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Abstract - Protection of Doubly Fed Induction Generator
(DFIG) wind turbine from failure operation due to grid
disturbances is necessary via accomplishing reactive
power  compensation.  Static  Synchronous  Shunt
Compensator (STATCOM) based on AC voltage
magnitude regulator and Shunt Active Power Filter
(SAPF) based on load calculations at Point of Common
Coupling (PCC) are used to enhance the dynamic
response of DFIG regulated voltage during grid
disturbances. An assessment performance study between
these devices is introduced in this paper. STATCOM and
SAPF are proposed under the presence of the weak grid
and the power converter of DFIG is operated in Unity
Power Factor (UPF) mode. Also, the maximum energy
production of DFIG using Genetic Algorithm (GA)
optimization feeding the load and the grid is still working
over the entire operation. Simulation results reveal that
STATCOM enhanced the dynamic voltage response of
DFIG compared to SAPF under grid disturbances and
wind speed variation.

Keywords: DFIG wind turbine; MPPT; STATCOM; Shunt
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1. Introduction

Most of Doubly Fed Induction Generator (DFIG) large
size wind turbines based Wind Energy Conversion System
(WECS) are in isolated places due to its noise pollution.
Those areas have weak electric power grids with low fault
current ratios, low reactance/resistance ratio of the
transmission line and under voltage conditions.
Conventional reactive power compensation devices
especially in weak grid interconnected with DFIG wind
turbines like AC filters cannot adjust reactive power
balance continuously [1]. This paper presents Static
Synchronous Shunt Compensator (STATCOM) and Shunt
Active Power Filter (SAPF) based different reactive power
control strategies to realise continuous adjustment. DFIG
wind turbine is designed to do its function and track the
maximum power between cut-in speed and rated wind
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speed under grid disturbances and different wind speed.
The peak power is obtained by speed regulator in Rotor
Side Converter (RSC) of DFIG which regulates the rotor
speed at optimum value using Genetic Algorithm (GA)
optimization via optimum Tip Speed Ratio (TSR)
technique that achieves the peak power coefficient [2]-[3].

There are problems produced from grid disturbances
happened in weak grid interconnected with DFIG wind
turbines such as loss of speed, influence on the
performance of generator, and peak current due to voltage
sag occurrence and damage of insulation of generator due
to voltage swell occurrence. Where the grid disturbances
used here in this study are sudden inductive load, sudden
capacitive load, and three phase fault.

The right observing of voltage stability response versus
real-time in a power system under grid disturbances and
wind speed variation is needed for protecting generator
and working efficiently at any condition. The bus voltage
at Point of Common Coupling (PCC) is local quantity so it
is very costly to control the bus voltage at the remote node
by the use of conventional power stations. It is because the
reactive power flow in the system is related to changes in
voltage which increases the power losses in the electric
grid. Hence, it is important to install voltage control
devices in the transmission or distribution network even if
the wind turbine has voltage controlling capability because
the wind turbines are located at a far distance location
from the load center [4].

To overcome this problem, one of Flexible AC
Transmission Systems (FACTS) devices based power
electronic converters such as STATCOM is used and one
of active power filter devices like SAPF is also used. The
two devices each separately are used to regulate the
terminal voltage of DFIG at its nominal level. Where,
STATCOM based AC voltage magnitude regulator and
SAPF based load calculations are tested by connecting
each of them separately in parallel with the sudden load at
PCC. The sudden load is connected to PCC through three
phase circuit breaker. The sudden load in the first case is
inductive load causes a disturbance leads to voltage sag
and in the second case is a capacitive load causes a
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disturbance leads to voltage swell. Also, STATCOM and
SAPF each separately are tested under three phase fault as
a grid disturbance happened through using ground
resistance. The cases under study represent the grid power
quality disturbances. The selection of these study cases is
according to the power quality indices mentioned in
different international standards and specifications such as
IEC 62271-100 for high voltage switchgear limits, IEC
60255 for medium voltage limits, and IEC 364 for low
voltage installation  [5-6]. MATLAB /Simulink
environment is used to implement the cases under study.
The results of the simulations for previous mentioned
cases are examined, with and without compensation, to
indicate the advantages and differences between
performance of STATCOM and SAPF design for power
quality improvement and voltage regulation of DFIG wind
turbine.

This study is arranged as follows. Section 2
summarizes the related work. The wind turbine description
is elaborated in Section 3 to find out the aerodynamic
system and the operating regions of wind turbine. In
Section 4, it describes the TSR optimum technique using
GA optimization. In Section 5, it indicates the way of
solving power coefficient equation in terms of pitch angle
and TSR using GA. The fourth order state-space model of
the DFIG wind turbine is described in Section 6. A design
of the RSC control circuit based speed regulator and Grid
Side Converter (GSC) based DC-link voltage regulator are
explained in Section 7 to illustrate how DFIG tracks the
maximum power point and keeps the DC-link voltage at a
constant required level for RSC. Operating DFIG wind
turbine before occurrence of grid disturbances is
demonstrated in Section 8. Appearance of grid
disturbances effect before using STATCOM and SAPF is
explained in Section 9. In section 10, it illustrates the
design of STATCOM. In section 11, it explains the control
scheme of SAPF. In section 12, the PI controller method
used for all regulators in this study is demonstrated with
values. Moreover, the digital simulation results are
discussed in Section 13 under wind speed variation
followed by a conclusion in Section 14.

2. Related work

Significant research on the dynamic voltage response of
DFIG wind turbine has been reported in the literature with
Stability Improvement of DFIG-Based Wind Farm
Integrated Power System Using ANFIS Controlled
STATCOM [7] included how to achieve system stability
using STATCOM based on intelligence technique but the
performance between STATCOM and SAPF based on
voltage control has not been illustrated. Static Reactive
Power Compensator Design, Based on Three-Phase
Voltage Converter [8] mainly introduced only how to
design STATCOM based on three phase voltage converter
in regulating of terminal voltage using conventional
controllers for renewable energy and its role in achieving
fast response compared to SVC, but the effect of voltage
sag and swell were not studied. A Simulation Model for
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Providing Analysis of Wind Farms Frequency and Voltage
Regulation Services in an Electrical Power System [9]
only considered accomplishing of the voltage regulation
via power converter of the wind turbine under load
condition, but the comparative analysis study between
STATCOM and SAPF under effect of voltage sag and
swell are not studied .While some researchers have
concentrated on the Power Quality Issues and Mitigation
for Electric Grids with Wind Power Penetration [10], it
was only concluded that the voltage fluctuations due to
wind intermittency based on Saudi daily load profile can
be mitigated via reactive power compensation of the
interface inverter without any illustration to control
schemes of these devices. MPPT operation can be
accomplished using traditional methods without using
current control based on intelligence techniques for MPPT
performance. The paper Maximum power production
operation of doubly fed induction generator wind turbine
using adaptive neural network and conventional
controllers [11] focused only how to track the maximum
power point wusing conventional and intelligence
techniques, but the voltage regulation effect under this
operation is not considered. The paper Two-Level Grid-
Side Converter-Based STATCOM and Shunt Active
Power Filter of Variable-Speed DFIG Wind Turbine-
Based WECS Using SVM for Terminal Voltage [12]
proposed only a voltage regulation of DFIG wind turbine
via modification of GSC control circuit to operate as
SAPF and STATCOM separately, but the fault occurrence
is not studied. In LVRT and Stability Enhancement of
Grid-Tied Wind Farm Using DFIG-Based Wind Turbine
[13] focused only on accomplishing terminal voltage
regulation via control scheme of RSC using conventional
regulators by supplying the required amount of reactive
power to achieve system stability, but the voltage swell
case in not studied.

The main contributions of this study contain on (1)
illustration of the performance of STATCOM based AC
voltage magnitude regulator and SAPF based load
calculations and to illustrate the difference between each
performance under different grid disturbances, (2) during
the operation of voltage regulation, the power coefficient
equation in terms of TSR at zero pitch angle for wind
speed less than rated speed is optimized using GA under
conditions of the MPPT control region, and (3) a detailed
mathematical model for STATCOM to indicate its
performance in voltage regulation.

3. Operating region and aerodynamics of the
wind turbine

A. Operating region of the wind turbine

The wind turbine works at different dynamics from the
cut-in wind speed (4 m/s) to the cut-out wind speed (24
m/s) as illustrated in Figure 1. Three operating wind speed
point can be observed in this figure [14]. The important
used notations are described in Table 1.
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Table 1 ifq High frequency component of the load current in g-
Notations axis
Notation | Description iy Load current in zero-axis component
Ponratea | Rated mechanical power (W) laref Compensation reference current in a-axis
Tmratea | Rated mechanical torque (N-m) ipref Compensation reference current in b-axis
V., Wind Speed (m/s) icref Compensation reference current in c-axis
Vac" Reference DC-link voltage (V)
Cp Power coefficient «10°
Cpmax | Maximum power coefficient ? MPPT Mode | |[Pitch Control Mode
A Tip Speed Ratio (TSR) < =
Aopt Optimum TSR 15 —
B Pitch angle = MPPT Curve Rated Speed
w; Rotational turbine speed (rad/s) EE 1 /v
W opt Optimum rotational turbine speed (rad/s) o %‘;te;g \ / yad
W, Synchronous angular velocity (rad/s) 0.5 / Cut Out Speed
W, Rotor electrical angular speed (rad/s) \ /
[~ Mechanical angular speed of generator (rad/s) 0 —
®Wnrated | Rated value of wy, (rad/s) 0 5 10 V.. k] 15 20
w Bandwidth frequency (rad/s . " . .
wgwr Bandwidth freguencz gf spe)ed regulator (rads) Fig. 1 Power speed curve of variable speed wind turbine.
Wogs Bandwidth frequency of var regulator (rad/s) . . .
Wodc Bandwidth frequency of DC-link voltage regulator B. Aerodynamic of t_he wind turbln_e .

(rad/s) The energy conversion of the wind turbine can be
Fow Switching frequency (Hz) represented by the nonlinear equations as follows [14]:
Ws,, Switching frequency (rad/s)
@outer | Bandwidth frequency of outer loop P, = 0.5pAV,%C, (D)
Vs abe Three phase stator voltages (V)
[ Three phase stator currents (A) Where p is the air density (kg/m?®), A =nR? is area
ir.abe Three phase rotor currents (A) covered by turbine blades (m?), and R is rotor radius (m).
igabc Three phase grid currents (A) The power captured by the wind turbine depends on C,, for
l:Gsc_a,,c Three phase G_SC currents (A) a given wind speed. The relationship of C,with A and B
ipriGabc | Three phase wind turbine currents (A) represents output characteristics of the wind turbine as in
i1abc Three phase load currents (A) equation (2):
if abc Three phase fault currents (A)
ifitter Three phase filter currents (A) 116 21
Vyara | Voltage source converter output voltage in d-axis C,(4,B) = 0.5176 (A_L —04p - 5) e %+ 0.00681(2)
Istatd Converter output current in d-axis Where A is a variable expressing the linear speed of blade
Ypccd PCC bus voltage in d-axis _ i tip to speed of wind. 2 and — can be expressed as in
Mgt a Modulation index of STATCOM in d-axis ) A
Vstatq Voltage source converter output voltage in g-axis equations (3) and (4), respectively.
istatq Converter output current in g-axis iR
Vpceq PCC bus voltage in g-axis A= V—t 3)
Mgia, | Modulation index of STATCOM in g-axis v
Cac Capacitance of DC-link voltage of STATCOM 1 1 0.035
Vpcc PCC bus voltage 2 2+0088  B3+1 (4)
Ay Output of DC-link voltage regulator
Com Filter capacitor By using equation (2), the typical C, versus A curve at
‘ed Gr!d current in d'ax!s various pitch angles 8 is shown in Figure 2. As mentioned
;G‘I Szt(i)ﬁtj;ri?gtclg ?e;f:wliial Voltage regulator before, there is an optimum value of A that gives
isf,ffd* Reference converter output current in d-axis maximum pPOwer C(.)efﬂment Cpmaz: The maximum value
Istatq Reference converter output current in g-axis of C; theoretically is nearly 0.59 [14]
ij4 Low frequency component of the load current in d-

axis
iLq Low frequency component of the load current in g-

axis
irq High frequency component of the load current in d-

axis
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Fig. 2 Power coefficient Cj, (A, B) versus A for different
values of pitch angle .

So, in the mode of Maximum Power Point Tracking
(MPPT) which is between cut-in wind speed and rated
wind speed, If A is being constant at its optimal value
corresponding to Cp, ;may, this ensures that the wind turbine
is operated at its maximum operating point. Figure 3
shows turbine mechanical power as a function of turbine
speed by substituting equations (2), (3) and (4) in equation
(1) at various wind speed and TSR A. The required power
for wind speed is a maximum value at w; ,,,. This is the
speed which corresponds to A,y and Cy mqx. TO Obtain the
maximum power, the turbine must work at 4,,,. This is
available by controlling the rotational speed of the turbine
in order to rotate at the optimum speed of rotation. The
points of maximum power curve are obtained as illustrated
in Figure 3.
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Fig. 3 Output mechanical power of 1.5 MW DFIG turbine
and MPP versus turbine speed at various wind speed.
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4. MPPT based optimal TSR technique

For MPPT the optimal TSR 4,,, is measured at maximum
power coefficient C, .4, and zero pitch angle g by using
equation (2). Equation (2) is optimized for various A using
optimization method called Genetic Algorithm (GA) in
present work. The next section will describe the GA
method.

5. Genetic algorithm optimization

The GA based on natural selection is a powerful
optimization technique [15], [16], [17], [18]. Optimizing
functions called fitness functions is the main aim of GA.
The GA controller is used in the region between the cut-in
speed and the rated wind speed to find the maximum
power at various wind speed. To get and track the
maximum power point, it must get the optimal value of A
at maximum power coefficient and this is done by GA to
solve equation (2) at various values of L. Where the pitch
angle g is zero in this region. The object function used in
this work is one variable equation, then it is necessary to
define constraints and the other required parameters of GA
as the following:

0<A<13

Where 4,,,;, = 0 and A,,,,,, = 13. The parameters for GA
are given in Table 2.

Table 2
Parameters of GA
GA property Value
Chromosome Length 16
Population Size 200
No. of iterations (Generations) 150
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The object function is given as in equation (5):

)e

/31— 0.035 at g = 0. Then, the above equation is

21

116 % +0.00681

C,() = 0.5176 (Ti_ 5 (5)

1
Where "

entered lin the GA under mentioned conditions and the
result value obtained after number of generations
(Iterations) of power coefficient using GA is Cp ey =
0.48 as depicted in Figure 4. The TSR A corresponding to
Cpmax 18 Aope = 8.1 is illustrated in Figure 5.
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Fig. 4 Maximum power coefficient C,, 4, Versus number
of iterations.
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Fig. 5 Optimal value of TSR A versus number of iterations.

So, it is important to get w, which is corresponding to A,
at different wind speed at specified w, corresponding to
the maximum power that can be obtained using equation
(1) as illustrated in Figure 3. The wind turbine parameters
used in this work are shown in Table 3.

Table 3
Parameters of wind turbine
Value and
Parameter Symbol Units
Air density P 1.225 Kg/m?
Number of blades Nyiades 3
Rated wind speed VRated—wind 12 m/sec
Cut-in/out wind 4/24 m/sec
Speed cht—in/cht—out
Rated Power Prateq 1.5 MW
Blade length R 30.6567m
Gearbox ratio Rgp 57.7996
Max C, (MPPT) Cpmax 0.48
Optimal A (MPPT) hopt 8.1

6. Model of DFIG based WECS

The structure of 1.5 MW DFIG is illustrated in Figure 6.
The dynamics of 1.5 MW DFIG are represented by state
space model (fourth order) using the d-g synchronous
reference frame as described in equations (6)-(9) [5].
Where vy, vsq, vrqand v, are the q and d-axis stator and
rotor voltages, respectively. isq , isq , irg and i,4 are the q
and d-axis stator and rotor currents, respectively. A5, , 454
» Adrq and 4,4 are the q and d-axis stator and rotor fluxes,
respectively.

GSC

t iescanc

/

$ Gearbol:,abc P r : B"dl’;’lf:,'z;’"“l inﬂgl‘:zrnce 1;';21‘)
V, ey i P

s— Pprig—
w lsabc — igape—

Wind turbine Pm_;
Fig. 6 DFIG wind turbine based WECS.
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Vsq = Rylsq + Wedsq + 5 Asq 6)
Vsq = Risq — Wedsq + 3 Asq @)
Vrg = Rrirg + (W — ) Arg + 2 Arq (8)
Vra = Reira = (@ = 0)Arg + 52 Ara ©)

Where R, and R, are the stator and rotor resistances,
respectively. The flux linkage equations are described as
in equations (10)-(13):

Asq = Lslsq + Liplirg (10)
Asa = Lsisqg + Linirg (11)
Arqg = Lyirg + Linisq (12)
Ara = Lyirg + Linisq (13)

Where L, , L, and L,, are the stator, rotor and mutual
inductances, respectively, with Lg; =1L+ L, and
L,=Ly+Ly,;Lsand L, are the stator and rotor self-
inductance, respectively. All the equations mentioned
above represent induction motor equations. When the
induction motor works as a generator, the current direction
will be opposite. The active and reactive power outputs
from stator and rotor side are described as in equations
(14)-(17):

Py == (Vsqlsq + Vsaisa) (14)
Qs = (Vsqisa — Vsalsq) (15)
Py == (Vrqirg + Vraira) (16)
Qr = (Vrqira — Vrairg) (17)

The total active and reactive powers produced by DFIG
are described as in equations (18)-(19):

Piotat = Ppric = B + B (18)
Qtotar = Qs + Qr (19)

If total P,,., and/or total Q... iS negative, DFIG is
giving power to the power grid, else it is taking power
from the grid. The electromagnetic torque T, produced by
the machine which can be in terms of currents and flux
linkages is given as in equation (20):

3P . ,
T, = Ty (Asdlsq - Asq lsd) (20)

Where P is the number of the pole pairs.

7. Control scheme of DFIG based WECS

Control of the 1.5 MW DFIG is done by control of the
power converter, which contains control of the RSC and
control of the Grid Side Converter (GSC) as the following:
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A. Design of RSC controller for proposed genetic
MPPT
In DFIG wind turbine system, the stator is directly
connected to the power grid; its voltage and frequency are
constant under the normal operating conditions. Therefore,
Stator Voltage Oriented Control (SVOC) is used for the
DFIG [14]. The stator voltage oriented control is done by
aligning the d-axis of the synchronous reference frame
with the stator voltage v;. The resultant d- and g-axis
stator voltages are: vy, = 0 and vgq =v; . This DFIG
control circuit is rotor side control scheme where the
active power is controlled by the direct current axis loop
and the stator reactive power is controlled by the
quadrature current axis loop. In the active power control
loop the rotor electrical angular speed is compared with
the reference rotor electrical angular speed obtained by
MPPT. Then, the error is fed to a conventional Pl (Speed
Regulator) controller to generate the reference direct axis
current. Where, the proportional gain Kp . and the integral
gain K, of the speed regulator are shown in Table 4.
Similarly, the stator side reactive power is calculated and
is compared with the reference stator reactive power
(Qsrer =0). Then, the error is fed to another Pl (Var
Regulator) controller to produce the reference quadrature
axis current. Where, the proportional gain Kp 5, and the
integral gain K; , of the var regulator are illustrated in
Table 4. The method used in evaluation of these
parameters is illustrated in details in section 10. Then, both
of the direct i,,; and quadrature i, axis reference currents
are converted from d-q axis reference frame to a-b-c
frame. Then, the three phase reference currents are
compared with three phase rotor actual currents. Then, the
error is the input to hysteresis current controller. Finally,
the output of this controller is the switch control signals to
the firing gate of RSC. The hysteresis controller output

MPPT Control i *
0.t E rd
r _}O mory \
o) y
irq* lr,qu «  Hysteresis

control

Qs*zq;rCError. |P1i >

o

Zero

l component

vs.ali’ - e [ul»E
sin -9 dq0 g
m-j ) |sin-cos 9s
cos-y|  abe fo_dg
Integrator Sl
Wiy \ 1 bProducr q angle
S
A
Pairs of
poles

Fig. 9 Block diagram of slip angle calculator.

Table 4

provides the switching pulses for the rotor side _Parameters of the speed and var regulators
bidirectional converter control as shown in Figure 7. The | Gains of the speed regulator Values
overall control scheme is implemented using MATLAB fow 1000 Hz
/Simulink as shown in Figure 8. The stator voltage vector w 21f.
. . . sw Sw
angle 6 is measured as shown in Figure 9 and the rotor 100
. . . Woyter wsw/
position angle 6, is determined by an encoder mounted on ® ® /100
the generator shaft. The slip angle 8, for the reference Owr outer 7
frame transformation can be obtained as the following Kp oor V2woyr =
(65 = 6, — 6,) as shown in Figure 9. P
Kl ia) 2
,0r p Owr
lr,abc_ T .~ R K NS
- i ¢ i ::1: NOT Pulses PQs 2 “oos CQS
ol
- =i NOT fo K s Cos (‘)OQSZ
Hysteresis RSC
i — current . . . _20Lsly _
lr,abc_ controller Where Cy; is a constant and its value is Cps = ol
- Const. Noting that the switching frequency has the same
value in the all parts of this paper. Also, the angular

switching frequency is assumed to be 100 times outer loop

Fig. 7 Hysteresis current controller.
controller.
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B. Design of GSC controller

The objective of the GSC control system is to make the
DC-link voltage constant at the required level for RSC,
while the main input currents must be sinusoidal and in
phase with their counterpart voltages, for which the
control system of DFIG achieves unity power factor
condition. The proposed control algorithm of GSC adopts
the SVO to regulate DC-Link voltage and achieve a unity
power factor. This strategy leads to get and control the
following active and reactive component fed to grid. This
DFIG control scheme allows controlling the DC-link
voltage which is controlled by the direct current axis loop
and the quadrature current axis which is kept at zero for
unity power factor. The actual DC-link voltage is
compared with the reference DC-link voltage and the error
is fed to a conventional Pl (DC Voltage Regulator)
controller to generate the reference direct axis
current igsc 4. Where, the proportional gain Kp 4. and the
integral gain K;,. of the DC voltage regulator are
described in Table 5. The strategy applied in estimation of
these parameters is shown in details in section 10. Then,
both of the direct iz5¢c 4" and quadrature igsc,” = 0 axis
reference currents are converted from d-q axis reference
frame to a-b-c frame. Then, the three phase reference
currents are compared with three phase GSC actual
currents. Then, the error is the input to hysteresis current
controller. Finally, the output of this controller is the
switch control signals to the firing gate of GSC. The
hysteresis controller output produces the switching pulses
for the grid side bidirectional converter control as shown
in Figure 10.

Table 5

Parameters of DC-link voltage regulator

Gains of DC voltage regulator Values
Wodc Wouter
KP,dc \/Ew()dc C
KI,dc C deCZ

V‘“if Eror iGSC,d* '
s

V , )
de lgscdgo

dql

« Hysteresis
control

» *
bescq Lgscabe

-

[l

To
GSC

abe

abe-Ref.
Zero /

component
(1=

i6scabe
abe-Actual

Fig. 10 Block diagram of GSC.

Pulses
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8. Connecting DFIG wind turbine to power grid
without incidence of grid disturbances

The 1.5 MW DFIG-based WECS is connected to power
grid under normal operating conditions without any grid
disturbances. Under varying the wind speed as illustrated
in the next sections, the rotor mechanical speed and the
output power of DFIG wind turbine will be varied as
depicted in Figure 1la and Figure 11b, respectively.
Noting that the output power of DFIG with minus signal
means that DFIG wind turbine is in generation mode.
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Fig. 11 The DFIG wind turbine
(a) Mechanical rotor speed versus synchronous speed, (b)
Output power.
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9. Occurrence of grid disturbances at the PCC
with DFIG without connecting STATCOM and
SAPF

The 1.5 MW DFIG-based WECS with connecting the

sudden load at PCC is shown in Figure 12a. The system is

executed for two cases of the sudden load for different
wind speed and also for another case under occurrence of
three phase fault in transmission line as depicted in Figure
12b. Noting that the three phase fault is through ground

resistance R, and each phase of the three phase fault has a

resistance called phase fault breaker R,, as illustrated in

Figure 12c.
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(©)
Fig. 12 At PCC in the overall model
(a) For connecting the sudden load, (b) For occurrence of
three phase fault, (¢) Three phase fault connection circuit

Firstly, in the cases of connecting the sudden inductive
load at PCC and happening of three phase fault in
transmission line, the effect of voltage sag is appeared as
shown in Figure 13 and Figure 14, respectively. Secondly,
the case for connecting the sudden capacitive load, the
effect of voltage swell is illustrated in Figure 15. In all
cases the wind speed is varied as illustrated in Figure 16.
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Fig. 13 The PCC voltage sag during connecting sudden
inductive load at the DFIG wind turbine without
STATCOM and SAPF.
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Fig. 14 The PCC voltage vpcc 4 Sag during occurrence of
three phase fault at the DFIG wind turbine without
STATCOM and SAPF
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Fig. 15 The PCC voltage swell during connecting of
sudden capacitive load at the DFIG wind turbine without
STATCOM and SAPF
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Fig. 16 Wind speed variation.

10.Control design of STATCOM
STATCOM based power electronics is three phase shunt
connected device. It is connected near from the load at
PCC. The main components of STATCOM with DFIG are
connected in power distribution system as illustrated in
Figure 17. It consists of DC-link charged capacitor, three
phase converter IGBT switches, AC filter is a small filter
capacitor C,, is also connected in parallel to the same bus
for eliminating harmonics, coupling transformer and a
control method [19], [20], [21]. The electronic diagram of
STATCOM is the voltage source converter which converts
the DC voltage into AC three phase output voltages at
fundamental frequency. The controller of the STATCOM
is used to operate the converter where the phase angle
between the converter voltage and the line voltage is
dynamically adjusted so that the STATCOM can generate
or absorb the desired reactive power in VAR at PCC. The
objective of STATCOM is to regulate the voltage
magnitude at the PCC bus within a desired range by
exchanging the reactive power with the distribution
system. At the same time the converter in STATCOM
must maintain the DC-link voltage constant.

STATCOM is modeled as Pulse Width Modulation
(PWM) converter; the dynamic equations of STATCOM
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in d-g axis reference frame are described as in equations
(21) and (22), respectively.

. dig td .
Vstat,d = Rstatlstat,d + Lstat iittl eLstatlstat,q
+Vpcc,d
Mstat dVdc
VUstat,d = — 5
(21)
_ , distatq .
Vstatq = Rstatlstat,q T Lstat dt + Welstarlstata *
+tVpccq
k Mstat quc
Vstatq = — 5,
(22)
Grid y PCC
“[Impedance T,L, *PcC
{1 prnamt
ic ab Filter T
Power  G:@b¢ Capacitor =
Grid

Fig. 17 STATCOM with DFIG in power system.

Where Ry, and Lg.,. are line resistance and inductance,
respectively. V,. is the DC-link voltage. STATCOM DC
voltage dynamics in DC-link is described as in equation
(23) [19].

dVdc

-3 . .
Cdc T (Mstat,q lstat,q + Mstat,dlstat,d) (23)

The voltage magnitude (vp.c) at the PCC is described as
in equation (24).
Vpec® = Vpeca® + Vpccq” (24)

By differentiating equation (24) with respect to time as the
following:

dvpcc,q
dt

dvpCC dVPCCd

dat

= 2Vpcc,a + 2Vpccq (25)
Equation (25) describes the square of voltage magnitude

dynamics at the PCC and this voltage magnitude will be

Vpce = |\/Vpcc?|. For the DC voltage control, equation
(23) can be rewritten as:

avgc
B Cdc ac = (Mstat qlstat q + Mstat dlstat d) -
adc - ch(Vdc Vdc) (26)

Where K, is the DC voltage regulator given as K. =

(Kp‘dc K"“) Then, equation (26) will be:
AVae
CdC 4 = Qgc
Krdc * Kidc
= (Koo +229) Vo (Kpe+525) o7

Then, it is required to get the transfer function for DC
voltage regulator as described below:

%(S Kp, dc+KI dc)

Vac" sz+s

Vic _

(28)

KP dc+ KI dc

The PI parameters of DC voltage controller are determined
by comparing the coefficients in equation (29) with the
denominator of the corresponding transfer function in
equation (28) as described in Table 6. After comparison in
the outer loop of STATCOM design, the Pl parameters of
DC voltage regulator will be:

2+ V2 wes + we? =0 (29)

Where s = % and w,, is the bandwidth frequency.

Table 6

Parameters of STATCOM for DC voltage regulator
Gains Values
Wodc ) Wouter
Kpqc 3 V2 woqc Cac
Kl,dc § Cdc wodcz
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Cm dvpcc?

For voltage magnitude control from Figure 18, the
dynamic voltage equations at the PCC can be written as:

dvpccd .

Cm dt - lstatd lgd + weCmvPCC,q (30)
dvpccq _ . ,

Cm dt - lstat,q - le - weCmUPCC,d (31)

Substituting equations (30) and (31) into equation (25)
gives:

= vpecalistara — lca) + Vpecq(istatq —

qu) = apcc = Kpcc (VPCCZ* - vPCCZ)

2 dat

(32)
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Where Kpq is the Pl controller for voltage magnitude
control given as Kpce = (KP‘PCC + K":CC). Substituting for

Kpcc results in equation (33) and from which the transfer
function is found as described in equation (34).

CdevZ—icz = (KP'PCC + KI'PCC) vPCCZ* -
(KP,PCC + K":CC) Vpec? (33)
Vpec® _ %(SKP.P06+K1,PCC)
Vpccccz* T s24s %Kp,pcc+%1(u,cc (34’)
] T
" L Bl iy
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Fig. 18 STATCOM controller.

The Pl parameters of voltage magnitude controller are
determined by comparing the coefficients in equation (29)
with the denominator of the corresponding transfer
function in equation (34) as illustrated in Table 7. For the
outer loop in STATCOM design wopce = Wouter =
62.8 rad /s after comparison the Pl parameters of voltage
magnitude regulator will be:

Where wgpcc is the bandwidth of the voltage magnitude
controller. Finally, the d-q axis current of STATCOM
istata and igq.q" are obtained by using equations (26)
and (32) as illustrated in Figure 18. The currents i q"
and i, 4" are described below:

1

istat,d* Mstata (adc - Mstat,q istat,q) (35)

. «_ 1 . .

Istatq — rccq (apcc — Upcc,d (lstat,d - lGd)) +
iGq (36)

Figure 18 shows the control circuit of STATCOM. The
proposed control circuit of STATCOM adopts its PLL by
using the required angle 8 circuit to regulate DC-link
voltage and the terminal voltage at PCC. Where the PLL
circuit is done by aligning the g-axis of the synchronous
reference frame with the voltage vp... The parameters of
Pl controller in PLL circuit are proportional gain Kp ,; stat
and integral gain K; ,,;; s¢q¢ that illustrated in Table 8. The
resultant d-q axis voltages at PCC are: vpecq =0 and
Vpce,g = Vpcc as illustrated in Figure 19.

Table 8
Parameters of STATCOM for PLL regulator
Gains Values
Wy Wey /15
KP,pll,stat \/E ‘Uo/”s
KI,pll,stat (‘)OZ/US

Table 7
Parameters of STATCOM for voltage magnitude regulator
Gains Values
Wopcc Wouter
KP,PCC \/E Wopcc 7777.
C
K pcc Tm Wopcc’
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Fig. 19 PLL circuit for STATCOM controller.

This STATCOM allows controlling the DC-link voltage
which is controlled by the direct current axis 100p ig a4
and the magnitude of terminal voltage at PCC which is
controlled by the quadrature current axis 100p isq: 4" The
actual DC-link voltage is compared with the reference DC-
link voltage and the error is fed to a conventional Pl (DC
voltage control) controller to generate the reference direct
axis current i, 4. Similarly, The square actual voltage
magnitude at PCC is compared with the square reference
voltage magnitude and the error is fed to a conventional PI
(voltage magnitude control) controller to generate the
reference quadrature axis current i, .. Then, both of the
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direct is.q ¢ and quadrature i, o axis reference currents
are converted from d-q axis reference frame to a-b-c
frame. Then, the three phase reference currents are
compared with three phase STATCOM actual currents.
Then, the error is the input to hysteresis current controller.
Finally, the output of this controller is the switch control
signals to the firing gates of STATCOM converter.

11.Configuration and control design of SAPF

The present work tries to apply SAPF for voltage terminal
regulation of DFIG for different sudden loads such as
inductive load (for voltage sag effect) and capacitive load
(for voltage swell effect) for power quality improvement
where the sudden load is connected to PCC through circuit
breaker as shown in Figure 20. Frequency domain
compensation based on Fourier analysis, is not common
because it requires much real time processing power.
There are several methods to define the harmonic currents,
phase shift and voltage control, the most classical methods
are instantaneous power theory p-g, d-q synchronous
detection method and Fryze current control [22], [23],
[24], [25], [26]. It is known that the role of SAPF with
DFIG connected to three phase balanced power grid and
balanced sudden load consuming or supplying reactive
power which causes voltage sag or swell is voltage
terminal regulation. In this work, the synchronous
reference frame d-q axis is used as shown in Figure 21.
Practically, the load currents of the sudden load in a-b-c
frame (i.,, i, and i;.) are obtained by using current
sensors. After that, the load currents in a-b-c frame are
transformed into d-g-0 axis reference frame (iyq, ir4 and
i) according to the same previous PLL circuit design as
given in equation (37).

cos(wt)  cos(wt —120°)  cos(wt + 120°) ia
[qu] —sm(wt) —sin(a)tl— 120°) —sm(wt1+ 120")} [{Lb]
7 7 e
37)

Where wt is the phase of the positive sequence of the
system voltage and it is provided by PLL circuit. Then, a
High Pass Filter (HPF) is used in both d and g axis to get
the high frequency components of the load current (i;,
and iz, ) as follows:

i1a () = Ig(®) + ipg () +if4() (38)

g () = Ig () + g () + g (1) (39)
Then, the high frequency component will be subtracted
from the total current in both d and q axis (i 4 and i;).
Noting that I, 4 and I, ,are the DC components of the load
current in d-q axis (small values are neglected). Finally,
the only remain component is the reference compensation
low frequency component of the load current in both d and
q axis (i, and izq). The compensation reference currents
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in d-q axis and will be converted into a-b-c frame as given
in equation (40).

laref cos(wt) —sin(wt) irg
ipref| = |= cos(a)t —120°) —sin(wt —120°)||i;,
lcref cos(wt +120°) —sin(wt + 120°)|(] ;

(40)

After that, the compensation reference currents will be
compared with the compensation actual current of SAPF
through hysteresis current controller where the output of
this controller is the switch control signals to the inverter
of SAPF as shown in Figure 20 and Figure 21. Noting that
in Figure 20 a filter inductance is used at the output of the
inverter of SAPF to eliminate the distortion produced by
switches in the inverter circuit of SAPF. Also, a DC
constant voltage source is used in the DC side of the
inverter circuit of SAPF.

Grid PCC
“|Impedance T.L.
@ — 4 IT
Power L6,abc Upecl |Wilter
Grid , R¢
Fllter L
Inductances™f
v
¢ Vfilter ;
SAPK e Load
Control -
Circuit Vd:r
Fig. 20 SAPF with DFIG in power system.
i 4
N filterd
Pulses
To
ilter dgo . SAPF
i e ilter
Labe, [ 1o I
dyl , Hysteresis
1 SiH-Co5 e conirol
ifitora it
ilter, ter
flters Actual
PLL

Fig. 21 Block diagram of SAPF controller.

Where ifiiper o and ifyeer o are the compensation reference
currents in d and g axis, respectively.

12.Design of Pl Controller for DFIG and
STATCOM
The output signal of a PI controller is obtained by using

equation (41):
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U=Kp*e +K; [exdt (41)
Where e, Kp and K; are the error signal, the proportional
gain and integral gain, respectively. Some methods are
used to measure the parameters of the system that can save
the overall system in the stable zone. Butterworth
polynomial method is used here to optimize the closed
loop eigenvalue locations [27]. The Butterworth method
locates the eigenvalues uniformly in the left half s-plane
(stable area) on a circle with radius w,, with its center at
the origin as illustrated in Figure 22.

Fig. 22 Location of poles in left half s-plane using
Butterworth polynomial.

The Butterworth polynomial for transfer function with
second order denominator is described as in equation (29).
The Pl parameters are measured by comparing the
coefficients in equation (29) with the denominators of the
corresponding transfer functions and then selecting
appropriate w, . Where w, is the bandwidth of the
controller, which depends on the design value. The
parameters of each Pl controller used in controlling of
DFIG and STATCOM are shown in Table 9.

Table 9
Parameters of PI controllers
Converter Regulator Symbol Value
Speed Kp oor 17.7715
RSC Regulator K or 7.8957
Var Kp os 5.7798*10~5
Regulator K os 0.0026
DC Voltage Kp dc 79.9719
Regulator K; ac 3553.1
GSC DC Voltage Kpac 106.6292
Regulator K; ac 4737.4
AC Voltage Kp pee 0.2444
STATCOM Regulator K pee 10.8566
PLL Circuit [rtistar | L0400
K pustat 309.9994

13.Digital simulation results of the overall system
The overall model is simulated two times, the first time
was for STATCOM and the second time was for SAPF
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under the same load and fault conditions as illustrated in
Figure 17 and Figure 20, respectively. The main whole
model consists of DFIG wind turbine control structure,
transmission line and power grid under connecting the
balanced sudden load at PCC and occurrence of three
phase fault as a grid disturbance. Where the DFIG wind
turbine is used to supply the sudden load with the needed
power and the remained power is supplied to the power
grid. The sudden inductive load and the occurrence of
three phase fault are used as a grid disturbance to show
and appear the effect of voltage sag. The sudden inductive
load is three phase inductive load (R;,qq = 0.6 2 and
Lipaq = 9 1H) connected to PCC through circuit breaker.
The three phase fault is through ground resistance
Ry = 0.001 22 and each phase of the three phase fault has
a resistance called phase fault breaker R,,, = 0.5 2. The
sudden capacitive load is used as a grid disturbance to
indicate the effect of voltage swell. The sudden capacitive
load is a three phase capacitive load (R;,qq = 1 mf2 and
Cioaa = 5 mF) connected to PCC through circuit breaker.
The initial status of the circuit breaker at the terminals of
the sudden load is normally open and its transition time is
from 10 sec to 20 sec of simulation time. The overall
model is implemented in MATLAB /Simulink package.
The DFIG parameters are shown in Table 10. The
simulation for all cases is carried out for the same
mentioned varied wind speed and the digital simulation
results will be displayed for three cases as the following:

1) Comparison between STATCOM and SAPF
connected at PCC under presence of sudden inductive
load.

2) Comparison between STATCOM and SAPF
connected at PCC under occurrence of three phase
fault.

3) Comparison between STATCOM and SAPF

connected at PCC under existence of sudden

capacitive load.

Table 10
DFIG parameters
Parameter Value
Pm,rated 1.5 MW
Rated stator line voltage 690 V (rms)
Rated stator frequency 50 Hz
Rated rotor speed 1750 rpm
P 2
T nrated 8.185 kN-m
R, 2.65 m
R, 2.63mN
Ly 0.1687 mH
Ly, 0.1337 mH
L, 5.4749 mH
J 20 Kg.m?
Ve 1600 V
C 900 mF
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Noting that, STATCOM s connected in parallel with the
grid disturbance at PCC. The STACOM parameters are
shown in Table 11.

Table 11
STATCOM parameters
Parameters Value
Capacitor voltage Vy, 1100 V
Line inductance 1mH
Line resistance 01Q
DC-link capacitance 09F
Filter capacitor 5.5 mF

Under the same conditions mentioned above the SAPF is
used instead of STATCOM. The SAPF is connected in
parallel with the grid disturbance at PCC for the same
wind speed of DFIG wind turbine. The SAPF parameters
are shown in Table 12.

Table 12
SAPF parameters
Parameters Value
DC side voltage Vg, 1100 V
Filter inductance 1mH
Filter resistance 1 mQ

A. Comparison between STATCOM and SAPF
connected at PCC under presence of sudden
inductive load

Firstly, the overall model is simulated in presence of

sudden inductive load as a grid disturbance in the period

from 10 seconds to 20 seconds without using STATCOM
as a result the PCC voltage is sagging which is reduction
in voltage through specified time range as illustrated in

Figure 13. In this work, the three phase symmetrical

voltage is sagging for about 3% from the nominal voltage.

Without using STATCOM, when the inductive load is

connected at PCC suddenly, it will absorb reactive power.

The weak power grid cannot supply the required additional

reactive power quickly and the DFIG output power is

regulated to its optimum value.

As a result, the PCC voltage drops as illustrated in
Figure 13. With using STATCOM at the PCC in this case,
STATCOM responds rapidly by giving additional required
reactive power. Therefore, the PCC voltage is regulated
closely to its nominal voltage according to the reference
desired value in AC voltage regulator with small overshoot
shown in Figure 23. Also, the STATCOM has the ability
to achieve DC voltage regulation of the DC-link as shown
in Figure 24. Noting that the transmission line impedances
at the side of DFIG and PCC are (Ry; = 1mf and
Ly, =05mH ) and ( Ry, =0.02290 and Ly, =
99 uH ), respectively. The power grid impedance is
(Rg = 0.10472 mQ2 and L; = 1 uH).
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Fig. 23 The PCC voltage sag compensation at the DFIG
wind turbine with STATCOM
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Fig. 24 The DC-link voltage of STATCOM during voltage
sag compensation.
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Secondly, the whole model is simulated under the same
conditions mentioned above but in this case SAPF is used
instead of STATCOM. As mentioned before the sudden
inductive load is taken as a grid disturbance in the period
from 10 seconds to 20 seconds during the same wind
variation mentioned before. Before using SAPF, the PCC
voltage is sagging for about 3% from the nominal voltage.
With using SAPF at the PCC and the same effect of
voltage sagging is created; in that case, SAPF will work
with this disturbance based on load calculations using d-q
axis reference frame as mentioned before. SAPF is
controlled by hysteresis current controller to get switch
control signals to inverter circuit. At the DC side of the
inverter, the DC voltage is considered as a constant
voltage (1100 V) and represented in MATLAB/Simulink
by constant DC voltage source. SAPF will inject into PCC
the required reactive power (supplying) based on inductive
sudden load currents by SAPF actual currents.

As a result, the PCC voltage is regulated to be near
from its nominal voltage in the period from 15 second to
20 second but in the period between 10 second to 15
second the voltage is raised up compared to the voltage in
Figure 13 in the same period and not at its nominal voltage
level because a small difference occurred when the wind
speed is changed to 11 m/s. Figure 25a illustrates the PCC
voltage before and after using SAPF. Figure 25b shows the
PCC voltage for both SAPF and STATCOM after
connection. It is absolutely clear that the STATCOM is
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achieved better results than SAPF due to its AC voltage
magnitude regulator. But SAPF depends on load
calculations, the overall system of SAPF is affected by any
change of the wind speed and it works according to this
change of the wind speed according to its load calculations
and hasn't the ability to restore the nominal voltage.

640 —Before SAPF
— After SAPF
E 620
3 600
a
>
5801}
5600 5 10 15 20 25
Time (s)
@
640 —STATCOM
— SAPF
> 620
S
Q 600
>
580
I
0 5 10 15 20 25
Time (s)
(b)

Fig. 25 The PCC voltage response
(a) Before and after SAPF connection, (b) After
connection for both SAPF and STATCOM.

B. Comparison between STATCOM and SAPF
connected at PCC under occurrence of three phase
fault

The overall model is simulated in presence of three phase

fault as a grid disturbance in the period from 10 seconds to

20 seconds during the same variation in wind speed

mentioned before as shown in Figure 12a. The three phase

fault block represents a three phase circuit breaker where
the opening and closing times can be controlled from the
simulation program. As a result of this the PCC voltage is
sagging which is momentary decreasing in voltage over
the time range without using STATCOM as illustrated in

Figure 14.

The STATCOM is connected in shunt at PCC where
the three phase fault occurred for variation in wind speed
of DFIG. The overall model is simulated in presence of
three phase fault as a grid disturbance in the period from
10 seconds to 20 seconds without using STATCOM as a
result of this, the PCC voltage is sagging as illustrated in
Figure 14. In this work, the three phase symmetrical
voltage is sagging for about 4% from the nominal voltage.
Where the weak power grid cannot supply required
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additional reactive power with quickly response and the
DFIG output power is regulated to its optimum value.
When the STATCOM with its capacitor (C,,, = 6.5 mF) is
connected at the PCC in this case, STATCOM responds
rapidly by supplying additional reactive power. As a
result, the PCC voltage is regulated closely to its nominal
voltage according to the reference desired value in AC
voltage magnitude regulator with small overshoot shown
in Figure 26.

620 T -
Moment of entering STATCOM
610
y
E 600
T
¥ /
O 590
o
>
580
Moment of coming out STATCOM
70, 5 10 15 20 25
Time (5)

Fig. 26 The PCC voltage vpcc 4 Sag compensation at the
DFIG wind turbine with STATCOM.

Also, the STATCOM has the ability to achieve DC voltage
regulation of the DC-link as illustrated in Figure 27.
Noting that, the transmission line impedances at the side of
DFIG and PCC and power grid impedance are the same as
case 1.
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Fig. 27 The DC-link voltage of STATCOM during voltage
sag compensation.
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The same SAPF in previous case is used instead of
STATCOM to inject into PCC the required reactive power
(supplying) based on three phase fault currents by SAPF
actual currents for the same conditions.

As a result, the PCC voltage is regulated to be closely
to its nominal voltage in the period from 15 second to 20
second but in the period between 10 second to 15 second
the voltage is raised up compared to the voltage in Figure
14 in the same period and not at its nominal voltage level
because a small difference occurred when the wind speed
is changed to 11 m/s. Figure 28a illustrates the PCC
voltage before and after using SAPF. Figure 28b shows the
PCC voltage for both SAPF and STATCOM after
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connection. It is obviously clear that the STATCOM is
achieved better results than SAPF due to its AC voltage
magnitude regulator. But SAPF depends on fault current
calculations, the overall system of SAPF is affected by any
change of the wind speed and it works according to this
change of the wind speed according to its fault current
calculations and hasn't the ability to restore the nominal
voltage.
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Fig. 28 The PCC voltage response
(a) Before and after SAPF connection, (b) After
connection for both SAPF and STATCOM.

C. Comparison between STATCOM and SAPF
connected at PCC under existence of sudden
capacitive load

The overall model is simulated in presence of sudden

capacitive load as a grid disturbance in the period from 10

seconds to 20 seconds without STATCOM. As a result of

this the PCC voltage is swelling which is momentary
increasing in voltage over the time range as shown in

Figure 15. In this work, the three phase symmetrical

voltage is swelling for about 2% from the nominal voltage.

Before using the STATCOM, when the sudden capacitive

load connected to PCC, it will supply reactive power into

it. The weak power grid cannot absorb the required
additional reactive power with rapidly response and the

DFIG output power is regulated to its optimum value.

As a result, the PCC voltage increases as shown in
Figure 15. When the STATCOM is connected at the PCC
in this case, STATCOM responds rapidly by absorbing the
additional reactive power. As a result, the PCC voltage is
regulated nearly to its nominal voltage according to the
reference desired value in AC voltage regulator with small
overshoot shown in Figure 29. Also, the STATCOM has
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the ability to achieve DC voltage regulation of the DC-link
as shown in Figure 30. Noting that the transmission line
impedances at the side of DFIG and PCC are (R;, =
9mn and Ly, =0.5mH) and (R, = 0.01792 and
Ly, =99 uH), respectively. The power grid impedance is
(R = 0.10472 mN and L, = 1 uH).
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Fig. 29 The PCC voltage swell compensation at the DFIG

wind turbine with STATCOM.
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Fig. 30 The DC-link voltage of STATCOM during voltage

swell compensation.

The same SAPF in case 1 is used instead of STATCOM in
order to inject into PCC the required reactive power
(absorbing) based on three phase sudden capacitive load
currents by SAPF actual currents for the same conditions.

As a result, the PCC voltage is regulated to be near
from its nominal voltage in the period from 15 second to
20 second but in the period between 10 second to 15
second the voltage is decreased compared to the voltage in
Figure 15 in the same period and not at its nominal voltage
level because a small difference happened when the wind
speed is varied to 11 m/s.

Figure 31a illustrates the PCC voltage before and after
using SAPF. Figure 31b shows the PCC voltage for both
SAPF and STATCOM after connection. It is clearly that
the STATCOM is achieved better results than SAPF due
to its AC voltage magnitude regulator. But SAPF depends
on sudden capacitive load calculations, the overall system
of SAPF is affected by any change of the wind speed and
it works according to this change of the wind speed
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according to its load calculations and hasn't the ability to
restore the nominal voltage.
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Fig. 31 The PCC voltage response
(a) Before and after SAPF connection, (b) After
connection for both SAPF and STATCOM.

14.Conclusion

This work addressed a comparative analysis of two
different control schemes for shunt devices installed in
three phase distribution systems has been demonstrated.
The performance of these control techniques has been
analyzed for voltage swell and sag mitigations using time
domain  MATLAB/Simulink software. Under grid
disturbances, the DFIG accomplished MPPT control
technique. The proposed design of STATCOM under
variation of wind speed in all cases achieved voltage
regulation of DFIG wind turbine. In contrast, the
suggested design of SAPF based on reactive power
calculations of the load accomplished the voltage
regulation of DFIG wind turbine around the nominal
voltage. The simulation outcomes show that the proposed
controller of STATCOM has the ability to regulate and
enhance the PCC voltage response at DFIG wind turbine
at its nominal voltage compared to SAPF based on its load
calculations. STATCOM achieved better results than
SAPF in regulation of the PCC voltage response at DFIG
wind turbine due to its controller. Also, the results of both
shunt devices give good performance and improve the
system stability.
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