculated using (4). 

3.2. Lenz law  

Lenz law states that the direction of an induced electromagnetic 
force (e.m.f) is always such that it tends to set up a current 
opposing the motion or the change of flux responsible for inducing 
that e.m.f [9]. Eddy currents are the loops of currents which are 
induced due to the moving of a non-ferromagnetic conductor and 
a magnetic field according to the Faraday’s law of induction as the 
equation above highlights. The path of the eddy current induced in 
the non-ferromagnetic material shaped in the form of a loop and it 
build up a magnetic field opposite to that of magnet [10]. The blue 
lines in the Figure 3 display the eddy currents induced on the 
conductor plate. The magnitude of the eddy current induced in the 
conductor is proportional to the size of the magnetic field. Also, 
the rotating copper plate which is attached to the rotor will exert a 
drag force from the permanent magnet. This drag force will operate 
as the brake force to control the angular velocity of the small scaled 
wind turbine. The reason for using the copper plate is that it’s a 
non-ferromagnetic material. For ferromagnetic materials the eddy 
current will not be induced.  Each time when the copper plate 
rotates the magnetic flux on the copper plate is changing. As a 
result of magnetic flux change the braking force will create due to 
the interaction of the eddy current on the plate and the magnetic 
field. Therefore, the magnet exerts a drag force on the copper plate. 
As a result of this, the rotation of the angular velocity of the copper 
plate decreases. 

Nowadays electromagnetic brake systems are used widely such 
as in industrial applications, gym appliances, rollercoasters, 
recreation equipment’s and maglev trains among others. This 
magnetic brake system is considered as a very efficient brake 
system because of its non-contact braking operation [11]. The 
advantage of this braking system is that, when the force become 
stronger, the magnetic force creates a stronger force against the 
system, relatively. Figure 3 shows how eddy current brake works. 
Only one section of the magnets was shown to describe the 
illustration more precisely. However, in the brake system 
incorporated multiple magnets to produce a strong braking force 
on the braking plate. 

Figure 4 displays the breaking plate with induced eddy current. 
B1 and B2 are the induced magnetic field on the copper plate from 
the magnet. 

 
Figure 4. Braking plate 

Mathematical expression for B is in (5). Here B denotes 
magnetic flux density and magnetic intensity denotes by H. 𝜇𝜇 
represent the permeability of the atmosphere. 

 B = μ H (5) 
 

The brake force is created as a result of the induced eddy 
current according to the Fleming’s left-hand rule. While the rotor 
rotates counterclockwise the braking force will occur in clockwise 
direction.  

4. Conventional method and proposed method and its 
application   

Nowadays the conventional wind turbines use different types 
of control methods to get an efficient, stable and long-term 
durability power. Pitch control [12,13], yaw control, friction [14-
16] control is popular control method are being used. In the friction 
control method, the brake pads are being used to control the 
angular velocity of the rotor. However, such brakes cannot be used 
long-term, since they need to be repaired or replaced if the brake 
pads were broken. Our proposed brake system, on the other hand, 
utilizes a magnetic eddy current brake system which controls the 
angular velocity in a non-contact manner with the rotor. In spite of 
the friction brake system that has the contact with the rotor, our 
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proposed method is contactless. Hence, it is adequate for long-term 
usage, rather than the time span offered by the conventional one. 

The arrangement of magnets is displayed in Figure 5 in which 
the braking torque occurs in the opposite direction of the disk 
rotation. 

 
Figure 5. Cross section of the brake 

When the small-scaled wind turbine angular velocity increases 
the copper plate angular velocity will increase simultaneously 
because the plate is attached to the rotor. When copper plate 
velocity increases the drag force on the plate from the induced 
eddy current also will be increased. Therefore, the angular velocity 
of the turbine will be controlled.  

4.1. The structure of proposed brake system 

In order to implement the eddy current contact less brake system, 
we have designed the following system shown in Figure 6. The 
principle is based on the eddy current occurrence that requires non-
ferromagnetic low resistor material is implemented by the cooper 
plate and magnetic flux is set in the arm as it is shown in Figure 5. 
The principle of brake system is that when the angular velocity 
exceeds 25rad/s, the two magnets will be turned in between the 
copper plates in parallel using the arm that controlled by servo 
motor. As a result of this matter, due to rotation of plate and 
changing magnetics flux the emf is induced and eddy current will 
flow. Consequently, angular velocity of rotor will decrease due to 

the induced magnetic brake force. Hence, the excessive angular 
velocity will be restricted to the referenced value. Here, 
microcontroller has the controller role in the brake system. It 
measured the angular velocity and control the movement of arm 
by servo motor. By assumption of following prototype system, we 
construct the flow diagram of the system in next section. 

4.2. Flow diagram of the system  

After the small-scaled wind turbine received the input wind, 
the flow will divide into mechanical power (𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ ) and power 
captured from wind (𝑃𝑃ω). Then the subtraction of power captured 
from wind and mechanical power can obtain electrical power (𝑃𝑃𝑚𝑚). 
Afterward 𝑃𝑃𝑚𝑚 will go through 3 φ power generator (𝑃𝑃𝑔𝑔). Then the 
power received from the AC generator will distributes to AC/DC 
converter which includes rectifier and low-pass filter. At this stage 
the alternate current will convert to the direct current and it will 
charge the batteries for the purpose of supplying electricity to the 
DC green-house system. The load is variable. This process is 
displayed in the Figure 7. 

When the measurement system receives the angular velocity 
ω(𝑡𝑡) of the small-scaled wind turbine the measurement system will 
send the measured angular velocity ω𝑚𝑚 to the system controller. 
Afterwards the system controller will obtain the ω𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  by 
calculating the difference between the reference value of angular 
velocity ω𝑒𝑒𝑚𝑚𝑟𝑟  and ω𝑚𝑚. Then, the system controller will turn on the 
servo motor to rotate the magnet closer to the braking plates. At 
this point, the magnetic brake force f𝑚𝑚 will reduce the rotation of 
the brake plate as a result of the induced eddy current on the copper 
plate. This process was illustrated in Figure 8. In the next section 
mathematical modeling of entire system is described in detail.  

4.3. Mathematical modeling 

In this section the entire dynamics model of system is 
introduced. The system consists of small-scaled wind turbine, 
mechanical shaft, 3φ generator, DC converter and the DC bus in 
order. The DC bus is providing power to the loads at the end. The 
pattern of loads is shown in later section.  
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Figure 7. Flow diagram of the entire system 

  

Table 2: Parameters 

Symbol Name 
𝐽𝐽ω Inertia moment of the blade 
𝜔𝜔 Angular Velocity 
⍴ Density of atmosphere 
𝐴𝐴 Area swept by blade 
𝑅𝑅 Length of blade 
𝑉𝑉(𝑡𝑡) Speed of wind 
𝑓𝑓𝑒𝑒 Axis friction factor 
µ Permeability 
𝑞𝑞𝑚𝑚 Magnitude of the magnetic field of the magnet 

𝑞𝑞𝑚𝑚 Magnitude of the magnetic field of the copper 
plate 

𝑑𝑑 Distance between copper plate and magnet 
𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  Decision functional adjustment 
𝜔𝜔𝑒𝑒𝑚𝑚𝑟𝑟  Reference value of angular velocity 
ω𝑚𝑚 Measured angular velocity 
𝐼𝐼 Eddy Current 
𝐶𝐶𝑃𝑃 Power coefficient 
𝐶𝐶𝑡𝑡 Torque coefficient 
𝜂𝜂𝑔𝑔 Generator power coefficient 
𝜂𝜂𝐷𝐷𝐷𝐷  Rectifier efficiency of DC converter 

 
At first, we introduce the dynamics of the conventional model 

of small-scale wind turbine and afterwards the dynamics of the 
proposed method will be shown. The table 2 shows the parameters 

identification of the whole system. Additionally, the power 
efficiency of 3 φ generator and DC converter is considered as they 
are connected to the turbine shaft directly without coupling any 
gear.  

The conventional dynamics of equation (6) represents the 
dynamics of the conventional small-scaled wind turbine system 

 Jω
dω(t)

dt
 = 1

2
CT⍴ARV(t) 

2 - frω(t) (6) 

In order to show the stability of the system we apply the 
Laplace transform and made two assumptions to linearize the 
system 

Assumption 1;  V(𝑡𝑡) is a constant value, 

Assumption 2;  𝜔𝜔(0) = 0. 

Since velocity is constant the Laplace transform of the input 
term can be considered as 𝑈𝑈(𝑠𝑠). 

Here, s is the Laplace operator 

The Laplace transform of angular velocity and its derivative 
can be obtain by following transformation rules 

 ℒ [ω(t)] = Ω(s)  

 ℒ [dω(t)
dt

]=sΩ(s)-ω(0) = sΩ(s) . 

Therefore, the Laplace transform of equation (6) is (7) 

 JωsΩ(S)=U(S)-frΩ(S) (7) 
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Through equation (7) we obtain the transfer function of 
conventional method shown in (8). 

 Ω(S)=
1

Jωs+fr
U(S) (8) 

For (8) the bode plot is shown in Figure 9 to describe that how 
angular velocity  responds to wind velocity that may contains 
various frequency components. 

The parameter of transfer function is set to as following: 

fr = 0.2; Jω= 12; 

 
Figure 9. Bode diagram of transfer function of (8)  

As it can be seen in Figure 9, the gain for low frequency 
components the output of transfer function will include up to 15 
dB. This means that if there is a constant wind velocity (rated 
velocity) penetrates the turbine, the angular velocity increases 
rapidly. However, the natural wind velocity spectrum varies from 
low to high frequencies. As it is clear, in high frequency domain 
the gain is decreasing drastically. Therefore, the analysis of wind 
velocity spectrum [17] becomes significant that how affect the 
turbine rotation behavior. However, in this study we are not go 
through this. 

Next for the stability analysis, from the transfer function we can 
obtain the pole of conventional method that the denominator of 
equation (8) is set to be 0. Hence, we have as following:  

 Jωs + fr= 0  

Eventually the pole of system (8) is 

 s = - fr
Jω

 < 0   . 

The system is stable, since the pole is negative. So, we can 
conclude that the small-scaled wind turbine system has a stable 
behavior. The proposed method is shown by applying with 
combination of the eddy current and decision function. 

The equation below expresses the proposed torque equation.  

  TB= 1
2

CTρARV(t)
2  –Taxis – fmf(ω(t)) (9) 

The torque equation is shown in Figure 10.  

 
Figure 10. Flow of the torque equation  

As it is clear in the above equation, conventional method of 
break system to restrict the angular velocity has done by Taxis 
which the technique was to varying the friction by brake pad. 
However, in this study since the – fmf(ω(t))  term is proposed as 
contactless break method, the Taxis is considered as the friction of 
shaft coupled to the generator which can be assumed to be a 
constant value. Therefore, for the sake of contactless purpose the 
magnets are utilized in order to magnetize the copper plate and as 
results the eddy current will flow. The torque earned from term fm 
is single set permanent magnetic brake torque on the rotor which 
is  

 fm=µ 2qmqc
4πd2  (10) 

Where, d is the distance from copper to each magnet and qm and 
qc stands for magnitude of the magnetic field. 

For the sake of stronger torque creation from magnetization, in 
this study we set 3 sets of permanent magnetic brake in parallel as 
described in Figure 5, the above equation becomes as follows 

 fm=µ 6qmqc
4πd2  (11) 

Furthermore, equation (12) represents the decision function [18-
19]. 

 f(ω(t)) = 1
π

tan-1 �αadj�ω(t) -  ωref�� +1/2 (12) 

The decision function acts as a switch to brake system to decide 
at what moment the ω(t) exceeds ωref . Therefore, whenever, 
angular velocity exceeds the reference value it will be activated. 
However, the performance of decision function depends on the 
coefficient αadj  which is analyzed in the later section. 

Next ,TB  is the torque of the blade which can be written as below 
equation.  

 TB = Jω
dω(t)

dt
 (13) 

Where, 𝐽𝐽𝜔𝜔 is the inertia moment of the blade. 
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Finally, Taxis represents the axis friction torque as described as 
follows  

 Taxis= frω(t)  (14) 

Where, 𝑓𝑓𝑒𝑒 is axis friction factor. 

It is notable that in conventional brake system this term was 
controlled to regulate and restrict the angular velocity [20]. 
However, we are not going through it in this paper. 

The application of this study is to install 3 φ generator and 
rectifies its output to provide a DC power supply to the loads.  Load 
considered to be DC-Green house that will describe the details in 
later section. The schematic of rectification and smoothing of its 
output, in other words the conventional DC converter consists of 6 
diodes, capacitor and resistor which these two elements are used 
as the low-pass filter to smoothen the rectified output waves. 
Figure 11 represents a schematic of the generator which considered 
to be 3 φ power supply, full wave rectifier and low pass filter and 
a battery parallel with loads. 

 
Figure 11 Three phase voltage circuit diagram with rectifier and low pass filter.  

Equation (15) shows the low pass filter dynamics. 

 Vin-Vout = RC dVout
dt

 (15) 

From (15) we can obtain the transfer function of low pass filter 
shown in following equation (16),  

 GLPF = 1
1+RCs

 (16) 

Where, s is Laplace operator. 

As it can be seen it is significant to choose the R and C value 
to obtain a stable output to the loads. However, in this study, we 
are not going to the detail of designing the low-pass filter.  

Now let us consider the power dynamics in order to obtain the 
anticipated generated electrical power from generator. According 
to the following equation the subtraction of  𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ  by 𝑃𝑃𝑚𝑚  is 
equivalent to Jωω dω(t)

dt
. In other words, mathematical expression is 

as follows 

 Jωω dω(t)
dt

 = Pmech -Pe (17) 

Since 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ is obtained by wind turbine characteristic formula, Pe 
can be anticipated by simple manipulation of above equation. 

 Pe = Pmech −  Jωω dω(t)
dt

  (18) 

As mentioned previously, in this study since the efficiency is 
considered we define an output power efficiency of a 3φ AC 
generator and its rectification since the load is DC bus.  

The output power of the 3φ AC generator displayed in (19).  

 PG = ηgPe (19) 

Here, ηg is the power coefficient of the generator and Pe is the 
electrical power received to the generator. 

Further, equation (20) shows the converted DC power.  

 PDC = ηDCPG (20) 

where, ηDC represents the efficiency of rectifier of DC converter. 

As considering the power stability analysis, it is significant that 
the produced power from wind turbine has adequate capacity of 
power in order to provide power to the loads. Therefore, the final 
stage of power conversion that is PDC, this should satisfy the power 
to the loads constantly and globally in time domain which includes 
the transient and steady response. 

Suppose that we have a function such as following (21)  

 Γ ( PDC , PL ) = PDC－ PL
PDC

 (21) 

which Γ(.,.) stands for remnant function. The remnant function is 
composed of remnant power normalized by final stage power 
output that is DC converter output.  Here, if and only if Γ is Semi 
Positive-definite function then the power supply is globally stable. 
The Below equation is used to verify the power supply stability. 

 Γ (PDC , PL ) ≥ 0 (22) 

Once the above equation is satisfied, then the required capacity 
is adequate for entire system. Besides, for above equation, in any 
situation Γ ( PDC , PL ) ≤ 1 ∀𝑡𝑡

𝑠𝑠𝑠𝑠𝑠𝑠  is satisfied so that the load’s 
installation percentage can be determined. The satisfactory 
analysis and evaluation is done in later section as simulation.  

 

4.4. Extension of the proposed method  

From now on we will explain the extension of the proposed 
method which is about adding 𝐶𝐶𝑠𝑠  and Ct  as variables into the 
system. In equation (23) λ stands for tip speed ratio which is equal 
to the linear velocity of the wind turbine blade divided by the wind 
velocity. ω is the angular velocity of the blade and R is the radius 
of the blade [21]. 

 λ= ωR
V

 (23) 

Equation (24) represents the power coefficient of the wind 
turbine. Here, β is the blade pitch angle. We assume the blade pitch 
angle value is 0 for this study. 

 𝐶𝐶𝑠𝑠=0.5176 �116
λi

-0.4β-5� e
-21
λi +0.0068λ (24) 

Where 1
λi

= 1
λ+0.08β

- 0.035
β3+1

.   

In this research pitch angle is assumed to be 0 constantly. 
Therefore, 
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Figure 12. Expanded block diagram including Cp and Ct 

λi=
λ

1-0.035λ
. 

Equation (25) displays the torque coefficient 

 Ct =
 Cp

λ
  (25) 

The extended flow diagram of the [22] article is displayed in 
Figure 12. Note that  (. )2  and (. )3  represent the mathematical 
operation as squared and cubed of input, respectively. 

4.5. Analysis of decision function behavior  

The decision function has an important role to do as regulation 
of angular velocity while it is operating. When angular velocity is 
greater than the reference value the decision function value will be 
greater than 0.5. Then the eddy current brake system will activate 
to reduce the angular velocity of the rotor.  

For behavior analysis of decision function, let’s give an artificial 
set of angular velocity that is ω = 2× t which t stands for time as 
shown in Figure 13. We used MATLAB/Simulink software to plot 
the following figures shows in this section. 

 

Figure 13. Input wind 

For performance analysis of decision function 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  is a critical 
coefficient. Therefore, we applied different 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  values such as 0.1, 

0.5, 1, 10, 200 to observe the output behavior of decision function. 
The triggered angular velocity value is set to be 25 rad/s.  For these 
different 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  values, the behavior of the decision function with 
respect to time is shown in Figure 14. For high values of 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  such 
as 200 the decision function value is almost 1 at approximately 12 
seconds which also can be seen in Figure 13 that at 12 sec angular 
velocity reaches 25 rad/s. According to Figure 15, when the  𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  
is 0.1 the decision function’s output has lower value comparing to 
the other 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  values that are greater than unity. The decision 
function has a lower value in the beginning means that the brake 
system has already started to work when the angular velocity is 
below 25rad/s as shown in Figure 15. When the decision function 
output value is at 0.5 the brake system is triggered. When the 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎 
increases the decision function value is converging to 1 for brake 
mode. That means the system must use a higher 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  value in 
order to get an efficient brake control system. According to Figure 
15 the highest 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  value is 200. As it is clear in Figure 15, the area 
of non-braking mode except αadj = 200 line (ideal mode) is shown 
in the gray color mesh and other area is for the braking mode.   

 
Figure 14. Performance of decision function against time  

However, in reality it is hard to realize a system with 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  200 
due to microcontroller process time and may not have enough 
capability to calculate speedily. Therefore, some internal delay 
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may occur in the system and stability and performance analysis 
should be done for system including time delay element [23-25]. 
However, in this study, since we focus on behavior of brake system 
performance, instead of analyzing the delay system we set the  
𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎   to an acceptable value. Hence, we applied the 𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  as 10 to 
which has adequate transient response according to Figure 14 and 
at the same time is considered to be a reasonable value for 
implementation in actual case.  

 
Figure 15. Decision function against angular velocity 

5. Simulation and Results 

In this section, first, we built the mathematical model of the 
control system then we simulated it in the MATLAB/Simulink 
based environment. At first we simulate the angular velocity 
response for different mean velocities from 10 to 30 m/s. Next we 
set two patterns of input wind velocity and observe the angular 
velocity behavior. One set is a regular rising and declining wind 
velocity (pattern No.1) and the other one is a random one (pattern 
No.2) which are shown in results. Additionally, for each pattern, 
in order to observe the decision function performance, we have 
shown the offsets between the ωref and ωsteady with respect to 
α𝑚𝑚𝑎𝑎𝑎𝑎= 6 to 200. The offset stands for the subtraction of reference 
angular velocity by steady response which concerns system 
performances. Eventually, for both patterns, to observe the power 
provision stability evaluation function Γ (PDC , PL ) is shown with 
regard to time response. 

5.1. Simulation conditions 

In this simulation, power coefficient and torque coefficients are 
considered as variables. Previously in [1] power coefficient and 
torque coefficient were constants. Simulation time for this research 
is 1000s. Sampling time is 0.1s. The load as shown in Figure 16 is 
applied to entire simulation. The input load behavior changes 
depending on various conditions in DC-green house such as 
weather, temperature, light condition. In the greenhouse the power 
consumption is varying through day and night time. Specially in 
night time the power consumption would be higher since many 
devices are in operation. Such as the LED lights which exposes 
light to products, microcontrollers and sensors. Therefore, we 
created the load that applies in real case to verify the proposed 
system that while restriction of angular velocity weather it is 
possible to provide an adequate power to the loads or not. However, 
for the sake of simplicity for analysis as it is expressed duration 
time is set to 1000 s. 

Table 3 displays the parameters values with the SI units 
Table 3: Values of the Parameters 

Symbol Value Unit 
𝐽𝐽𝜔𝜔 12 kg.𝑚𝑚2 
𝜔𝜔 Variable 𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟−1 
⍴ 1.225 kg.𝑚𝑚3 
𝐴𝐴 3.14 𝑚𝑚2 
𝑅𝑅 1.5 m 
𝑉𝑉(𝑡𝑡) Variable 𝑚𝑚𝑟𝑟−1 
𝑓𝑓𝑒𝑒 0.2 kg.𝑚𝑚2𝑟𝑟−1 
µ 4π10−7 T. m.𝐴𝐴−1 
𝑞𝑞𝑚𝑚 62.5*109 A.m 
𝑞𝑞𝑚𝑚 0.1*10−4 A.m 
𝑑𝑑 0.05 m 
𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎  10  
𝜔𝜔𝑒𝑒𝑚𝑚𝑟𝑟  25 𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟−1 
𝜂𝜂𝑔𝑔 0.9  
𝜂𝜂𝐷𝐷𝐷𝐷  0.9  

 

 
 Figure 16. Pattern of the load 

5.2. Results 
From now on, Figure 17 to Figure 21 displays the angular 

velocity behavior for different input average velocities of 10, 15, 
20, 25 and 30 m/s in order with controller decision function 
coefficient is set to αadj = 10 and the stall angular velocity or the 
referenced one is considered to be 25 rad/s as it has been chosen in 
section 2. 

 
Figure 17. Stall control chart for average wind 10m/s 
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Figure 18. Stall control chart for average wind 15m/s 

 

Figure 19. Stall control chart for average wind 20m/s 

 
Figure 20. Stall control chart for average wind 25m/s 

 
 Figure 21. Stall control chart for average wind 30 m/s 

 
By analyzing the Figure 17 to Figure 21 it is obvious that the 

magnetic brake system restricts the angular velocity up to 25 rad/s 
for average wind velocities of 10m/s to 30m/s. However, without 
controlling it will diverge and system becomes unstable. Moreover, 
the transient response of decision function seems to be adequate. 
Therefore, we can conclude that αadj = 10 has a stable behavior and 
acceptable performance. Following Figure 22 summarize the 
angular velocity behavior when the input wind velocity changes 
from 10m/s to 30m/s. 

 
 Figure 22. Wind velocity from 10m/s to 30m/s against angular velocity  

 
Figure 23. Angular velocity behavior for wind velocity pattern No. 1 
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Figure 23 and 24 explain how the brake system works with and 
without the proposed control. Angular velocity without the brake 
control is displayed using the broken line which is diverging on the 
Y-axis for both wind patterns. The maximum average wind 
velocity in this simulation is 25m/s and the minimum value is 
5m/s. Patterns of input velocity have been created artificially. 

As it is shown in above figure, the behavior of angular velocity 
with proposed controller against the input wind velocity pattern 
No.1 has a stable attitude with respect to time. As well, it is visible 
that the angular velocity is controlled up to 25rad/s even during 
high wind penetration conditions which is during 400 to 600 sec. 

 
Figure 24. Angular velocity behavior for wind velocity pattern No. 2 

In Figure 24, it is clear that even though angular velocity with 
proposed controller fluctuates but it has stable response and have 
been suppressed up to 25 rad/s and cease the excessive rotation. 
The arise of fluctuation of angular velocity is due to the wind 
pattern that have been penetrated to the wind turbine. Therefore, 
the angular velocity behavior should be enhanced for such sudden 
changes of wind velocity. However, for now it satisfies the 
requirement. Therefore, mechanical point of view, we can 
conclude that the angular velocity can be sustained to a desired or 
referenced value by proposed method. 

 
Figure 25. Time response of evaluation function for wind pattern 1 and 2 

Next the power provision is evaluated by evaluation function 
which has been defined previously. Following Figure 25 is shown 
the evaluation function for the wind velocity pattern No. 1 and 2, 
respectively. 

 
As it is obvious, except the transient duration, equation (21) is 

satisfied. Hence, the proposed controller can also provide an 
adequate power supply to loads and restricts the angular velocity.  
Also, the power output contains the remnant quantity of power 
particularly during high wind penetration that means it can be 
stored to power bank or charges the peripheral batteries. 

 
Finally, in order to ensure the decision function performance 

that is part of controller the offsets of referenced angular velocity 
and steady value of angular velocity with controller has been 
plotted with respect to αadj in Figure 26. 

 
Figure 26. Offset for average wind velocity 20m/s 

As it is clear in above figure, if the α𝑚𝑚𝑎𝑎𝑎𝑎  < 10, then the 
corresponding offset increase. On the other side,  if α𝑚𝑚𝑎𝑎𝑎𝑎   > 10, 
then the corresponding offset would decrease. This means for 
higher value of factor, performance of the system improves since 
the offset decreases. However, as have been discussing, it is fairly 
hard to set  α𝑚𝑚𝑎𝑎𝑎𝑎  to high value due to microcontroller processor 
capability for realization. Therefore,  α𝑚𝑚𝑎𝑎𝑎𝑎  can be set to 10 
according to the above since it is not too high value and at the same 
time it has sufficient performances.  

 
6. Conclusion 

In this paper, we have simulated an eddy current magnetic 
brake system for the small-scaled wind turbines. In strong wind 
condition, several types of control methods utilized to get the 
desired electricity output for small-scaled wind turbines. But still 
the modern wind turbines unable to get a stable generated 
electricity output when there is a storm condition. In storm 
condition, most of the wind turbines stop their operation to protect 
the turbine and it’s all components. As we have seen from the 
simulation results it is possible to conclude that using the eddy 
current brake system, we can limit the angular velocity below 
25rad/s when there is storm condition and satisfies the power 
provision to the loads, simultaneously. Since there is no 
mechanical connection with the rotor and the brake system, we 
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believe it may be able to use for much longer time than the 
conventional friction brake system. Thus, for future works, we 
will apply the Lyapunov function for the stability analysis. 
Moreover, in this paper the trigger of angular velocity is set based 
on physical destructive value. However, maximum power point 
should also be considered for enhancing the efficiency. Therefore, 
we will use the maximum Power Point Tracking Method (MPPT) 
to get a maximum power output form objected wind turbine. 
Additionally, pitch controlling method is a very useful method to 
control the wind turbine operation. Since we haven’t applied this 
method to the proposed system in this paper, we will apply pitch 
control method as future work for this system. Finally, the 
integration of pitch angle control and proposed eddy current brake 
system will be implemented. 
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