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Sub-synchronous resonance (SSR) may result from the recent integration
of wind power generating systems (WPGS) based on double-fed induction
generators (DFIG) into weak grids using long transmission lines with series
capacitor adjustment. The amount of series compensation used in the
transmission line determines how much SSR affects the grid, which may
lead to serious instability. Flexible alternating current transmission system
(FACTS) devices, which aid in controlling and stabilizing grid oscillations,
are a workable way to lessen the impacts of SSR. In order to analyze the
efficacy of FACTS controllers in mitigating SSR, this work examines the
modeling and control techniques of WPGS-DFIG employing Thyristor
controlled series capacitor (TCSC), static Var compensator (SVC), and
static synchronous compensator (STATCOM). Time-domain simulations
on a modified IEEE First benchmark, with varying series compensation
levels and grid fault circumstances, are used to verify the study's
correctness and effectiveness. According to the simulation findings, the
STATCOM controller mitigates SSR far more effectively than TCSC and
SVC. The STATCOM controller optimizes the performance of the WPGS-
DFIG system by increasing dynamic responsiveness and grid stability in
SSR-prone conditions.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Wind energy has rapidly developed in recent years due to the increasing demand for energy and
the escalating environmental pollution issue [1]. Wind power plants are often located far from
population centers to minimize the impact on residential areas [2], [3]. Consequently, transmitting
electrical energy over long distances inevitably results in power and voltage losses. To address this
issue, fixed series capacitors (FSC) are installed on transmission lines from wind power plants to load
centers to increase the transmission capacity of the lines. However, in certain cases, FSC may interact
with the doubly fed induction generator (DFIG) of wind turbines, one of today's most common types
of wind turbine generators. This interaction can lead to the risk of SSR [4], [5].

The phenomenon of SSR occurs in one of three forms: induction generator effect (IGE), torsional
interaction (TI), and transient torque (TT). The TI rarely occurs in wind power plants using DFIG
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due to the low stiffness of the wind turbine blades, as mentioned in [6], [7]. The main reasons for SSR
in these plants are IGE and TT, as introduced by authors in [3], [8]. The first occurrence of SSR in a
wind power system occurred in 2009 at a wind power plant in southern Texas, USA. The cause was
the connection of the wind power plant to a fixed series capacitor, and the oscillation frequency was
20Hz. The issue was resolved by disconnecting the capacitor from the transmission line as in [4], [9],
but it is not the best solution. Another incident occurred at a wind power plant in southern China in
2012, where the oscillation frequency was in the range of from 6 Hz to 8 Hz. This incident led to the
shutdown of many wind turbines [3]. An example of cracks on No.7 journal of Unit-1 generator of
the Vung Ang thermal power plant in Viet Nam, Nov. 2015, due to the SSR phenomenon occurring
shown in Fig. 1, [10].

Turbine end

No.7 bearing center

|
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g

Fig. 1. Crack on the Unit-1 generator rotor of the vung ang thermal power plant, Vietnam, November 2015,
caused by the SSR phenomenon

With the recent advancement in power electronics, the use of FACTS in power systems is
becoming increasingly common. FACTS devices have the capability to rapidly control the parameters
of the electrical grid [11], [12]. This feature of FACTS devices can be harnessed to enhance voltage
stability, control power flow flexibly, and potentially prevent SSR occurrences in power systems. SVC
is renowned for their rapid dynamic reactive power support, which was crucial during emergency
situations to prevent voltage collapse, as presented in [13], [14]. In the literatures [13], [15], authors
presented the comparison analysis of FACTS controllers, including STATCOM, SVC, and TCSC, for
voltage stability and power loss reduction. Besides, the impedance of transmission lines is adjusted to
control power flow and dampen oscillations related to SSR by TCSC, which was present in [10], [16].
A simple sub-synchronous resonance control strategy based on an orthogonal proportional action
applied to the rotor currents and a variable gain in the Pl controller adjusted as a function of the DFIG
rotational speed was proposed in [17]. In [18], machine parameters, especially stator winding
resistance, significantly affect how wind turbines (DFIG and PMSG) handle grid faults, suggesting
careful design choices can improve performance without expensive external solutions. A review of
sub-synchronous resonance (SSR) in DFIG wind farms, covering its analysis methods, causes due to
various DFIG parameters, and mitigation techniques using controllers, was presented in [19]. Authors
in [20] proposed vector control to manage a DFIG wind turbine system, allowing for independent
control of power sent to the grid despite wind speed changes. It also explains DFIG components and
validates the concept through simulation. In literature, [21] presented a study that shows a control
method (DPC) improves stability and efficiency in simulations, suggesting a link between control and
grid conditions for better DFIG performance. E-STATCOM, which uses a super-capacitor, was
proposed in [21]. The simulation results show it effectively controls system oscillations during
disturbances like torque changes and short circuits, compared to no control and its control.

In this research, the author will employ typical FACTS devices such as TCSC and STATCOM
to mitigate SSR phenomena in wind power systems using DFIG. The effectiveness in reducing SSR
will be demonstrated through simulation results using MATLAB/Simulink under various operating
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conditions. Through that, this article wants to contribute to 3-main issues: i) general introduction to
SSR in DFIG and FSC integrated power systems; ii) present the FACTS devices used to resolve SSR
as SVC, TCSC and STATCOM,; iii) evaluate the effectiveness of the 3 FACTS devices commonly
used in the power system mentioned above in eliminating SSR in two investigated cases: (a) changing
the compensation ratio of FSC and (b) system re-stabilizing after a 3-phase fault. The results can be
used as a reference criterion in the practical design, renovation, and operation of power systems for
the addition of FACTS equipment.

The structure of the paper is presented as follows: Section 2 details the models of the components
within the research system. A concise definition and classification of SSR phenomena are outlined in
Section 3. Section 4 encompasses the structure and control system models of the TCSC, SVC, and
STATCOM. In Section 5, simulation studies are conducted to verify the accuracy and effectiveness
of the controller in mitigating SSR. Finally, Section 6 concludes the paper.

2. Research System Model

The research system, illustrated in Fig. 2 [22], is developed based on the IEEE First BenchMark
model. This system integrates a wind power setup that employs DFIGs with a total installed capacity
of 100 MW. This capacity is derived from 66 individual turbines, each having a generation capacity
of 1.5 MW. These turbines are connected to the grid through an FSC that operates at a voltage level
of 161 kV. In order to simplify the analysis and computational requirements, the collective operation
of all wind turbines is represented by a single equivalent turbine with consolidated parameters.
Several recent studies have validated This equivalent turbine approach, which confirms its
effectiveness in accurately simulating the overall behavior of wind power systems of this scale [23],
[24]. Capacitive series compensation is employed in this system as an economical and effective
solution to enhance the power transmission capacity of long-distance transmission lines. By reducing
the overall reactance of the transmission line, series capacitors improve the system's power transfer
capability and voltage stability. This approach is particularly advantageous in large-scale renewable
energy systems, where maximizing transmission efficiency is crucial for integrating high-capacity
wind farms into the grid.

Grid

Ur |AC T Ac| Ur
DFIG system + *
Te — a q ra— Ve
Fig. Fig.
o o Fig5@ 950) [,
RSC GSC

Fig. 2. Single-line model of modified IEEE first benchmark considering the DFIG system

Nevertheless, the compensation level for transmission lines linked to wind farms powered by
DFIG is not adequately high. Consequently, if a DFIG-powered wind farm is connected in series
with a transmission line that has capacitive series compensation, there is a heightened risk of the SSR
phenomenon due to the significant inductive characteristics of DFIG. SSR occurs when a system
compensated by a series capacitor exchanges significant energy with a turbine generator at a
frequency lower than the synchronous frequency [25], [26].
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When individual wind turbines are synthesized, the aggregate inertia increases, and the
fundamental power also rises; hence, the relative inertia value of the shaft system remains unchanged.
Similarly, this phenomenon occurs with other parameters, such as impedance. Therefore, the
parameters of a 1.5 MW DFIG turbine within the unit system can be used for an equivalent 100 MW
wind turbine generator. To comprehend this system, the next section of the paper will present the
differential and algebraic equations governing the system.

2.1. Wind Turbine Aerodynamic Model
The following equation represents the mechanical torque [27], [28]:

1
T = 57 PARCy Y, @

where p is the air density, A is the swept area of the blade, R is the blade length, v,, is the wind speed,
Cr is the power coefficient of the rotor and can be described by the following equation:

1 RCf —o.zssﬂ
, :E(T_ o.ozze—z)e x ()
where 0 is the pitch angle, Cr is the design constant ratio of the blade cross-section and tip-speed
ratio, and A is the tip-speed ratio and can be determined as follows:

/1=me

3)

UW
in which w,, is the mechanical speed of the wind turbine.
2.2. Drive Train Model

The wind turbine is connected to the generator rotor by a gearbox, as shown in Fig. 2. The
rotational system, consisting of the wind turbine shaft, gearbox, and generator shaft, is called the
drive train system. The two-mass model is chosen to model the drive train. This system has proved
sufficient for the dynamic analysis of grid-connected WT-DFIG. This paper considers the drive train
model, as shown in Fig. 3. The differential equation of motion for the two degrees can be derived by
applying Newton’s second law of motion as follows [29]:

Shaft Rotor

Turbine

Fig. 3. Two-mass drive train model

{ZHtgl + Kt(el - 62) = Tm (4)
ZHggz + Kt(gz - 61) = _Te
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in which 6; = dw,,/dt and 6, = dw, /dt are the angle’s displacements of wind turbine and
generator rotors, respectively; here ar is the generator rotor angular speed; H, and Hy are the wind
turbine and generator inertia constants, respectively; T,, and T, are the wind turbine mechanical
torque and generator electromagnetic torque, respectively; K, is the stiffness of the turbine shaft.
Equations (1) and (4) can be rewritten under the condition of constants H, = H;, = H as follows:

2.3. Induction Generator Model

The electric generator chosen for the wind energy conversion is the equivalent circuit, as shown
in Fig. 4, including a WRIG with the stator windings directly connected to the grid. Meanwhile, the
rotor windings are connected to a back-to-back converter with the RSC and GSC connected to a
common DC-link capacitor. Thanks to the DFIG, it can generate or absorb reactive power and also
supply active power to the grid. In this paper, the generator model is written in the direct and dq
guadrature synchronous reference frame and presented by the system of the following equations [30],
[31]. The stator and rotor voltages can be written as follows

, dpsq
Usq = Rgigq + d—; — WsPsq
6
. d(psq ©)
Usq = Rslgqg + dt + WsPsa
. dPrq
Urg = Rpipg + d—; - (ws - wr)(psq
7
. Aoy )
Urg = errq +——+ (Ws — W) Pra

dt

where ugg, Usq, Urg, and u,q are the d- and g- axes components of stator and rotor voltages,
respectively; isq, isq, irq, and i,q are the d- and g- axes components of stator and rotor currents,
respectively; Ry and R, are the stator and rotor resistances, respectively; w; and w, are the angular
speed of the electrical grid and the angular speed of the rotor, respectively;
Osdar Psar Psqr and @qq are the d- and g- axes components of stator and rotor fluxes, respectively,
and can be determined as.

{§05d = (Lis + Lm)isq + Linira )
Psq = (Lis + Lm)isq + Lmirq
{Qord = (Lir + Lin)irg + Linisq 9)
Orq = (Lir + Lin)irg + Linisq

where L;s and L, are the stator and rotor leakage inductances, respectively, and L,, is the
magnetizing inductance. The electrical torque is

3p
2
The mechanical angular speed of wind turbine is

Te = (um irq - urq ird) (10)
_2 f T, — T,)dt (11)
a)m - ] ( m e)

where [ is the total inertia and T,,, is the mechanical torque. The stator's active and reactive powers
are
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Fig. 4. Equivalent circuit of DFIG: (a) WRIG generator, (b) Power electronic converters, (c) Grid filter

2.4. DC-link Capacitor Model

The dynamic model of the DC-Link capacitor between the DFIG converters is represented by
the following equations [28], [32].

du
Caclae —dfc =—(B.+P) (13)
where P and Py are the power flowing into the RSC and GSC, respectively; C4. and ug, are the DC-
link capacitor and voltage, respectively.

2.5. The Grid Filter

The connection of the GSC to the network is done via a filter to attenuate the frequency of the
harmonics generated by the power converter, as shown in Fig. 4. According to Kirchhoff's laws, the
equations of the network-connected filter are expressed under the dq reference frame rotating at the
electrical angular velocity of the grid voltage as follows.

. . digq

ufd = ugd - Rf"fd + a)stlfq - Lf?
: (14)

di
_ . fa .
Urq = Ugq ~ Rylrq = Ly — = = wslyifa
The power flow between the GSC and the grid is
3 . .
Pr =5 (ralra + rqirq)

(15)

2
Qr =3 (Wrqlra ~ Uraifq)

2.6. The Control Method of WPGS-DFIG

The WPGS-DFIG is controlled based on the variable frequency converter that includes RSC
and GSC controllers. The purpose of RSC is to allow separate control of active and reactive power
[33]. This facilitates high flexibility, allowing DFIG to capture maximum energy from the wind and
support reactive power into the grid. The main purpose of GSC is to maintain a constant voltage
across the capacitor regardless of the magnitude and direction of the rotor power. The Pl controller
is proposed to apply the RSC and GSC, as illustrated in Fig. 5, [34]-[36]. For this paper, they are
calculated and designed based on [10], [35]. For the RSC, the control structure involves the inner
and outer loops, as shown in Fig. 5 (a), in which the inner one independently regulates the d- and g-
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axes rotor current components, and the outer one regulates the electric torque and reactive power.
For the GSC, the control structure involves the inner and outer loops, as shown in Fig. 5 (b), in which
the inner one independently regulates the d- and g- axes grid current components, and the outer one
regulates the DC-link and stator voltages.

3. SSR Phenomenon Analysis

The SSR is a phenomenon occurring in power systems when there is an exchange of energy
between the mechanical system of the turbine generator and the electrical [37], [38]. This energy
exchange happens at one or more natural frequencies of the interconnected systems. The SSR can
lead to various serious issues for the power system. This excited rotor current causes asynchronous
armature voltage components that can increase the asynchronous armature current height to create
SSR. The main types of SSR include IGE, TI, and TT. The following sections of this research will
briefly describe various types of SSR.

Te irg
Pl M» Pl —urq>
To ot 1(RSC) 2(RSC) da/ s RSC
] abe [
lrd_ref Pl Urg o
Qs_ref T
ird
Qs
(a)
udc_ref |gq_ref qu
> Plygsey—> Plycso) > cse
da/ =
— —
Us ref igd_ref — abc E
_ H@—’ Plyesc) —— Plz@sc)
L1 Ugd
T Us igd
(b)

Fig. 5. The control scheme of DFIG: (a) The control scheme of RSC and (b) The control method of GSC

3.1. Torsional Interaction

The TI typically occurs when the generator generates the synchronous torque near one or more
natural torsional frequencies of the wind turbine rotor shaft. Torsional interaction leads to torsional
oscillations of the generator rotor, resulting in the excitation of the reactive voltage components.
These reactive voltage components are generated at both above and below synchronous frequencies.
Furthermore, the sub-synchronous frequency voltage is generated in a manner to sustain the
synchronous torque. At this point, when the torsional torque exceeds or equals the mechanical
damping factor of the oscillation system, self-excitation occurs. This phenomenon, often referred to
as torsional interaction, can lead to damage to the turbine rotor shaft if not prevented in a timely
manner [39], [40].

3.2. Transient Torque

The TT can be understood as forces generated from disturbances occurring in the system, such
as faults, equipment switching. These system disturbances can lead to rapid and unexpected changes
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in the power grid, potentially altering the natural frequencies of the network and thus affecting the
system's functionality. System disturbances typically exhibit DC signals only in power transmission
systems without fixed series capacitors. On the other hand, power grids utilizing fixed-series
capacitors often contain one or more oscillation frequencies [39], [40]. These frequencies depend on
the power grid's total capacitance, resistance, and inductance. If any of these frequencies align with
the oscillation frequency of the wind turbine rotor shaft, it can significantly amplify torque amplitude.
This torque, in turn, is directly proportional to the amplitude of the oscillating current. Each
occurrence of excessive transient torque with a large amplitude contributes to the reduction in the
lifespan of the rotor shaft due to fatigue-induced damage. If this process is not mitigated, it can
severely damage the turbine rotor shaft.

3.3. Induction Generator Effect

For the SSR, the electrical and mechanical components of the turbine generator are in resonance
with the next condenser. Therefore, SSR includes the mechanical and electrical parts of the power
system. The shaft of the turbine generator matches its mechanical resonance to the resonance of the
series capacitor when there is a radial or near-radial connection between the two. The electrical
resonance frequency calling fer the system in Fig. 6, can be calculated as follows

fer = fo Xpric + X, + X (16)

XTotal

in which f, is the average frequency of the rotor; X, X;, X and X are the reactance of the
generator, transformer, line and longitudinal capacitor, respectively. Xc can be up to 50-70% of
Xrotar Value and f,, < fo in normally.

The presence of resonant current of frequency f,- generates torque and current of frequency f;
in the rotor winding, and this frequency can be calculated as follows

fr =fo— fer (17)

At the steady-state as the equivalent circuit of in Fig. 6, the sub-synchronous slip, calling Ser is
given by

(18)

—_—— e — — e ——

Fig. 6. The equivalent circuit of DFIG is connected to a series of compensated networks under SSR

The IGE typically occurs due to the self-excitation of the power system. According to reference
[40], [41], the large rotor reactance and the synchronous current are usually negative. Additionally,
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the power grid plays a crucial role in opposing these synchronous currents. On the other hand, if the
negative reactance of the generator is much greater than the magnitude of the positive reactance of
the power system, the synchronous current at that point becomes constant. The self-excitation
phenomenon occurs, causing oscillations at synchronous frequencies in the system.

4. FACTS Devices

This paper will utilize three representative FACTS devices, including TCSC, SVC, and
STATCOM, to mitigate SSR in wind power systems using DFIG turbines [42], [43]. The controllers
of these FACTS devices play a crucial role in minimizing SSR in the power system to enhance
stability. To understand the SSR mitigation mechanism of these FACTS devices in this study, the
following will present the devices and control systems designed to reduce SSR.

4.1, TCSC

Structure and principle of operation: The TCSC is one of the most widely used series-
connected FACTS devices, aiming to enhance transmission capability and improve system stability.
The typical structure of TCSC is depicted in Fig. 7 and is marked in a pale yellow color [42], [44],
[45]. TCSC comprises three main components: a capacitor with the capacitive reactance
Xc_tesc CONnected in parallel with an inductor with the inductive reactance X;_.sc, controlled by two
Tresc 1 @nd Tiesc 2 Opposing thyristors connected in parallel. The firing angles of the thyristors are
controlled to regulate the electrical impedance of the TCSC according to the system's control
algorithm [44], [46], [47].

i
| Measured currents
and Voltages

‘ _
AT

PLL Tzitcsc :

Otcsc_max ‘ i

[~ | FiringPulse [~ |

5 Generator i

p — Pliese 1 Ul \ |

tesc_ref J }

abs

Linearization

Fig. 7. The configuration and control method of TCSC

TCSC can be controlled to operate in either the capacitive or inductive regions, avoiding the
resonance region. The relationship between the firing angle and X,..is described as follows.

_ Xé_tcsc 2.[))tcsc + Sin(zﬁtcsc)
Xtcsc - XC_tcsc -
XC_tcsc - XL_tcsc T

+ < 4'X(%_tcsc COSZﬂtcsc) (ktcsctan(ktcsc.b)tcsc) - tanﬁtcsc)

(19)

2
XC_tcsc - XL_tcsc ktcsc -1 n

in which B = T — s 1S the angle of advance (before the forward voltage becomes zero) of
the TCSC, a is the firing angle of thyristors, X, ..Is the capacitive reactance of the TCSC, X, s
is the inductive reactance of the TCSC, and kycsc = /Xc tese/XL tesc 1S the compensation ratio of the

TCSC. In order to prevent TCSC from operating in the resonance region, this study chooses the
compensation ratio ksc With the following constraint of 1 < kyesc < 3.

The control method: The TCSC controller's block diagram is depicted in Fig. 7 and is marked
in pale blue color. The TCSC will be controlled using the fixed power method, and the control is
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based on a PI algorithm. This systematic approach achieves the minimum settling time and ensures
the quickest possible damping. The process optimizes the controller's performance in response to
transient events. The power calculation block calculates the working power from the measured
current and voltage data from the transmission line. The calculated power will be compared with the
reference power value Py to obtain the error signal 4P. This error signal goes through the Pl
controller, and the output signal of this PI controller will pass through the linear block and the -
limiting block (acesc_min = 90°; aiesc max = 180°) to create a signal supplied to the firing pulse generator
block. Simultaneously, the pulse generator block will also receive the synchronized signal of the line
current through the PLL block to synchronize the pulse signal [46], [48].

4.2. SVC

Structure and principle of operation: The SVC is one of the FACTS devices connected in parallel
with the power system. It generates or absorbs continuous reactive power, operating within an
unlimited range, with high-speed feedback control of power system parameters such as voltage. The
SVC is primarily used in power systems to enhance voltage control and system stability [49]-[51].

The popular structure of the SVC is the fixed capacitor combined with the thyristor-switched
capacitor (TSC) applied in this study, and the SVC is connected at the PCC, as illustrated in Fig. 8,
and is marked in a pale yellow color [13], [52], in which a fixed capacitor is connected in parallel
with the TCR. The TCR consists of a pair of anti-parallel thyristors connected in series with a reactor
coil. The role of the thyristor pair is similar to a bidirectional switch. In the positive half-cycle,
thyristor T1_svc conducts, and in the negative half-cycle, thyristor T, s.c conducts.

Re XL Xc
AA—YN =
A
» PLL
U
= >+ Ploe
Usvciref Y BTCR
Calculate agyc
Eq. (22)
Osve
A
- Firing Pulse
- Generator

Fig. 8. The configuration and control method of SVC

The current equation of TCR is described as follows [13], [49], [53].

Ircr (asvc) = UschTCR(asvc) (20)

in which U, is the voltage at the connected SVC point, a,,. is the firing angle of the thyristors
(g < Agye < n), and Brcg is the conductance of the TCR, which is determined as follows:

2T — 2Qgyc + SiN2agy,

Brer(@sye) = X, (21)
_SVC
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The reactive power, injecting at the installed SVC bus, is described as follows

T[XL_svc - XC_svc(ZT[ - 2asvc + Sinzasvc)) (22)

X C _sch L_svc

QSVC = USZVC(

where X} i the inductive reactance of the SVC and Xc_svc is the inductive reactance of the SVC.

The control method: The control scheme of the SVC, using the voltage control method, is
depicted in Fig. 8 and is marked in pale blue color. The line voltage value is measured, and then it is
compared with the reference voltage value to obtain the error signal AV. This signal passes through
the voltage controller using the PI controller to generate TCR's field voltage signal Brcr. The value
of the firing angle asvc is obtained from the TCR's field voltage signal Brcr after passing through the
angle calculation block using (22) along with the signal from the PLL block, providing the signal for
the pulse generator to trigger TCR. The voltage control process continues iteratively until the
measured voltage value matches the reference value, gradually damping the system oscillations
through this process.

4.3. STATCOM

Structure and principle of operation: The STATCOM is a parallel-connected FACTS device
capable of generating and absorbing reactive power with a controllable output that can be adjusted
to control specific power system parameters. The STATCOM provides operating characteristics
similar to a synchronous condenser but without mechanical inertia, as it utilizes power electronic
devices such as GTO or IGBT for source conversion. Due to its parallel-connected structure, it offers
fast control of three-phase voltage, both in magnitude and phase. The configuration includes parallel-
connected transformers, a three-phase VSC, DC capacitor, and a controller linked to the VSC, as
illustrated in Fig. 9, which is marked in pale yellow [54], [55].

I stat

Usmtfgiref

Olstat_max

t

Firing Pulse
Generator

Ustat_dc PWM

U stat_dc_ref

Fig. 9. The configuration of STATCOM

The control method: The control scheme of the control system of STATCOM, using the VSC,
is illustrated in Fig. 9, and it is marked in pale blue color. This control aims to either supply or absorb
reactive power to regulate the connection point voltage to the set voltage value Ustat grer. The
decentralized control system relies on a full dq current control strategy, utilizing both the d and q
components of the STATCOM current [15], [56].
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The PLL synchronizes the phase of the voltage and three-phase current at the node where
STATCOM is connected. The measured current signal from the STATCOM connection point is used
to transform the dg components of the AC voltage and current. The voltage regulator receives signals
from the measured voltage VS and the reference voltage Uswt_grer t0 calculate the reference current
Istar_q_rer. The measured current s is transformed into ls ¢ through the dq transformation block.
Ista_q ref @nd lsat  @re compared, and the error signal is passed through the current regulator to
generate an a angle of the GTO voltage relative to the line voltage of the STATCOM bus. The pulse
generator activates pulses for conversion from the output of the PLL and the output of the current
regulator (by o).

While the STATCOM is operating, rapid changes in the voltage of the capacitor Usw: ac may
occur. To enhance the dynamic performance of the STATCOM controller, an additional DC voltage
balancing controller is added using the capacitor Usa oc Voltage signal. The Usw oc Voltage is
compared to the reference capacitor voltage, and if the deviation exceeds a threshold value, the
additional DC balancing controller is activated. It generates a supplementary damping signal aqc to
trigger the pulse generator. The main idea is to keep the capacitor voltage at the desired level. This
supplementary controller reduces the ripple during capacitor charging or discharging, improving the
fast control capability of the STATCOM. This helps to mitigate SSR better.

5.  Simulation Results

The modified IEEE First Benchmark model, illustrated in Fig. 1, replaces the synchronous
generator with a 66 x 1.5 MW DFIG. This network is used to evaluate the effectiveness of TCSC,
SVC, and STATCOM controllers in mitigating SSR caused by IGE in the DFIG system. All dynamic
models are simulated in the MATLAB/Simulink environment, as depicted in Fig. 10. The simulations
are conducted with a discrete time step of Ts = 10 seconds and a fixed wind speed of 15 m/s.

The SSR mitigation capabilities of the proposed TCSC, SVC, and STATCOM controllers are
assessed based on their ability to dampen oscillations in the WPGS-DFIG’s electric torque, rotor
speed, active power, terminal voltage, and DC link voltage. The evaluation is carried out under the
following two scenarios:

Scenario 1: A sudden increase in the line’s compensation level.

Scenario 2: A three-phase short circuit occurring at the point of common coupling (PCC) of the DFIG
system, as shown in Fig. 10.

The simulation results presented below demonstrate the system’s dynamic performance,
including electric torque, terminal voltage, and DFIG output power.

5.1. Scenario 1

As is well-known, the voltage and power on a transmission line continuously fluctuate due to
various factors, especially load changes. To ensure stable operation, the line’s compensation must be
adjusted accordingly. In this scenario, the system operates stably with a compensation level of 50%.
At the 4-second mark, the compensation is suddenly increased to 70%, which represents the critical
level capable of triggering the SSR phenomenon. This scenario is chosen to effectively evaluate the
results of this study.

The system's performance is illustrated in Fig. 11. Observing the black dashed line in this figure
reveals significant oscillations in electric torque, active power, terminal voltage, DC link voltage,
and rotor speed. These oscillations grow in magnitude over time as the compensation level reaches
70% in the absence of FACTS controllers, ultimately leading to system instability.

In contrast, when the proposed FACTS controllers are applied, these oscillations are
significantly dampened, quickly restoring the system's stability. As shown in Fig. 11 (a) and (b), the
oscillations in electric torque and active power are sharply reduced within 0.5 seconds, demonstrating
the excellent capability of the three FACTS controllers in mitigating SSR-induced fluctuations.
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These fluctuations clearly reveal distinctions among the FACTS controllers. The STATCOM
demonstrates superior performance by completely eliminating SSR within 0.5 seconds, whereas
TCSCs and SVCs achieve the same result in 0.8 seconds. While the SVC effectively suppresses SSR,
it leaves minor fluctuations in the system's electrical torque. However, these fluctuations are
negligible and do not significantly impact overall system performance.
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Fig. 10. The proposed test model for mitigating SSR using MATLAB/Simulink: (a) Grid-connected
66x1.5MW DFIG-turbine; (b) the grid-connected FACTS devices

Furthermore, Figs. 11 (d) and (e) indicate that the DC-link voltage and rotor speed stabilize
when the compensation level reaches 70% with the application of FACTS devices. In contrast,
without these devices, both parameters experience significant instability. Notably, Fig. 11 (e)
highlights severe rotor speed deviations in the absence of FACTS adjustments, emphasizing their
critical role in maintaining system stability.

A detailed comparison of the parameter amplitude values observed 5 seconds after the system
re-stabilizes following the line compensation change is presented in Table 1. This comparison further
highlights the effectiveness of FACTS solutions. The results confirm that the STATCOM controller
plays a pivotal role in significantly mitigating the SSR phenomenon.

5.2. Scenario 2

This second operational scenario represents the worst-case condition for the system, involving
a three-phase short-circuit fault at the PCC, occurring at the fourth second and lasting 75 ms. The
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system operates at a normal compensation level, equivalent to 50% of the line compensation. The
system response in this scenario is depicted in Fig. 12.

From the simulation results shown in Fig. 12 (a) - (), it is observed that after the fault is cleared,
for the case without FACTS devices (black-dashed line), the electrical torque, voltage, and output
power of the DFIG increase rapidly over time. This can potentially lead to system shutdown and, in
severe cases, cause significant damage to the wind turbine generator.
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Fig. 11. The performance of the system under the condition of Scenario 1: (a) Electric torque, (b) Active
power, (c) Stator voltage, (d) DC-link voltage, (e) Rotor speed

Table 1. Comparison of amplitude values of parameters at 5 seconds under scenario 1

Parameters Without  With With With
FACTS TCSC STATCOM SVC
The electric torque Te (pu) 2.62 0.11 0.01 0.18
The terminal voltage Voric (pu) 2.24 1.97 1.98 2.01
The active power Poric (pu) 1.94 0.03 0.01 0.02
The DC link voltage Voc (pu) 0.09 0.001 0.0004 0.0017
The rotor speed wr (pu) inf 0.013 0.01 0.011

However, when FACTS devices such as TCSC (green line), SVC (blue line), or STATCOM
(red line) are present, the oscillations in electrical torque and voltage of the wind power system are
mitigated quickly. Specifically, the oscillations are eliminated approximately 0.5 seconds after fault
clearance, demonstrating the effectiveness of all three devices in reducing SSR under worst-case

operating conditions.

After the error occurs and resolves, the electrical torque oscillates continuously with a large
amplitude and shows a tendency toward instability when FACTS devices are not used. However,
incorporating an SVC controller stabilizes the system within 4.8 seconds. The TCSC controller
achieves faster stabilization, taking 4.6 seconds, while the STATCOM controller demonstrates the
most effective performance, stabilizing the electromagnetic torque within 4.3 seconds. This can be
seen from Fig. 12 (a). As observed in Fig. 12 (b), when using STATCOM controllers, the terminal
voltage oscillation rapidly stabilizes compared to TCSC and SVC controllers.
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After recovering the grid fault, the output active power, depicted in Fig. 12 (c), experienced
significant fluctuations in the absence of FACTS controllers, leading to operational instability. While
applying the proposed FACTS controllers, the power fluctuations are significantly improved. When
using the proposed TCSC, SVC, and STATCOM controllers, the active power values reach 2.45 pu,
2.3 pu, and 1.7 pu, respectively. Similarly, the DC-link voltage oscillation is significantly damped
when using a STATCOM controller compared to not using a FACTS controller or the proposed
TCSC and SVC controllers.

Fig. 12 (e) illustrates the rotor speed compared with or without using FACTS controllers. When
no FACTS (dashed line) is applied, the rotor speed shows the largest oscillations, with peak values
exceeding 1.26 pu and dipping below 1.18 pu, and it takes around 6 seconds to settle within an
acceptable range. Among the proposed FACTS controllers, the STATCOM controller (red line)
demonstrates the best performance, with oscillations limited to a narrow range between 1.21 pu and
1.23 pu, stabilizing completely by around 5 seconds. The VSC controller (blue line) reduces
oscillations effectively but with a slightly larger range between 1.20 pu and 1.24 pu, and it takes
slightly longer (about 5.5 seconds) to stabilize. The TCSC controller (green line) shows a moderate
improvement, with oscillations ranging from 1.19 pu to 1.24 pu, but it takes nearly 6 seconds to
stabilize, similar to the case without FACTS. Overall, the data clearly indicates that the proposed
STATCOM controller provides the most effective damping of rotor speed oscillations and the
quickest stabilization, making it the superior choice among the tested FACTS controllers.

A detailed comparison of the results in this scenario is summarized in Table 2. These results
clearly demonstrate that the proposed STATCOM controller provides superior SSR mitigation
performance compared to the other controllers.
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Fig. 12. The performance of the system under the condition of Scenario 2: (a) Electric torque, (b) Active
power, (c) Stator voltage, (d) DC-link voltage, (e) Rortor speed

Table 2. Comparison of amplitude values of parameters at 5 seconds under scenario 2

Parameters without  with with with

FACTS TCSC STATCOM SVvC
Te (pu) 1.56 0.056 0.003 0.085
Voric (pu) 1.757 1.907 1.952 2.021
Pric (pu) 1.75 0.117 0.009 0.149
Voc (pu) 0.042 0.001 0.0003 0.001
wr (pu) 0.002  0.0001 0.0001 0.002
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6. Conclusion

This paper investigates and compares the capabilities of FACTS devices in mitigating SSR
caused by IGE in doubly fed wind turbine induction generators (DFWTIG) connected to
compensated transmission lines. The study begins with a brief overview of the SSR phenomenon,
followed by modeling the DFWTIG system using an equivalent impedance equation. A control
strategy is proposed, incorporating RSC and GSC controllers based on a variable frequency
converter. Pl controllers are applied in the inner and outer loops to regulate the DC link voltage, grid
voltage, electric torque, and reactive power, enabling independent control of active and reactive
power while maintaining constant capacitor voltage. This ensures stable operation under short-circuit
faults and varying compensation levels.

The paper also presents the structure and operating principles of TCSC, SVC, and STATCOM,
with tailored control algorithms for regulating active and reactive power flow during three-phase
faults or compensation level changes. Simulations are conducted using the modified IEEE First
Benchmark model, where a 66 x 1.5 MW DFWTIG replaces the synchronous generator. Time-
domain analysis under severe conditions, such as three-phase faults and maximum compensation
levels, evaluates the SSR mitigation performance of TCSC, SVC, and STATCOM controllers.

The results confirm that all three controllers effectively reduce oscillations in the DFWTIG’s
electric torque, rotor speed, active power, terminal voltage, and DC link voltage. Among the devices,
the STATCOM demonstrates superior SSR mitigation performance compared to TCSC and SVC,
making it the most effective solution for enhancing system stability.
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