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1. Introduction

The reduction of greenhouse gas emissions is crucial 
because of the rising need for clean and unconventional en-
ergy, especially when the depletion of fossil fuel supplies in 
the world is considered. As one of the exceptionally famous 
assets of unconventional energy, wind energy is currently 
seeing rapid improvements worldwide [1]. This type of power 
generation needs machines with variable speeds, such as asyn-
chronous machines. Investigations have shown that almost 
48.62 % of the WT generators being utilized in the industry 
are double-fed induction generators (DFIG), while 48.1 % 
are squirrel cage induction generators (SCIGs) [2]. Artificial 
intelligence technology offers a wide range of choices for the 
enhancement of complex control systems. In addition to con-
trol systems, the adaptive neuro-fuzzy algorithm may be used 
for the modelling of complex systems, as in the paper [3]. 

The scientific relevance of this work is the study and 
analysis of a wind energy conversion system based on an 
induction generator that is controlled by a GIC-FLC.

The importance of the modelling comes from the abili-
ty to obtain a wide range of analyses for the transient and 
steady-state responses in different operating conditions 
without side effects like overheating or excessive mechanical 
strength, which may accompany the actual testing, etc. The 
developed SEIG wind turbine model can be the basis for the 
design of various control schemes and the estimation of their 
combined performance [4].

2. Literature review and problem statement

Self-excited squirrel cage induction machines have been 
the preferred choice for use with wind turbines in remote ar-
eas due to their rugged construction, low maintenance, and 
low cost in addition to their capacity to withstand short-cir-
cuiting and overloading [5, 6].

Although induction generators can generate active pow-
er, they are unable to produce the reactive power needed for 
their excitation in addition to supplying an inductive load. 
Therefore, an excitation source must be available as a capaci-
tor bank, and this is generally determined to ensure that the 
terminal voltages are evaluated under no-load conditions 
and at a known frequency [7, 8].

A d-q model of a SEIG and its simulation by means of a 
simulation software known as ‘SIMNON’ were presented 
by [9]. The wind turbine used was presented with its output 
torque characteristics at a fixed wind speed that was approx-
imated using a fifth-order polynomial curve. The response 
of this system to variations in the wind speed could not be 
checked with this representation of a wind turbine, and no 
control system was employed in this study.

Transient analysis of a SEIG model connected to a wind 
turbine with fixed, step, and random variations of wind 
speed was implemented by [10]. This system works in an 
open-loop state.

The main problem with the use of the SEIG in wind 
turbines is the poor voltage regulation as well as variations 
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in the frequency, both of which result from changes in con-
sumer consumption and wind speed [11, 12].

The system proposed by [13] consisted of a photovoltaic 
cell, battery, and a STATCOM. Both a PI and FLC were 
employed to control the STATCOM. The model was able to 
control both the voltage and frequency with variations in the 
load or wind speed.

A PWM voltage source converter connected to a battery 
on a DC bus side was used by [14] to control both the fre-
quency and voltage of an induction generator. This was done 
by controlling the flow of active and reactive power between 
the converter and generator. The converter was controlled 
by means of a proportional-integral (PI) controller.

Both [13, 14] made use of the SimPowerSystems (SPS) 
toolbox and not a mathematical model. In the case where a 
mathematical model is used with a PI controller, a lineariza-
tion process must be done to effectively tune the parameters 
of the PI controller [15].

To control the voltage and frequency of the SEIG, [16] 
presented a mathematical model of the STATCOM-battery 
storage, while [17] called the latter arrangement a gener-
alized impedance control (GIC), and presented it using a 
power system block set with Matlab/Simulink. Both studies 
made no mention of the control strategy of the GIC, which 
means that it works with open-loop control.

In addition to the use of a PI controller with the GIC, [18] 
also used a voltage sensor to measure the voltage. The mag-
nitude of the peak voltage was calculated using the Coor-
dinate Rotation Digital Computer (CORDIC) algorithm. 
This peak voltage was passed to a comparator and finally, to 
the PI controller. In this paper, no mention was made to the 
turbine model, also it depended on the PI controller, which 
would then have required a linearization process to tune the 
parameters of the PI controller, as mentioned in [15].

It was clear from the abovementioned 
works that a more detailed study was re-
quired with regard to a complete mathe-
matical model of a controlled wind energy 
conversion system that can be considered 
as the basis for any dynamic study or devel-
opment of control systems.

3. The aim and objectives of the study

The aim of this research is to develop 
a mathematical model for a SEIG driv-
en by a WT, followed by the analysis of 
the dynamic response with the variation in 
both wind speed and SEIG electrical load, 
also to develop a control system capable of 
maintaining both voltage and frequency 
constants at rated values, all of that through 
simulations using the MATLAB/Simulink 
environment. 

To achieve this aim, the following re-
search objectives were set: 

– representing the mathematical model 
of the SEIG in the d-q stationary reference 
frame, and simulating it with considering 
the prime mover as a constant speed;

– designing and representing the mathematical model of 
the wind turbine (WT) that was compatible with the machine 
rating, and simulating it as a prime mover for the SEIG;

– designing and representing the mathematical model of 
the GIC in the d-q stationary reference frame with employing 
the FLC in controlling its control parameters, and then use the 
FLC-GIC to control the WT-SEIG model through simulation.

4. Design, modelling, and control of the WECS

The research was carried out by representing the math-
ematical model of WECS with Matlab/Simulink. For this 
purpose, a set of equations was derived and arranged to 
model the system in the Matlab/Simulink environment. 
The ratings of both wind turbine and GIC will be designed 
according to the rating of the machine.

4. 1. SEIG model
A stationary d-q axes reference frame was used to model 

the dynamics of the three-phase squirrel cage induction 
generator. The d-q equivalent circuit of the machine with 
the excitation capacitor is shown in Fig. 1. Eight first-or-
der differential equations, which describe the relationship 
between the rotor and stator of the machine, were used to 
model the SEIG.

Several assumptions had to be considered in the model-
ling of SEIG:

– iron losses in the machines were neglected;
– the magnetizing inductance was considered a function 

of RMS phase voltage (Vph), while the other machine param-
eters were considered constants;

– both the time harmonics within the initiated voltage 
and current waveforms, also the space harmonics within the 
magnetomotive force, were ignored;

– the rotor, stator, and load leakage reactance corre-
sponded with the rated frequency.

The following differential equations were derived from 
Fig. 1 (while excluding the GIC section for now), and these 
were then used with Matlab/Simulink to obtain the SEIG 
model [19]:

Fig. 1. d-q model of SEIG, load, and GIC: a – q-axis, b – d-axis
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where v and i are the instantaneous voltage and current, respec-
tively; Ls is the stator self-inductance; Lr is the rotor self-induc-
tance; Lm is the mutual inductance; L is the inductive load; R is 
the resistive load; C is the excitation capacitance; ωr is the gen-
erator speed; kd and kq are constants that represent the initial 
induced voltage along the d-axis and q-axis, respectively due to 
the remnant magnetic flux in the core. The subscripts d and q 
were used for the direct and quadrature axes, respectively; the 
subscripts s and r were used for the stator and rotor variables, 
respectively; while the subscript l was used for the leakage com-
ponents that came with L and for the load which came with v 
or I; and the subscript c was used for the excitation capacitance.

The magnetizing inductance played a major role in the 
build-up and stabilization of the voltage of the self-excited 
induction generator. Before the model could be run, a formu-
la for the magnetizing inductance in terms of the magnetiz-
ing current or air gap voltage had to be provided, because the 
magnetizing inductance of the induction generator was non-
linear. The relationship between the magnetizing inductance 
and phase voltage was found by means of a synchronous im-
pedance test. Then, with the use of the Matlab Curve Fitting 
Tool, a polynomial, which represents the dynamic magne-
tizing inductance, has been obtained. The specifica-
tions and parameters of the squirrel cage induction 
generator used in this study are 3 phase, Y-con-
nected, 3.6 kW, 415 V, 7.8 A, 4-pole, 50-Hz, squir-
rel-cage, Rs=1.7Ω, Rr=2.7Ω, Lls=Llr=11.4 mH, while 
the dynamic magnetizing inductance is described as:

11 4 8 3

5 2 3

1.62 10 2.67 10

1.381 10 1.76 10 0.23,

ph ph

ph ph

mL V V

V V

− −

− −

= − × + × −

− × + × +        (9)

where Vph is the phase voltage [9]. 

4. 2. Design and modelling of wind turbine (WT)
The air mass power, Pw that flows through an 

area A at a speed of Vw can be calculated by: 

30.5 ,w wP AV= ρ
	

(10)

where ρ is the air density in kg/m3, and A is the blade swept 
area in m2. The amount of air mass power extracted by the 
turbine blades and converted into mechanical power, (Pt) in 
watts in the shaft of the system can be calculated as:

30. ,5t w pP AV C= ρ
	

(11)

where Cp, which is dimensionless and nonlinear, represents 
the aerodynamic efficiency of the wind turbine and can be 
calculated as:

( )
21
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p
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C e
−
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λ β = − β − + λ λ 
	 (12)
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3

1 1 0.035
,

0.08 1i

= −
λ λ + β + β

 β is the blade pitch angle in  
 
degrees, and λ is the tip speed ratio (the ratio between the 
speeds of the turbine blade tip and the wind) and can be 
calculated as:

,tr

w

R
V
× ω

λ = 	 (13)

where R is the radius of the turbine in meters, and ωtr is the 
speed of the turbine in Rad/s [20]. 

The wind turbine was designed for 3.6 kW at 9 m/s, 
which was regarded as the rated wind speed [21].

The designed turbine had the following specifications:
– if the speed of the turbine increases beyond the maximum 

designed wind speed (which was 9 m/sec here), then a mechan-
ical control system that controls the blade pitch angle must be 
used to avoid exceeding the designed rated power of the turbine;

– if the speed drops to 7 m/sec, then the turbine will fail to 
deliver the required torque to the system;

– in the absence of a load, the system will start to work 
with no GIC, and the turbine torque will be greater than the 
machine torque without a load. Therefore, the machine will 
accelerate at a dangerous speed. To avoid this, a blade pitch 
angle control system must be designed to control the speed of 
the turbine. In this model, a lookup table for controlling the 
blade pitch angle was prepared for use to maintain the speed 
of the turbine at the start of operations within safe limits.

The design parameters for the wind turbine are rated power 
of 3.6 kW, blade length of 2.382 m, rated wind speed of 9 m/sec, 
and gearbox ratio of 5.3, at air density of 1.1544 kg/m3. Fig. 2 
shows the turbine performance curve (at β=0).

Fig. 2. Turbine performance curve (at β=0)
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Note from Fig. 2 that maximum performance (Cp=0.48) 
occurred at β=0 and λ=8.1.

4. 3. Drive train model
The electromagnetic torque (Te) of the induction genera-

tor can be calculated as:

( )3
,

2 2e m qs dr ds qr

P
T L i i i i

   = × × × − ×      
		  (14)

where P is the number of poles. The formula that connects 
the turbine torque with the electromagnetic torque pro-
duced by the induction generator is given by:

,m
t m e

d
T J D T

dt
ω

= + ω + 	 (15)

where Tt is the turbine output torque measured at the gener-
ator shaft in N∙m, ωm is the angular mechanical rotor speed 
in Rad/s, D is the coefficient of friction in reference to the 
generator shaft in Nm/(Rad/s), and J is effective inertia in 
reference to the generator shaft in kg∙m2. By using (14), (15), 
the model of the drive train can be obtained.

4. 4. Design and modelling of generalized impedance 
control (GIC)

As mentioned before; the main problem with the SEIG 
is the poor voltage regulation in addition to the frequen-
cy variation, both of which occur as a result of changes 
in consumer consumption and wind speed. To solve this 
issue, this study employed a GIC that was controlled by 
an FLC.

The GIC consisted of a three-phase pulse width modu-
lated bidirectional voltage source inverter with a battery 
at the dc-link side, while the ac side contained a coupling 
inductance, Lc to model the leakage reactance of the 
coupling transformer, and at the same time, to form the 
first-order low-pass filter, which minimized the current 
harmonics injected to the SEIG terminals. To model the 
losses of the coupling inductance, a resistance, Rc was 
added. 

A GIC can control both the active and reactive power of 
a wind energy conversion system, depending on the value 

of the modulation index (MI) of the PWM inverter and 
the phase angle, δ, between the fundamental component of 
the inverter output voltage (VGIC) and the SEIG terminal 
voltage (Vg).

From the equivalent circuit shown in Fig. 1, the follow-
ing differential equations, which describe the GIC model in 
the stationary reference frame, can be derived:

GIC GIC
GIC ;d c d ds

d
c c c

di R v v
i

dt L L L
= − − + 	 (16)

GIC GIC
GIC ,q q qsc

q
c c c

di v vR
i

dt L L L
= − − + 	 (17)

where the subscript ‘GIC‘ refers to the controller variable. The 
GIC output voltages can be calculated by:

( )GIC sin ;q Bv MI K V t= × × × ω + δ
	

(18)

( )GIC cos ,d Bv MI K V t= × × × ω + δ 	 (19)

where K is the coupling transformer turns ratio, VB is the 
battery voltage, MI is the modulation index and ωt is the 
generator voltage angle. The overall equivalent circuit of 
the induction generator, excitation capacitor, load, and GIC 
in the d-q stationary reference frame is shown in Fig. 1 [16]. 
The parameters of the GIC, which was designed according 
to machine ratings and the maximum boundary of oper-
ation [22], are Lc=100 mH, Rc=1.64Ω, VB=700 volts, and 
K=0.857.

4. 5. Control of GIC by fuzzy logic controller (FLC)
The GIC was controlled using two FLCs; one for 

controlling the MI, and the other for controlling δ. 
Generating and training of the related fuzzy inference 
systems (FIS)s were done through Matlab’s Neuro-Fuzzy 
Designer. Table 1 shows the training information for both 
controllers.

Fig. 3 shows screenshots of the training process with 
Matlab’s Neuro-Fuzzy Designer.

The inputs-outputs data used for the training process 
had been obtained through excessive simulations of the 
SEIG-WT-GIC model. 

Table 1

Information on the training of (FIS)s

ANFIS information for control angle (δ) FIS 

Number of inputs 4

Number of membership functions (Mf)s for each input 5

Type of (Mf)s gaussian

Number of training epochs 7

Error at the end of the training 0.0109

Number of training data pairs 5,946

ANFIS information for (MI) FIS

Number of inputs 3

Number of membership functions (Mf)s for each input 9

Type of (Mf)s gaussian

Number of training epochs 7

Error at the end of the training 0.0017

Number of training data pairs 5,946
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5. Results of different simulations

5. 1. Response of the SEIG model driven by a 
constant speed

Fig. 4 shows the generated v(t) of the proposed 
model without a load and with an excitation capac-
itance equal to 60 μF, at a constant rotor speed of 
1465 rpm.

Fig. 5, 6 show the voltage and output power re-
spectively of the proposed model with a load of 55 Ω, 
with the same excitation capacitance, at a constant 
speed of 1480 rpm. 

It is worth mentioning that these waveforms covered the 
dynamics for both the voltage build-up and loading.

Fig. 3. Screenshots of the training process with Matlab’s Neuro-Fuzzy Designer for: a – modulation index FIS; b – delta angle FIS

a

b

Fig. 4. Instantaneous and RMS phase voltage of the proposed model
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5. 2. Response of the SEIG model driven by the wind 
turbine (WT) model

Fig. 7 shows the response of the designed wind turbine 
for different wind speeds, while Fig. 8 shows the output 

voltage of the SEIG model when driven by 
this turbine and for the same change of wind 
speed, at no load.

Fig. 9 shows the different waveforms for 
the WT-SEIG model at load and speed per-
turbations. According to the dynamics, the 
analysis will be as follows.

With the start of the simulation, the 
voltage started to build up with no load, and 
the turbine power was reduced by the pitch 
angle control (through the use of a lookup 
table) to the value required by the generator 
to run without a load at a frequency that was 
close to rated frequency.

At t=4 sec, a load of 100Ω was insert-
ed, at the same time the value of pitch an-
gle (β) became zero, which means that the 
turbine power is fully utilized. There was a 
drop in the voltage value because the load 
current reduces the share of capacitance 
current in the stator current according 
to (5), (6).

At t=6 sec, the wind speed was raised 
from 7 to 7.3 m/s. Both frequency and volt-
age increased. The increase in voltage oc-

curred because the required capacitance value for producing 
the rated voltage was reduced by the increase in wind speed 
for the same load value, therefore, with the value of capaci-
tance remaining unchanged here, the voltage was raised [23].

Fig. 5. Instantaneous generated voltage

Fig. 6. Generator output power

Fig. 7. Wind turbine characteristics for different wind speeds

Fig. 8. SEIG output voltage for a step-change in wind speed
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At t=8 sec, the resistance value decreased to 70 Ω; both 
voltage and frequency decreased. The decrease in voltage 
also occurred according to (5), (6), while the decrease in 
the frequency occurred as a result of the decrease in rotor 
speed according to (15), in which that the electromagnetic 
torque is increase with the turbine torque is the same.

For other periods, the same analyses can be done.

5. 3. Response of the WT-SEIG model controlled by 
GIC-FLC model

With a step-change in both wind speed and resis-
tive –inductive load; the results of the simulation of the 

controlled WECS are shown in Fig. 10, 11 below, and the 
analysis will be as follows: with the start of the simulation; 
the voltage started to build up with no load, no GIC, while 
the turbine power was reduced by the pitch angle control 
(through the use of a lookup table) to the value that was 
required by the generator to run with no load at a frequen-
cy that was close to the rated frequency when the value of 

wind speed equal to 9 m/s.
At t=3 sec, with wind speed 

equal to 9 m/s; both the GIC 
and the load of 55 Ω, 10 mh 
are inserted into the system, 
also at the same time, the value 
of pitch angle (β) will be zero 
which means that the turbine 
power is fully utilized. The 
voltage rises to the rated value 
because the GIC delivered the 
required reactive power to the 
generator and inductive load. 
The frequency is equal to the 
rated value, with a small real 
power absorbed by the GIC, 
because of the almost balance 
between the input-output pow-
er of the system.  

At t=6 sec, with the same 
values for resistive load and 
wind speed, the value of induc-
tive load increased to 37 mh, 
and in order to maintain the 
rated value of voltage, the val-
ue of MI increased by the FLC 
to increase the reactive pow-
er supplied by the GIC. The 
increased impedance, in turn, 
decreased the real power ab-
sorbed by the load, and then to 
maintain the frequency at the 
rated limit; the FLC of delta 
made it with a more negative 
value so that the GIC absorbs 
an active power from the gen-
erator.

At t=8 sec, another increase 
in the inductive load happens, 
and the analysis is the same as 
the previous change.

At t=10 sec, with the same 
value of both inductive and 
resistive load, the wind speed 
decreased to 8.63 m/s. As the 
turbine power decreased, the 
generator power also decreased, 
and this, in turn, decreased the 
reactive power demand of the 
generator. The additional re-
active power supplied by the 
GIC decreased from the last 

change, with the decrease of MI value, while the active 
power absorbed by the GIC became almost zero, which 
means no surplus active power at this values of wind speed 
and load, so that the value of control angle is almost zero.

Fig. 9. Simulation results of WT-SEIG: a – wind speed, b – turbine power, 	
c – load resistance, d – generated power, e – rotor speed, f – RMS phase voltage,  

g – voltage frequency

a

b

c

d

e

f

g
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At t=12 sec, another decrease in the wind speed hap-
pens, and the analysis is the same as the previous change.

From t=14 sec, until the end of the simulation, the 
change happens only with the resistance load, so the anal-
ysis will be with the last period only.

At t=18 sec, the value of resistive load increased from 
74 Ω to 85.5 Ω, with no change for inductive load or wind 
speed. The active power of the load was decreased for the 
same active power of the turbine and generator. To prevent 
the rise in the frequency, the delta angle of the FLC be-

came more negative, which meant that the GIC absorbed 
more real power in charging the battery. Although the 
value of the inductive load was kept constant in this case, 
the reactive power that was delivered to it decreased with 
the decrease in the active load power, so that the MI, in 
this case, was decreased to decrease the reactive power 
supplied by the GIC.

All the results above had been obtained by employing 
the fourth-order (Rung-Kutta) as a numerical integration 
method with an appropriate step size.

Fig. 10. Simulation results of WT-SEIG controlled by GIC-FLC: a – wind speed, b – load resistance, c – load inductance, 	
d – modulation Index, e – control angle (δ), f – RMS of generated voltage, g – frequency of the generated voltage

a

b

c

d

e

f

g
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6. Discussion of results

Explanations of the results are as follows:
– results with subsection (5. 1) had explained the dy-

namics for both voltage build-up and load insertion;
– results with subsection (5. 2) had explained the influ-

ence of both load and wind speed perturbation on the mag-
nitude and frequency of generated voltage, also the results 
show the influence of load change on the rotor speed;

– results with subsection (5. 3) had explained the effec-
tiveness of the GIC-FLC in maintaining the magnitude and 
frequency of generated voltage with rated values despite load 
and wind speed perturbations.

For the validation of the SEIG model, a comparison was 
made between a model from a well-known study [9], and the 
results shown in subsection (5.1), at the same rating and 
operating condition.

The proposed mathematical model succeeded in:
– gathering the required information for recognizing the 

behavior of the SEIG under load and wind speed perturba-
tion as shown in Fig. 9;

– design a control system capable of maintaining both 
magnitude and frequency of the generated voltage as shown 
in subsection (5.3), which happened due to training of (FIS)s 

by the wide input-output data set gained from excessive simu-
lations of the SEIG-WT-GIC.

The main advantages of the study are:
– the machine parameters were isolated from the exci-

tation capacitor and load parameters that assisted in the 
study and analysis of different responses;

– the complete mathematical model for the WECS, in-
cluding the controllers, gives the ability to know more about 
each variable in the input and its influence on each variable 
in the output;

– the dynamic change of each variable of the SEIG like 
magnetizing inductance, flux, rotor current can be easily 
measured, which are difficult to measure them in practice;

– with the employing of the FLC in control of the pa-
rameters of the GIC, there is no need for linearization of the 
mathematical model, in comparison with the conventional 
PID controller, which required that linearization for the 
tuning of PID parameters.

When constructing the mathematical model of the 
SEIG, the following assumption was made: the cross-sat-
uration effect is not taken into account; all the machine 
parameters were considered constant except the mag-
netizing inductance; iron losses in the machines are not 
taken into account; the time harmonics effect due to the 

Fig. 11. Simulation results of WT-SEIG controlled by GIC-FLC: a – rotor speed, b – reactive power (‘g’ for generator, ‘Bank’ 
for capacitive excitation bank, ‘L’ for load), c – active power (‘t ‘for turbine)

a

b

c
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action of semiconductor devices in the GIC is not taken 
into account.

In this study, a mechanical control system for controlling 
the blade pitch angle in case of the wind speed is more than 
rated (i.e. 9 m/s) was ignored. For future development, an 
FLC may be employed by the aid of simulation of the pro-
posed mathematical model for training its FIS in which with 
any speed more than rated, there is an appropriate pitch 
angle value for making the value of turbine power within the 
rated value.

7. Conclusions

1. A mathematical model for the SEIG was implemented 
by representing the first-order differential equations that 
describe the currents of both stator and rotor of the machine 
in addition to the excitation voltages with Matlab/Simulink. 

Both dynamic and steady-state analysis can be implemented 
with this model. These analyses provide the required knowl-
edge for the reliable operation of the SEIG.

2. The design and modelling of the wind turbine were 
done by representing the different equations of the aero 
model. With the simulation of SEIG-WT, the dynamic of 
rotor speed change, which influences the stability of both 
magnitude and frequency of generated voltage, can be 
noted.

3. The trained (FIS)s had been successfully employed 
in controlling the parameters of the GIC, i. e. the MI and 
δ, such that by employing the GIC-FLC in controlling the 
SEIG-WT, the voltage and frequency were kept with a 
maximum change of (±1 %) for the voltage and (±0.2 %) for 
the frequency as a percentage of rated values, for a variety of 
wind speeds in the range of 7 to 9 m/sec, at a resistive load 
in the range of 45 to 150 Ω, and inductive load in the range 
of 10 to 60 mH.
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