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The self-excited induction generator (SEIG) is widely applied in the wind energy conversion system
(WECS) to enhance power generation. The power generation from WECS is varied in terms of
varying wind speed. Hence, to improve the working of SEIG-based WECS, the multi-stage coati
optimized proportional integral (CPI) fractional order proportional integral derivative (FOPID)
controller is proposed in this work. The proposed coati optimized proportional integral - fractional
order proportional integral derivative controls the SEIG’s grid side converter and generator side
converter. The coati optimization algorithm optimizes the controller parameters of a proposed multi-
state controller. The proposed CPI-FOPID controls both the voltage at the grid side converter and the
current at a generator side converter. Moreover, the pitch angle of the wind turbine (WT) is controlled
by the fuzzy-based tilt integral derivative (F-TID) controller. The proposed work will be implemented
on the Matlab/Simulink platform, and the THD of 0.63% has proven the efficacy of the proposed

methodology.

© 2023 University of Al-Qadisiyah. All rights reserved.

1. Introduction

The steadily rising demand for energy is causing the fast depletion of
fossil fuels like coal and oil. Thus several efforts are taken technically and
economically to lessen the usage of fossil fuels for power generation [1].
Thus renewable energy sources (RES) based energy generation technology
is developed in the energy market. Several countries around the globe are
using RES-based energy generation to enlarge the installed capacity of
power generation units [2]. The RES is partly complex and has an inherent
complex nature, which affects the system reliability and available power
generation at a certain condition [3]. One of the rapidly growing and
steadily available RES technologies is the wind energy conversion system
(WECS). In the wind energy conversion system, induction machines
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transform the wind’s kinetic energy into power [4]. The WECS comprises
components like an aerodynamic rotor, a power electronic interface, and
generators. All these components are connected to the grid through the
transmission line. Among these devices, the generator is considered a vital
piece of equipment that plays an important role in system stability [5]. Over
the years, generator types such as synchronous and asynchronous
generators have been adopted with the wind turbine (WT). The selection of
generators in WECS is a complicated task, especially in grid-integrated
power systems. Different configurations of WECS are fixed speed (FS),
variable speed (VS), doubly fed induction generator (DFIG), and full VS
types [6]. The self-excited induction generator (SEIG) is popular among
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several types of induction machines owing to its protection against short
circuits and reduced maintenance cost [7, 8]. The SEIG is well known for
its cheaper cost and better performance [9]. The SEIG-based WT
compensates for the network’s reactive power through the capacitor banks.
Voltage instability is a critical factor in the WT-connected power system.
Voltage stability indicates the system’s ability to withstand after being
subjected to a fault. However, the voltage stability can be improved by
minimizing the amount of reactive power delivered to the system. Due to
the continuous operation of WT, the voltage and current limits may
experience violations [10, 11]. The prime objective of control strategies in
WT is to ensure stable operation during grid integration and deliver
constant power to the grid. Controlling actions are improved by adding an
effective method for torque and pitch angle control [12]. In [13], a fuzzy-
based control technique was used to enhance the converter operation of
standalone WT. Pitch angle control to the WT can be provided using a
sliding mode controller and adaptive gain [14]. However, power quality
(PQ) and stability become important considerations in wind power plants.
The PQ issues can be compensated by controlling the voltage and current
in the system. However, the voltage and current regulation in the SEIG is
affected by the excitation capacitance and variations in speed [15].
Moreover, the performance of SEIG is affected by the impedance load and
loss of residual mechanism depending on the voltage and frequency [16].
The output frequency of the generator has a great impact on the speed of
WT; thus, it is necessary to control the speed of the turbine. Furthermore,
the speed of a turbine is adjusted by controlling the pitch angle. An efficient
control architecture of the controller will enhance efficiency [17].
In some cases, the maximum power point tracking (MPPT) algorithm that
drives the operating points near optimality can accomplish voltage control
in SEIG. In the MPPT controller-based approaches, the turbine speed
increases so that the system will provide higher power [18]. The most
popular approach in SEIG-based WT is the fuzzy logic (FL) )-based
controllers. The FL-based approaches require plant knowledge to generate
the membership functions [19, 20]. The proportional-integral (PI) controller
is adopted in the system to cater to these issues. The major drawback of this
Pl is the variations of control gains due to uncertainties in the system.
Hence, the optimized controllers are preferred to provide optimum speed
and voltage control.
The reference frame theory reduces the complexities in SEIG control
models. Thus, the proposed controller adopts transformation theories to
obtain the desired operation of the induction generator. The optimized
proportional integral derivative (PID) controller is used in this work to
achieve the optimum operation of SEIG-based WT. The major
contributions of this work are given as,
o Improve the voltage control on the grid side converter using a coati-
optimized multi-stage controller.
e Enhance the current control on the generator side converter using the
CPI-FOPID controller.
e Improve the pitch angle control using a fuzzy-based tilt integral
derivative (F-TID) controller.
The paper is structured as follows; Section 2 discusses various kinds of
literature. The proposed control strategy is elaborated in Section 3. Results
are added in Section 4, and a conclusion is given in Section 5.

2. Related Works
Several controllers used in SEIG-based WT are discussed in this section.

Reddy et al. [21] introduced an ANFIS controller for the inverter in SEIG
attached wind power plant. Dynamic vector control was used in the

machine reference model. The ANFIS controller controlled the voltage in
that suggested model and a turbine’s pitch angle controlled frequency. In
that suggested model, the ANFIS controller had an output-layer neuron.
The wind turbine’s power coefficient determines the blade angle in the
turbine model.

Angadi et al. [22] suggested a maximum power point tracking methodology
for the wind turbine to power the induction motor pump. The optimization-
based power maximizing methodology generates appropriate switching
pulses to the converter model. That suggested model was sensorless and
could generate the switching pulses based on the operating frequency of the
voltage source converter. The current in the SEIG and DC link was fed into
the controller, which provides controlled switching pulses to the inverter.
In this way, the power output can be maximized in the inverter. Sotoudeh
et al. [23] suggested two control architectures for the machine-side and
grid-side  converters. The machine-side controller ~keeps the
electromagnetic flux at a limited value to maintain the electromagnetic
torque. In this process, the resistor value of the stator was obtained by an
estimator, and the new reference was estimated using a Pl controller. The
controller on the machine side was designed based on the linearization
method. The estimator evaluates the resistance of the stator at different
moments. Moreover, the grid-side controller regulates reactive and active
power flow to the grid. The grid-side controller was designed based on a
sliding mode control strategy.

Dagang et al. [24] introduced the fuzzy-based controlling architecture for
the converters on the grid side. In that suggested model, the direct fuzzy
control laws were updated to extract maximum power from the system. In
that suggested model, the torque and angle of the wind turbine were fed into
the fuzzy controller that generates appropriate switching signals to the
converter. The active and reactive power from the AC bus was fed to the
fuzzy controller to tune the inverter operation.

Laghridat et al. [25] have suggested a control technology for rejecting the
disturbance in the SEIG-based wind power plant. That suggested model
provided controlled active and reactive power through induction generators
and back-to-back converters. A distribution algorithm and wind turbines
were also used to provide wind farm power. Moreover, the maximum
power tracking control was used to extract the peak power from the wind
turbine. The transmission system operator controlled the active and reactive
power flow. That suggested method was implemented at three power plants
connected to wind turbines. Emami et al. [26] introduced a fault current
limiter for reducing the sub-synchronous resonance of the wind farm. The
suggested model was investigated on the power system containing 2 wind
turbines. The short circuit current in wind power plants was minimized
through the current limiter. That suggested model was investigated under
different fault conditions. During the faulty condition, the fault current gets
increased, and the current limiter will reduce the impacts of current in the
model by minimizing the inductance limit.

Hamoodi et al. [27] introduced a fuzzy-based PID for controlling the pitch
angle of SEIG-based WT. The pitch actuator regulates the rotation of WT
with its horizontal axis, where the fuzzy logic was applied for selecting
optimum values for the PID. In the suggested model, the reference and
measured value of the pitch angles were entered into the controller.
Meanwhile, the fuzzy logic examines both pitch angle error and error
deviations. In this way, the fuzzy rules choose the optimum parameters of
the PID. This method suggests that the tuned PID efficiently improved the
system’s stability.

3. Proposed Methodology
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The PID controller is widely used in several applications due to its simple
structure, low cost, and ease of implementation. At the same time, properly
tuning the controller will improve the desired performance. In this proposed
work, the CPI-FOPID controller controls the SEIG-based WT. The
proposed C-PID regulates the current in the generator side converter and
the voltage in the grid side converter. The controlling architecture of a
proposed methodology is shown in Fig. 1. The architecture shows that a
step-up gearbox connects the SEIG to the turbine.

Moreover, the fixed capacitor is connected in parallel with a generator. The
induction generator is started with the aid of fixed capacitor banks. The
power generated from SEIG is fed into the rectifier to convert the variable
voltage to rectified DC voltage. Afterward, the multi-level inverter is
connected to minimize the switching frequency and voltage stress on the
switches. The grid and generator side converter control strategies are
carried out through the park and Clarke transformations.

ﬂ

\ Generator Grid side | |
Gear box side converter —— Loads
/ converter (inverter) | |

Capacitor
bank

-

TID

Proposed Proposed
C-PID C-PID

Figure 1: Proposed methodology
3.1 Modelling of SEIG-based WT

The WECS comprises components like a rotor, gearbox, generator, and
WT. In the SEIG-based WECS, the generator is connected to the WT
through the gearbox. The induction generator is connected to the capacitor
bank for self-excitation. In such a system, the power is generated by
converting the kinetic energy produced by the blade into electrical energy
through SEIG. The kinetic energy produced by the WT is expressed in the
Eq.1.
1

Ek=EXV2XlD' (l)

Here, v is the wind velocity and @ is the mass of a blade. The following
equation examines the tip speed ratio, Eq.2.

WXTr

1=

@

v

Here, w and r are the angular speed of the blade and radius, respectively.
The following equation examines the mechanical torque generated in the
WT.

T =C X w? ®3)

here, C is the power coefficient. The modeling equations of SEIG in a d-q
reference frame using the following equations.

1.
ch = Ef lgs dt + cho (4)
Vea = 7 J s dt + Veao ®)

Here, V ,and V4are the capacitor voltages in g and d frames, respectively,

igs and igs are the current in the direct axis and quadrature axis,
respectively. The rotor flux linkages in both the direct and quadrature axes
are expressed as follows.

Kqr = Linlgs + Lylgs + Kgro (6)
Kar = Lmids + Lrids + Karo (7)
Here, i, and k4, are flux linkages in the direct and quadrature axis,

respectively, L,.is the rotor inductance [28, 29]. The schematic diagram of
SEIG in the d-q frame is shown in Fig. 2.

Figure 2: Representation of SEIG in d-q frame

The voltage and current measuring equations of the stator and rotor of SEIG
are elaborated in [30]. The proposed control strategy for voltage and current
control is explained further.

3.2 Working procedure of the proposed controllers

Park and Clarke’s transformations are used in the control architecture to
regulate the system’s voltage and current. The Clarke transformation
converts time domain components of the three-phase signals (ABC) into an
orthogonal stationary frame (af) of two components. The park transforms
two components into the rotating reference frame (d-g) [31]. The control
architecture of the proposed control methodology is shown in Figure 3. As
it is shown that the three-phase voltage at the grid side is measured, the
Clarke transformation is carried out. Then the error in measured voltage is
fed into the CPI-FOPID controller. Afterwards, the controlled voltage is
given to the pulse width modulation strategy to produce optimum switching
signals to the inverter. These steps are followed in the current control in the
generator side converter. Moreover, the speed of WT is measured and fed
into the F-TID controller. Finally, the controlled speed of the turbine is
provided to the gearbox.

3.2.1 Voltage control using coati optimized multi-stage PI-FOPID
controller

The controlling gains of controllers are improved by adding multi-stage
controllers in the system. Hence, in this proposed work, the proportional-
integral (PI), proportional derivative (PD), and fractional order proportional
integral derivative (FOPID) are combined. The basic modeling equations
of these controllers are shown below.
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Figure 3: Proposed control architecture of SEIG-based WT

d

Gpa(s) =Ky + kg =€ (8)

Gpi(s) =1, + 1 [ edt 9)
d

Gpia(s) =K, + 1; [ edt + Kag € (10)

Gropia(s) = Kk, + % + Kkgst (12)

Here, the subscripts represent corresponding controller outcomes, &, ,
k; and Kk, are proportional, integral, and derivative control gains,
respectively, A and y are the order of integrator and differentiator,
respectively [32].

The basic architecture of CPI-FOPID is shown in Figure 4. This proposed
controller gives the error in Vdc and the d-q voltage errors. The first block
controls the DC link voltage error provided into the COA. The objective
function of the COA is to optimize the controlling parameters of the
proportional derivative controller. Based on the optimized tuning of the P
and D gains, the \Vds Voltage is controlled. Then the PID controller is used
to reduce Vgs voltage. Finally, the controlled voltage generates switching
pulses to the inverter.

COA

Figure 4: Proposed multi-stage CPI-FOPID controller

3.2.2 Proposed C-PID controller

The COA is developed based on coatis’ natural hunting and confronting
behaviors. This algorithm efficiently balances the exploration and
exploitation phases [33].

e Objective function

The objective function ensures optimal control operations in the system.
Regarding frequency control, the objective function of time integral
multiplied by absolute error has provided superior performance. Based on
this concern, the proposed work examines the ITAE as an objective
function for the error minimization of control parameters.

Objective = ITAE = [ |4V|tdt = (12)
Where AVis the voltage error, and Twhich is the simulation period.
The mathematical modelling of COA is given below, Eqg. 13.
Can =l +22 (W, — 1), m=123....in=123....j (13)
Here, ¢, is the value of n decision variable, iis the total number of
problem variables, jis the decision variable, Ais the random number [0, 1],
l,and u,are lower and upper boundaries, respectively. The population
matrix of the variables is shown in Eq. 14.

€1,1C1,nC1,j

&1
C=|tm = [Cm1CmnCm,j (14)
Cndjn ENACNREN Ly

The following Eq. 15 estimates the objective function of controlling
parameters,

Ky K(c1)
K=|Kn| =|K(m) (15)
KN JXN K(CN) XN

here, Kis the vector of obtained objective function, K,,is the objective
function of the corresponding parameter.

e Phase 1:
In this phase, the attacking behaviour of coati is used to calculate the best

position. This work considers the best position as the optimum value of the
control parameters. The position-varying Eq. 16 is expressed as follows:

Cmn(PL) = Cmpn + Ay — Ve, )form=12,... [%] n=12,...; (16)
The ground movement of coati is expressed in the following equation,
Y=l +12 W, —L)n=12,...i 17)

The following equation is used for updating the solution, for m = E] +
L +2...Nandn=12,....i
2.

Pl _ {Cm,n + A(yr? -Y- Cm,n)l lfF:q < Fm (18)
i Cmn T A(cm_n -yJ ), else
p1 .ol
sz{CmJLme < Ey, (19)
Cm, else

here, c,’:ll is the updated values of m** parameter, F,,’jl is the objective
function, 2 is an optimum range in the search space, yis an integer in
between [1, 2], Fis the optimum range in the search space.
. Phase-2

The exploitation phase of COA is developed based on the escaping
behaviour that is mathematically represented as Eqgs. 20-22.

L 1
Jlocal = %,uf,”,f“l = %,Where, t=12,...T (20)
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chln = + (1= 22). (0900 + 2. (ufee® — 1)) i = 1,2,..N; j =

1,2,...0 (21)
P2 . D2
cm={cmvlme <E (22)
Cm, else

Here, cFZis the new solution updated based on the second phase, u.°“®'and
llocalare the lower and upper boundaries of local search space, respectively.
The flow of COA for optimum parameter tuning is shown in Fig. 5.

3.2.3 Frequency control using fuzzy-tuned TID

The system frequency will be controlled by controlling the pitch angle of
WT. The fuzzy-based controller has proven superior performance in
induction motor control applications [34]. The pitch angle control has a
great impact on the power generation of a wind turbine. In the proposed
control architecture, the reference and measured speed of the turbine are
fed into the F-TID controllers. Based on the error parameters, the fuzzy
logic generates the control gains for the TID controller. The controller block
of a proposed F-TID-based pitch angle control is shown in Figure 6. The
fuzzy rules are shown in Table 1.

Input the error and initial gain values of Examine gains using
the controllers equation (18)

¥ i

Set the number of parameters (H) and Check the obtained values
iterations (U), g=u=1 using equation (19)

Create the population and examine the ¢
|

objective function
Calculate using equation (20)

v
@ to (fz)

—>| Update the gain values
Update using equation (23)

I

Execute the exploration phase and
examine the varying gain values
using equation (16)

y <o >

Update the gains
using equation (19) |

'

Generate the random values using
equation (17)

g=g+1 .
Save the solution |

o ¢

Figure 5: Flowchart of COA

4. Results and Discussion

The proposed work is implemented on Matlab/Simulink tool, and the
results regarding varying system conditions are taken. The results obtained
from the proposed methodology are discussed in this section. The variation
in excitation capacitance, terminal voltage and current based on the load
power is shown in Figure 7. It is shown that the excitation capacitance is
increased with a higher load power value at synchronous speed. The results
show that high power is obtained at 50uF excitation capacitance. Moreover,
the terminal voltage is kept constant by adding more capacitance. It shows
that the terminal voltage is 220V for the varying load power values.

p
Pitch angle limit
0%:90°
5

T T T T T T T T T T T T T T T T |
| | |
| | }
| S-l/n ! |
1 | l
| | |
| A | |
I ED N I
T Kl 1/s ﬁg Ho C(s),
| + | }

I 4 I
| -
i—» Kd du/dt — i |
| | |
|
|

|
|
|
|
|
|
|
|
|
|
i | Fuzzy rules
|
|
|
|
|
|
|
|
|
|

Figure 6: Pitch angle control using proposed F-TID

Table 1: Fuzzy rules
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The excitation capacitance for varying terminal voltage and stator current
is shown in Figure 8. These results show the voltage increases with the
lower excitation capacitance value. Moreover, the stator current increases
with the higher excitation capacitance value under fixed speed.

-
S N &
S o e °

®
=]

Excitation Capacitor (pF)
=)
=]

£
=

N
=l

70 75 80 85 90
Terminal Voltage (V)

@

=)
0

Excitation Capacitor (pF)

2 4 6 8 10 12
Stator current (A)
. . b .
Figure 8: Excitation capacitance for (a) Terminal voltage and (b) Stator
current at a fixed speed

e  Case 1: System under normal condition

The results obtained from WECS under normal condition is shown in
Figure 9. This proposed work gives the wind speed of 12m/s as input to the
WECS. Based on this input, the proposed model provides 4KW power
output, shown in Figure 9 (c). For this power, the reactive power measured
is 1.3VAr.
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Figure 8: Results of the proposed model (a) Wind speed input (b)
Voltage (c) Current (d) Power (e) Reactive power and (f) Frequency

e Case-2: Analysis of the system under the single line to ground (LG)
fault

In this case, the fault is applied between 0.85s to 0.95s, and the

corresponding results are shown in Figure 9. The current value in the single

phase exceeds the nominal value during the faulty condition. Whereas the

voltage in single-phase is reduced to zero in a faulty condition.
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In this case, the LLG fault is applied between 0.85s to 0.95s, and the
corresponding results are shown in Figure 10. The current value in two
phases exceeds the nominal value during faulty conditions. At the same
time, the voltage in the two phases was reduced to zero in a faulty condition.
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(60Hz) = 3262, THD= 2.34%

Mag (% of Fundamental)

Harmonic order
©
Figure 11: Analysis of THD (a) Normal condition, (b) LG fault condition
and (c) LLG fault condition

4.1 Analysis of THD under different condition

This section has verified the THD of a proposed approach under different
operating conditions. The THD of a suggested method under different
operations is shown in Figure 11. It is shown that the proposed model has
better THD under normal operating conditions compared with faulty
conditions.

5. Conclusion

This paper has proposed a multi-stage CPI-FOPID controller to improve
power generation at varying wind speed ranges. The proposed controller
combines the PI, PD and FOPID controllers. The proposed CPI-FOPID not
only controls the system voltage but also controls the current at the
generator. The COA optimizes the controller gains based on the ITAE.
Moreover, the pitch angle of WT is controlled by minimizing the speed
error. The fuzzy logic controller optimizes the controlling gains of TID. The
proposed controller with SEIG-WECS is implemented on Matlab/Simulink
tool. Moreover, the results are verified in terms of varying ranges of speed.
The results are verified by adding and removing the COA-based tuning.
The comparative analysis shows that the proposed CPI-FOPID had
improved the operation of SEIG-WECS irrespective of the speed variations.
Moreover, the proposed method has provided a lower THD of 0.63% under
normal operating conditions. Future work will be focused on improving the
control of WECS under different load disturbances using an intelligent
control approach.
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