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Abstract- Renewable energy (RE) has been embraced as one of the primary solutions to reduce the impacts of the global warming
phenomenon linked with temperature rise due to the pollution inherent particularly from fossil fuels and conventional resources.
Self-Excited Synchronous Reluctance Generator (SESRG) is one of the cost-effective ways in wind energy conversion systems.
The SESRG has distinct characteristics that make it an attractive candidate for wind turbines, such as there is a cageless rotor
and free Permanent Magnet, the manufacturing, and maintenance costs are comparatively economical. Additionally, it offers a
fault-tolerant machine that can operate at high speeds and temperatures. However, the terminal voltage is affected by any change
in either load currents or variable wind speed. Subsequently, the excitation capacitances should be varied to meet the required
reactive power. Furthermore, during unbalanced operations, the unbalanced terminal voltage and stator currents of SESRG are
generated, introducing positive, negative, and zero sequence components. That produces a ripple torque that causes mechanical
stress on the rotor shaft, in addition to the temperature rise of the stator winding. Therefore, this article presents an Artificial
Neural Network (ANN) based on a Static VAR Compensator (SVC) to predict the suitable excitation capacitance required to
deliver the reactive power for any load condition or wind speed. By predicting the excitation capacitance for each phase
individually that is required to mitigate the unbalanced condition. The validation simulation results are performed using the
MATLAB/Simulink platform.

Keywords- Synchronous Reluctance Generator; Induction Generator, Permanent Magnet Synchronous Generator, Stand-Alone;
Artificial Neural Network; Voltage control Static VAR Compensators; Thyristor-Controlled Reactor.
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1. Introduction

Due to energy demand increases and climate changes
caused by global warming, renewable becomes essential to
moderate such effects. In recent years, renewable energy is
getting strong worldwide attention. Examples of such
sources are hydropower, geothermal power, solar energy,
and wind energy [1]. A Synchronous Reluctance Generator
(SRG) has been usefully used in stand-alone Wind Energy
Conversion Systems (WECS), because of its brushless and
rugged construction, low cost, maintenance and, operational
simplicity, self-protection against faults, good dynamic
response, and capability to generate power at varying
speeds [2], [3]. Furthermore, features such as low core loss,
low noise, and no rotor copper loss. Then, at that point,
SESRG exhibits characteristics highly attractive for stand-
alone WECS applications [3]-[5]. The SESRG is a popular
alternative generator in stand-alone WECS, but the build-
up voltage process generally requires an external reactive
power source connected to the stator terminals like a three-
phase excitation capacitance [6], [7]. However, the
magnitude of the SESRG terminal’s voltage and frequency
are significantly affected by variations in load impedance
and the speed of prime-mover [8]-[10].

In addition, the operation under unbalanced load
conditions results in unbalanced terminal voltages and
stator currents. Consequently, the positive, negative, and
zero sequence components are created [11]. The unbalanced
stator currents produce a ripple torque that causes
mechanical stress on the rotor shaft, in addition to the
temperature rise of the stator, which degrades the stator
winding insulation [12]-[15]. The quality of accepting the
SESRG relies on the ability of the control system to give a
constant voltage at different values for load impedance and
prime-mover speed and eliminates the unbalanced voltage
due to the unbalanced load [7]. The SVC is one of the power
electronics solutions that offer significant advantages for
voltage control and reactive power control purposes due to
its simplicity and lower cost [6], [16]. They generally can
be used as a compensator for solving machine problems in
balanced and unbalanced load conditions [7], [16].

In this article, The SVC is proposed to control the
terminal voltage of SESRG driven by a wind turbine to keep
it at desired value regardless of the change in load and wind
speed. In addition, it is used to eliminate the unbalance
terminal voltage during an unbalanced load. The
implementation of SVC used is a Fixed Capacitor and
thyristor Controlled reactor (FC-TCR). The terminal
voltage is controlled by adaptation in the excitation
capacitance using SVC depending on predicted excitation
capacitance by ANN.

The main contribution of this article focuses on
enhancing the generator operation during balanced and
unbalanced operations by implementing an ANN based on
a Static VAR Compensator. The proposed control technique
is a low-cost, simple, and online prediction with a high
response rate. It is dependent on the online prediction of
excitation capacitance based on ANN that has been trained
using previously collected data. The predicted excitation

capacitance is used for online calculation of The TCR firing
angle that is required to provide the effective excitation
capacitance. Consequently, the terminal voltage is regulated
to be constant at the desired value regardless of any change
in load condition or wind speed. In addition to studying the
SESRG performance under unbalanced load conditions,
which has not been addressed by researchers since January
of 2000. In this instance, the controller is attempting to
reduce the unbalanced condition in order to reduce the
unbalance affection on both the load and the generator. The
ANN provides separate excitation capacitance for each
phase individually, which aids in minimization of the
unbalance condition and its consequences by 50%
compared to the fixed capacitance case.

This article is organized as follows: Firstly, the
proposed system of stand-alone SESRG driven by a wind
turbine, controlled by using the Static VVar Compensator
based on an artificial neural network is modeled in detail.
Secondly, the results of the SESRG during a balanced load
condition at various load and wind speed operations are
discussed, in addition to the fault mitigation for the SESRG
during unbalanced load operations is investigated as well,
and finally, the conclusion is presented in the last section.

2. Wind-Driven SESRG System Modelling

In this article, the proposed system is SRG driven by a
wind turbine as a stand-alone system and supplies a three-
phase static load, as shown in Fig.1. The SVC is FC-TCR
type and connected to each phase to regulate the terminal
voltage and keep it constant. The ANN control is an online
prediction of the required excitation capacitance for each
phase (Ca, Cp, Cc) individually and then calculates the firing
angle for each TCR to control the reactive power under
various conditions.

t, =
:@;\@!"? N Three-
?y | N phase
Zm i load
a
nehron

LILLLL

SyRm {

Wind Cre=
Turbine Lane

sve

Fig.1. Schematic diagram of the proposed system.
2.1. Wind Turbine

The wind turbine is a well-known technology that
extracts the energy stored in the wind and converts it into a
mechanical energy form [2], [3], [6]. The wind turbine
model is obtained by using the characteristics equations
mentioned below.

The extracted mechanical output power of a wind
turbine is getting by:

1 1
Pm:ECp(}"a B) p A VV\?;ind ( )

where By, Cp,, A, P and p are the mechanical output power
in (watt), rotor power coefficient of the turbine, tip speed
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ratio(TSR), and blade pitch angle in (degree), respectively.
While A and Vying are the air density in kg/md, turbine swept
area in (m?), and wind speed in (m/s), respectively.

The rotor power coefficient characteristic depends
mainly on blade pitch angle and TSR. Consequently, the
rotor power coefficient is expressed as a function of (A, B),

-cs
Cy(A,B) = cre i (;—2 —cyxf— c4> + cgl 2

L
1 1 0.035
N G +0.088 1+ 53)
where c1-c6 are constant coefficients, ¢1=0.5176, c2=116,
€3=0.4, c4=5, c¢5=21 and c6=0.0068. The tip speed ratio

TSR is defined as the ratio of the linear speed of the turbine
blade to the wind speed.

(3)

Rw
A=—0

(4)

Vwind

where w, and R represent the rotor blade speed in rad/s and
the turbine blade radius in meters, respectively.

The mechanical output torque developed by the wind
turbine (Tm) is given by:

T = w_t (5)

2.2. SESRG Modelling

The SESRG dynamic model is derived using Park's d-
g axes transformation and simplified by using some
assumptions that are considered in [2]-[4].

The steady-state model equations of SESRG were
obtained by making all flux linkage rates change to zero.
Hence, the steady-state model in the d-q rotor reference
frame is expressed using Eq. (6) and (7) listed by [17], [18].

. w .
Vis = —T5ig — w_:,quq (6)

w.
Vqs = —Tsi + _erid (7)
Wp

where (V;s,Vqs) are the stator voltage in g-d axes frame, (i4,
iz) are stator currents in d-q axes, ry represents stator
resistance, (X4, X;) are the stator direct and quadrature axis
reactance respectively at base frequency, whiles w,and
w, are the synchronous and rotor speeds in rad/s,
respectively.

The flux linkages in d-g axis coordinators can be
obtained by:

Ag = —Lgig (8)
Mg = —Lqiq 9)

where Lq and L4 are the stator inductors in the direct and
quadrature axis respectively.

Hence, the electromagnetic torque developed Te by the
generator is obtained by Eq. (10) and by substituting Eg. (8)
and Eqg. (9) in Eg. (10). The electromagnetic torque is
expressed as a function of inductance in (11) where P is the
number of poles of the SRG.

3
Te = ZP(}\dlq - Aqid) (10)

3
To = 3 P(La = Lo)ialq (11)

Refereeing to [4], [16], the equations of load voltage and
currents in d-q axis frame can be determined as described by
Eq. (12) and (13), where vy, vg,iq;, and ig, are the load
voltages and the load currents in d-q axis, respectively.

. 1 . .
qu = L_Lf(qu - quRL - WTLL ldL) dt (12)
. 1 , .
ldL = L_Lf(vdl' - ldLRL + WTLL qu) dt (13)

The current of the excitation capacitance in the d-q axis
can be obtained by Eq. (14) and (15) [3], [16].

dvy;

id - idL = _Wrcqu +C dt (14)
dv
iq - iqL = WTCUdL + C dzL (15)

where i, is calculated as a function of X, which is obtained
at base frequency [18], using Eg. (16). The Curve fitting is
used to model a 4™-order polynomial function based on the
magnetization curve of a 5.5 kW SRG.

ig =3.723%1078X,* — 0.001271X,> + 0.1534X,°
—6.393X, + 97.03

(16)

The excitation capacitor value necessary to operate the
SESRG at any load conditions or speed profile. Whereas it
is calculated initially using the steady-state equations as
discussed in [4], [18].

2.3. Static VAR Compensator Modelling

The static VAR compensator (SVC) is used widely as a
shunt compensator device for voltage control in power
systems and wind turbine generators [7]. Generally, it
consists of a fixed-shunt capacitance FC and thyristor-
controlled Reactor (TCR), as shown in Fig. 2. The TCR is a
variable reactance controlled by the firing angle of bi-
directional thyristors connected in series with an inductor to
continuous adaptation for the excitation capacitance
connected at each phase individually (Cs, Cb, Cc)].

The affected capacitance value (Cet) is obtained by The
TCR firing angle (o) control. The TCR firing angle varies
from 90° (inductive mode) to 180° (capacitive mode) using
Eq. (19) [16] and [19].

Copr = Cre =i =222y 17

Wp 2 Lrcr T

2084



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. Rida et al., Vol.12, No.4, December 2022

where Crc and Lrcr are the fixed capacitance and TCR
inductance, respectively.

The TCR inductance depends on Cmax, Cmin the
maximum and minimum excitation capacitance required,
respectively, obtained as explained in [6] and [7]. The TCR
inductance can be obtained using the following equation.
- r (18)
WbZ(Cmax_Cmin)

The effective capacitance value varies between Cmin
and Cmax by controlling the firing angle from 90° to 180°.

Lrcg =

Fig.2. FC-SVC schematic diagram.

3. Artificial Neural Network

Artificial Neural Networks (ANN) offer a different
solution for presenting the linear and nonlinear curve fitting
issues [20]. The system's dynamic model does not require it
can learn to represent any complex function and nonlinear
interactions. Neural networks are generally approximators
because they can approximate any complex function
irrespective of its linearity [20] and [21]. This technique is
more practical with signal processing, pattern recognition,
function approximation, and classification [22]-[25].

In the case of the SESRG proposed system, the required
value of excitation capacitance is predicted for each loading
condition and wind speed. Since the regression model
between the loading conditions and the predicted
capacitance value has been created using the ANN, the
regression function (R) can be redefined by using mapping
of various operating conditions and expressed using Eg.
(19).

R = f(l,, pf  Vwina) (19)

where I, pf, and Vying are the load current, load power factor
and wind speed respectively.

The regression function is used to define the predicted
excitation capacitance value (Cnn) [26]-[28].

In this paper, the regression mapping function is trained
using a feed-forward back-propagation ANN with hidden
layers. The ANN training process is prepared and validated
by a previously collected database of proper inputs and the
corresponding target output, where inputs are (I, pf, and
Vwind), While the corresponding target output is Cyy, as
shown in Fig 3. Consequently, the required firing to adapt
the effective excitation capacitance Cef at Cnn IS obtained
using Eq. (17).

[
Load Current
[Vwind| »f—* Input  NNET ]
Wind Speed
N Firinf angle
Power Factor Artificial Neural Network Firing Angel Calculations

Fig.3.The proposed ANN Model for SERSG

The proposed ANN model performance is estimated by
the Mean Squared Error (MSE), where the training is
stopped at a very small value. Figure 4 shows the variation
of the MSE with the iterations, the MSE for the test set and
the validation set are the same characteristics and very small
values. As well, there is the regression plot that displays the
ANN output concerning the required targets. Figure 5
depicts an excellent fit between the targets and output
values for the training process, validation, and the test.
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Fig.5. The ANN Regression plot performance

For more validation, Fig.6 shows a perfect agreement
between the predicted capacitance value by ANN and the
calculated capacitance value by the steady-state machine

equations.
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4. Results and Discussions

This section presents the generator performance under
balanced and unbalanced conditions, in addition to showing
the enhancing operation of SERG in either balanced or

= B\

Wind Speed

Three phase Load Nr )

[(B}—

Piteh Angle

Wind Turbine

unbalanced operations by using the SVC based on the ANN
technique. MATLAB/Simulink is employed to model the
complete system as shown in Fig.7.

ANN

> Nr

1L _a TLa Ca.
b ILb

e e
S grta

L I

Voltage, Current measurements and
c.

Fig.7. schematic diagram of the proposed system using MATLAB/Simulink.

Firstly, the analytical performance is studied for four
poles 5.5 kW, 50Hz, and 350 V SRG. The SRG parameters
are predetermined using simple standard off-line tests like
DC, locked rotor, and no-load tests presented in [18], [29]
and listed in table (1). The SRG magnetizing characteristics
are given by the iy -Xd curve obtained by no load test as
shown in Fig.8.

Table 1. Machine parameters at 50Hz

Machine [Terminal | R, |Unsaturated [Unsaturated | Rated
rating | voltage speed
(kW) V) [ | LaH) Lq(H) (rp.m)

55 340 0.6 0.1331 0.05195 1500

[ e )
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M M 2 M
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Fig.8. The magnetizing characteristics of the SESRG
machine at base frequency.

4.1. Case Study |
4.1.1. Balanced Operation with Constant Excitation
Capacitance.

This case presents the results of stand-alone SESRG
driven by a wind turbine under both variable speed and
variable load, while the excitation capacitance value is kept
constant.

Firstly, the wind speed and excitation capacitance are
kept constant, whereas the load current varies by changing
the load resistance in steps from 500Q2 at instant 0 sec up to
60Q at instant 2.75 sec as shown in Fig.9. The terminal
voltage is affected by these load changes as shown in Fig.10
where the voltage drops sharply as the load current
increases.

Also, wind speed variation is depicted in Fig.11 while
the load resistance is kept constant at 100Q. In the case of
constant excitation capacitance, any changes in wind speed
affect the phase terminal voltage as shown in Fig.12.
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Fig.9. Load current variation at Vwina=8m/s and C=100 pF.
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Fig.10. Three-phase voltages variation at V=8m/s and
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Fig.11. Wind speed variations.
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Fig.12. Three-phase voltages variation at R.=100Q and
C=100 pF.

4.1.2. Balanced Operation by Regulating the

Excitation Capacitance Using FC-SVC

The previous case study shows how variations in wind
speed and load have a significant impact on the SESRG
output voltage under fixed excitation capacitance. As a
result, the excitation capacitance must be carefully adapted
to maintain a constant terminal voltage regardless of
changes in load or wind speed.

In this case, the terminal voltage is controlled within a
constant level by the excitation capacitance adaptation
using FC-SVC based on ANN. The implementation of
ANN is used for the online prediction of the optimum
excitation  capacitance and then calculates the
corresponding TCR firing angle to obtain the required
excitation capacitance at the generator terminals.

Figure 13 is shown the load variations by changing the
load resistance in steps from 500Q up to 60Q at an instant
of 4sec. Figure 14 depicts the controlled terminal phase
voltage, which demonstrates that the terminal voltage is
regulated to be constant regardless of load changes. The
ANN online predicts the required excitation capacitance
and then calculates the TCR firing angle for each load
condition, as illustrated in Fig.15-16. Consequently, the
terminal voltage rms value is almost constant regardless of
the changes in load current, as illustrated in Fig.17.

35

3

Load current (A)
S

—_
T

0.5

Time (s)

Fig.13. Load Current variation.
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Fig.15. Effected Excitation Capacitance by SVC based on
ANN prediction.
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4.2. Case Study 1l

4.2.1. Unbalanced Operation

This case presents the results of SERG under unbalanced
operation. The unbalanced conditions may take place by an
unsymmetrical load. In case the unbalanced takes place in
voltages and currents; then the positive and negative
sequence components are produced. The positive and
negative sequence components for voltages and currents are
computed by using symmetrical components. In addition,
the Voltage Unbalance Factor VUF is defined by employing
the IEC definition.

Vs
VUF = — % 100
Vs
For this case, the SVC based on ANN is used to mitigate
the unbalance condition by controlling the excitation
capacitance individually for each phase (C,, Cp and Ce).

(20)

The unbalance condition is achieved by connecting the
generator terminals to an unsymmetrical load. The resistive
load connected to two phases (a) and (c) is the same, but the
resistive load connected to phase (b) is varied from 1p.u to
1.5 p.u and increases until the open phase condition. Figure
18 shows the variation of positive and negative sequence
components of voltages against the unbalance voltage factor
UVF. The negative sequence voltage varies without SVC
from 0 to 5.79%and 44.57% at open phase conditions, while
it varies with SVC from 0% to 2.475% and 12.54% at open
phase. In addition to the positive sequence, the voltage
varied from 100% to 100.44% at the open phase and varied
using SVC from 100% to 105% at open phase conditions.
Figure 19 shows the effect of negative-sequence voltage on
the negative-sequence current produced by SER. The
resulting negative sequence current varies with the degree of
unbalanced voltage factor almost linearly varied without
SVC from 0 % to 42.63% and varied using SVC from 0% to
25.92%.

250 T
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g 30
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< 0 5 10 15 p11] 15 30 35 40 45 50
UVF%
e V'p without ANN B Vpwith ANN
e Vn without ANN ® Vnwith ANN

Fig.18. Variation of positive and negative sequence
components of phase voltage against UVF at
unsymmetrical load.
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Figure 20 depicts the three-phase terminal voltage under
balanced and unbalanced load conditions. The unbalanced
condition is taking place by connecting load resistance at
phase (b) = 1.2 and 1.4 pu respectively at instants 0.8 s and
at 1 s. Figure 21 depicts the unbalanced three-phase voltage
mitigation by injecting a three-phase current via SVC, as

shown in Fig. 22.
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Fig.21. Unbalanced three-phase voltage with SVC.
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Fig.22. SVC current during unbalanced load condition.
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Fig.23. The UVF variation against unsymmetrical pu
Resistive Load at phase (b).

Figure 23 shows the UVF variation against pu resistive
load variation at the terminal (b). The UVF varied from 0%
to 44.8% without VSC, while it varied from 0% to 25.2%
in the SVC case.

5. Conclusions

The model of stand-alone SESRG driven by the wind
turbine has been modeled using MATLAB/Simulink. The
ANN based on SVC is designed and evaluated during load
change and variable wind speed cases by predicting the
excitation capacitance required to maintain the terminal
voltage constant regardless of the changes in both load and
wind speed. The simulation results are presented and
discussed during the different case studies and compared to
the fixed excitation capacitance case. The obtained results
showed the performance of the voltage is kept constant
using ANN based on SVC regardless of the changes in load
cases and variable wind speed. Furthermore, the operation
during the unbalanced load condition case study is studied
in detail and the introduced positive and negative sequence
components for voltages and currents are computed using
the symmetrical components method. The excitation
capacitance required for each phase is predicted
individually by using ANN based on SVC. The individual
prediction of the excitation capacitance using ANN
minimized the VUF to 50% compared to using fixed
excitation capacitance.
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