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Stability Enhancement in High-Penetration Wind Power Grid
Integration During Fault Conditions Using a Combined MBPSS and

FACTS Device Approach
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Abstract: This study investigates how a combination of Multi-Band Power System Stabilizers (MBPSS) and Flexible AC
Transmission System (FACTS) devices might improve stability in power networks with significant wind energy
penetration under fault conditions. Maintaining system stability becomes increasingly important as wind power
integration rises, especially when there are disruptions that could cause electromechanical oscillations. The study uses
MBPSS to model a wind turbine powered by a Doubly-Fed Induction Generator (DFIG) and assesses the performance of
several FACTS devices, including Unified Power Flow Controllers (UPFC), Static Synchronous Series Compensators
(SSSC), and Static Synchronous Compensators (STATCOM). According to simulation results, combining these
technologies reduces oscillations significantly—for example, damping times decreased from 8 s (without controllers) to 3
s (with MBPSS and UPFC), and frequency deviations were maintained within +0.5 Hz. These results demonstrate that
the UPFC and MBPSS combination is the most effective in stabilizing the grid when wind energy levels are high.
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1. INTRODUCTION

Concerns about climate change and the limited
availability of fossil fuels have generated considerable
interest in renewable energy as a critical research area
for power system stability of study. Renewable sources
like wind and solar power present viable alternatives to
reduce dependency on traditional fossil fuels. As wind
farm installations increase, studies indicate that the
reliability and robustness of wind turbines also improve
[1, 2]. However, these farms need to align electricity
supply with the grid’s wind conditions and demand [3].

The extensive integration of intermittent energy
sources can challenge power system stability,
especially under inadequate control or damping
measures. A power system is considered stable if it
can maintain equilibrium under normal operations and
return to a balanced state after disruptions [4]. Stability
issues may arise from factors such as loss of
synchronism, low voltage, natural disturbances, or
issues in protection systems [5].

Power swings, also known as electromechanical
oscillations in generators, are caused by disturbances
in a power system and must be effectively dampened
to maintain stability. These oscillations are generally
classified as follows [6, 7]:

These varied oscillation frequencies have driven the
advancement of Multi-Band Power System Stabilizers
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(MBPSS), which provide suitable damping under
different operating conditions [8]. The MBPSS supplies
stabilization signals across multiple frequency bands,
enhancing system robustness under diverse
disturbances.

Research has shown that MBPSS can significantly
improve stability in large interconnected grids, such as
the New York State power network, through wide-area
control strategies [9]. Moreover, discrete mode
controllers have been demonstrated to enhance
stability in AC microgrids with high renewable
integration [10].

In addition to MBPSS, Flexible AC Transmission
System (FACTS) devices have attracted attention for
their ability to enhance both power transmission
capacity and system stability [11]. Studies have
demonstrated the effectiveness of FACTS devices
such as SSSC and STATCOM in improving resilience
after severe faults [12-15]. Furthermore, recent
research emphasizes the importance of coordinated
control between MBPSS and FACTS devices to
strengthen power system stability [16, 17].

This study aims to compare the effectiveness of
FACTS devices combined with MBPSS in damping
electromechanical oscillations during high-penetration
wind power grid integration, particularly under fault
conditions. A variable-speed Doubly-Fed Induction
Generator (DFIG)-based wind turbine model is
developed, incorporating wind dynamics,
aerodynamics, and DFIG control. The proposed
FACTS-based control methods are then evaluated for
their ability to mitigate oscillations under fault
conditions and high wind power integration.
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Table 1: Classification of Power System Oscillations
Type of Oscillation Frequency Range Description
Local oscillations 0.8-4.0Hz Occur within a unit and the rest of its generating station or larger power system.
Interplant oscillations 1.0-2.0Hz Appear between two closely related generating plants.
Interarea oscillations 0.2-0.8Hz Occur between two significant groups of generating plants.
Global oscillations <0.2Hz Represent synchronous oscillation of all generators in isolated structures.

The principal contributions of this study are as
follows:

Integration of MBPSS with different FACTS
devices, including SSSC, STATCOM, and UPFC,
to enhance power system stability in scenarios
with high levels of wind energy penetration.

Evaluation of how effectively these control
strategies improve the damping of
electromechanical oscillations.

Development of a DFIG-based wind turbine
model incorporating wind dynamics and
aerodynamic performance, crucial for assessing
system response under fault conditions.

The paper is organized as follows: Section 2
examines the system model; Section 3 describes the
test system; Section 4 presents simulation results and

analysis; and Section 5 provides the study’s
conclusions.
2. SYSTEM MODELING

Comprehensive discussions on  synchronous

machine dynamic models appropriate for stability

DFIG
Wind

Energy

analysis can be found in [18]. This section concentrates
on the modeling of DFIG systems. DFIG wind turbines
connect to the power grid through power converters, as
demonstrated in Figure 1.

A. Wind Speed Model

The wind speed V(t) can be modeled as a sum of
harmonic components [19]:

V(t) =4, + Zg=1An * COS((,()nt + ¢n) (1)

where V(t) is the wind speed at time t, A4, is the
average wind speed, 4, is the amplitude of the n-th
harmonic, w, (equal to 2xf,) is its angular frequency,
¢, is the phase shift, and N is the total number of
harmonics. This formulation provides a detailed
representation of wind speed variations over time,
accounting for different frequency influences.

B. Aerodynamic Model

In this study, the aerodynamic model is formulated
based on the relationship between wind speed, blade
geometry, and aerodynamic forces, which allows for
accurate estimation of captured wind power and its
impact on DFIG-based wind turbine performance [20].
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Figure 1: A standard setup for a DFIG wind system connected to the grid.
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where p represents air density, A is the turbine's
swept area, V is the wind speed, and C, is the power
coefficient, which depends on the tip-speed ratio 1
and the blade pitch angle g.

C. Doubly-Fed
Model

Induction Generator Electrical

The DFIG is commonly utilized in wind energy
systems because of its capacity to manage both active
and reactive power while ensuring grid stability. Below
is a summary of the DFIG electrical model, highlighting
its main components and equations [21].

Stator voltage equations:

ao
Vgs = _rslds - a)scbqs + Tds (3)
ao
Vgs = —Tslgs + ws®gs + qu
Rotor voltage equations:
ao
Var = —Telgr — ((1)5 - wr)q)qr + Tdr (4)
ao,
Vgr = _rrlqr + (ws - wr)(pdr + Tqr
Stator and rotor flux linkages:
Pgs = —lislas + LnUas + 1ar)
Dys = —lislys + Ly (Igs + 1) 5)
Par = —liplar + Iy (Igs + Lar)
Byr = —lplgr + Uy (Igs + 1)
Electromagnetic torque equation:
Ce = (3/2)(p/2)lm(lqsldr - Idslqr) (6)

In this context, vy, vgs, var, and v, represent
the voltages of the stator and rotor, while I, Igs, Igr,

and I, denote the respective stator and rotor currents.

The flux linkages for both the stator and rotor are
represented by @y, Pys, Py, and @,,.. The stator
and rotor resistances are indicated by r; and ., with
;s and [, referring to the leakage inductances. The
magnetizing inductance is denoted by L,, while w
and o, signify the synchronous and rotor speeds,
respectively. Additionally, p represents the number of

pole pairs, and C, denotes the electromagnetic torque.

The DFIG electrical model represents the critical
dynamics of the generator and its connection to the
grid. By integrating rotor and stator equations, power
computations, and control strategies, the DFIG
effectively handles fluctuating wind conditions while
ensuring stable operation and maintaining power
quality. This adaptability is why it is a favored option in
contemporary wind energy systems.

D. Multi-Band Power System Stabilizers Model

By employing numerous frequency bands, the
MBPSS is intended to improve damping over a broad
range of electromechanical oscillation frequencies. A
low-frequency band to reduce global oscillations (less
than 0.2 Hz), an intermediate-frequency band to handle
inter-area  oscillations (0.2-0.8 Hz), and a
high-frequency band to suppress local oscillations
(0.8-4 Hz) are the three bands that are usually
included in its structure. A phase compensation
network, a band-pass filter, and a gain make up each
band [22].

After passing through a limiter, the MBPSS

output—which is the total of the stabilizing signals from
various bands—is supplied to the generator's excitation
system. The following is the expression for the
MBPSS's general transfer function:
Vsr(s) = By Ki - 40 7280 - Boo(s) (7
where Vi, (s) is the stabilizer output, Aw(s) is the
rotor speed deviation input, K; is the stabilizer gain,
and T;, T, , T;;, and T, are time constants
associated with the lead—lag compensators and
band-pass filters.

The MBPSS uses the three frequency-selective
channels to process the rotor speed variation, as
shown in Figure 2. The MBPSS enhances transient
and dynamic stability by offering suitable phase
compensation and damping torque, guaranteeing
efficient oscillation suppression under a range of
operating circumstances.

E. Static Synchronous Series Compensators Model

The SSSC is modeled as a series-connected
voltage source, labeled 9,, as shown in Figure 3. This
voltage consistently remains in quadrature with the line
current, meaning it is perpendicular in phase. As a
result, only the magnitude of 9, can be controlled [23].

The total active and reactive power flows in a
transmission line with an SSSC are as follows [24]:

Pim = (1 + &) 2 5in (0, — 6,)

X Km

Ppk = —Pxm
Qum = (1 + €) 22 (Vi = Vi c5 (6 — ) ®

Qe = (L + ) 72 (W, = Vie cos (6 — b))
With:

Us

E =
V2 + V2 — 2V Vi, cos Oy
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Figure 3: SSSC circuit model.
F. Static Synchronous Compensators Model _ _
lsy = (Kr(Vref + Upop — V) - lSH)/Tr (9)
In this implementation, the STATCOM model
operates as a current injection model, in which the AC @ = —IsuV (10)

system and the STATCOM solely exchange reactive
power. This is accomplished by keeping the STATCOM
current and bus voltage in quadrature. In Figure 4, the
dynamic model is displayed [25].

The differential equation and the reactive power
injected at the STATCOM node are expressed as
follows [26]:

Upop l
| 74 +

G. Unified Power Flow Controllers Model

The UPFC circuit model combines components
from both the STATCOM and the SSSC. It is
represented by a series voltage source, v and a
shunt current source, i, as shown in Figure 5 [27].

Figure 4: Circuit model and control block diagram of STATCOM.
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Figure 5: UPFC circuit model.

These sources are defined as follows [28]:

{175 = (v, +v,)e/® = rVge” (1)

oy = (ip +ig)el%

The UPFC power injection model describes its
influence on the power system as active and reactive
power injected at the respective buses. The equations
governing power injection for this model are:

Py = b ViV sin(y + 6 — 6,,)
Qkm = by Vg cosy —iq Vi
Pk = —b, ViV, sin(y + 6 — 6,,)
Qmx = —b,ViVicos(y + 6 — 6,,)

(12)

H. Comparative Summary of FACTS Devices

A comparative overview makes clear the different
roles that the SSSC, STATCOM, and UPFC play in
enhancing power system stability, even if their
respective models offer in-depth insights into their
dynamic behavior. Due to its series connection, the
SSSC mainly uses quadrature voltage injection to
regulate the effective line reactance, which enhances
power transmission capacity and helps to reduce
oscillations. As a shunt-connected device, the
STATCOM provides quick dynamic voltage support
and enhanced damping performance by exchanging
reactive power with the system to control bus voltage.
The most adaptable device is the UPFC, which
combines shunt and series converters via a single DC
link and can simultaneously change line impedance,
phase angle, and voltage magnitude. The UPFC is
particularly good at reducing electromechanical
oscillations and improving transient stability under high
renewable penetration because of its multifunctionality.

Table 2 provides a succinct comparison of various
FACTS devices' key characteristics.

3. OVERVIEW OF THE TEST NETWORK

A. Western System Coordinating Council System

A simplified version of the Western System
Coordinating Council (WSCC) system is modeled by
the nine-bus, three-machine test network utilized in the
simulations, as shown in Figure 6. It comprises
generators at nodes 1, 2, and 3, rated at 247.5 MVA,
192 MVA, and 128 MVA, respectively, and operates at
voltage levels of 16.5 kV, 18 kV, 13.8 kV, and 230 kV.
Generator G1 is connected to slack bus 1, while G2
and G3 connect to busbars 2 and 3. The network has
six transmission lines and load nodes A, B, and C at
busbars 5, 6, and 8, drawing a combined 315 MW. The
IEEE 3-machine, 9-bus layout in Figure 6 and the
synchronous generator parameters in 'per unit' (Table
3 in Appendix) complete the setup, with each generator
featuring standard voltage and speed regulators.

B. Modified Western System Coordinating Council
Network

This section examines integrating a wind energy
system into the modified 9-bus, three-machine test
network to find the optimal turbine integration rate. The
network includes two wind farms at bus 7 and bus 9,
each with 37 turbines of 1.5 MW, totaling 111 MW and
representing a 35% penetration of the 567.5 MW
network output. The turbines use DFIG technology,
and FACTS devices are placed at bus 8. This location
was selected because it is electrically close to both the
wind farm integration buses (7 and 9) and a major load

Table 2: Comparison of FACTS Device Models
Device Connection Type Control Variable(s) Primary Role
SSSC Series Injected quadrature voltage Controls line reactance, improves power transfer capability,
enhances damping
STATCOM Shunt Reactive current injection Provides fast dynamic voltag.e sypport, enhances damping of
oscillations
. . Controls voltage, phase, and impedance simultaneously; most

UPFC Series + Shunt Series voltage & shunt current effective for stability and damping
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Figure 6: WSCC network.
bus (C), making it a sensitive point for voltage stability level at which instability (loss of synchronism,

and power flow regulation. Placing the devices here
maximizes their impact on damping oscillations and
enhancing transient stability, consistent with
established FACTS allocation practices [20]. An
updated grid layout is depicted in Figure 7. The
associated turbine data, expressed in per-unit values,
can be found in Tables 4 to 6 in the Appendix. The
study specifically investigates the impact of wind power
on the system's transient stability.

To determine the optimal turbine integration rate,
we adopted an incremental simulation-based
methodology. The number of DFIG-based wind
turbines connected to the modified WSCC 9-bus
network was gradually increased, while monitoring key
stability indicators such as rotor angle deviation,
angular speed, and system frequency. The integration
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o.@ll,oosao
| r

0.0085 + 0.072
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=

/

divergence in rotor angles, or unacceptable frequency
deviations) first occurred was considered the critical
penetration limit. The optimal integration rate was thus
defined as the maximum penetration level that
maintained stable operation under these conditions. In
this study, stability was ensured up to 111 MW (74
turbines), corresponding to approximately 35% of the
total network output. This approach is consistent with
methodologies reported in earlier works on defining
wind power integration limits [3, 20].

4. RESULTS AND DISCUSSIONS

Under load condition C, a three-line to-ground
(LLLG) fault was simulated at bus 8. The issue was
started at t = 0.5 s and fixed att = 0.6 s, 100 ms later.
The system's transient stability was greatly damaged
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by this extreme disturbance in addition to the
substantial (35%) penetration of wind energy. The
power angle and angular speed disparities across
generators (0,1, 031, W21, W) and the frequency at
each synchronous generator bus were analyzed in
order to assess the performance.

To precisely capture the system dynamics during
the fault transient, the simulations were carried out in
MATLAB/Simulink R2020a using the ode23tb
(stiff TR-BDF2) solver with a variable step size and a
maximum step of 10 ms. A varied wind profile with
speeds ranging from 8 to 14 m/s over an 8-second
simulation period was used to simulate realistic wind
conditions (Figure 8).

16

Wind speed (m/s)

Figure 8: Wind speed variation profile.

The system response was analyzed across four
distinct cases:

. Case 1: No controller (Base Case).
. Case 2: MBPSS with SSSC.
. Case 3: MBPSS with STATCOM.

. Case 4: MBPSS with UPFC.

Key quantitative measures such as settling time
(time to get within +2% of steady-state), maximum
overshoot, and frequency nadir (lowest frequency point
post-fault) for the essential inter-machine rotor angle
difference &, are presented in Table 7, which
summarizes the comparative performance. The table
also calculates the percentage improvement for each
metric compared to the base case (no controller),
clearly demonstrating the superior performance of the
coordinated MBPSS-UPFC approach.

Figures 9 through 12 show the time-domain
responses of the rotor angle differences (6,,, 85,) and
speed differences ( w,; , ws3; ). The findings
unequivocally show that the MBPSS-UPFC
combination damped electromechanical oscillations the
fastest and most efficiently. There are sustained
oscillations with amplitudes exceeding 20° in the base
case in the base case (no controller). Despite providing
dampening, the MBPSS-SSSC design performs poorly,
exhibiting a an overshoot of 28.5° in rotor angle
deviation of 28.5° and a lengthy settling time of 4.5 s.
By lowering the overshoot to 22.1° and the settling time
to 4.0 s, the MBPSS-STATCOM pairing demonstrates
a noticeable improvement. The MBPSS-UPFC
controller, on the other hand, performs better,
demonstrating its resilience by reaching stability in just
3.0 seconds with a low overshoot of 18.7°.

70 . .- r
i i ===Without controller
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(| I i =+= MBPSS-SSSC
—— MBPSS-UPFC

50 ------------------------ bresseneessenens
40
30
20

10
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o .

-10

205 1 2 3 4 5 6 7 8
Time (s)

Figure 9: Difference in rotor angle, denoted as §,;.

Table 7: Comparative Performance of Damping Control Strategies

Metric No Controller MBPSS-SSSC MBPSS-STATCOM MBPSS-UPFC
Settling Time for &, (s) > 8.0 4.5 4.0 3.0
Improvement — 43.8% 50.0% 262.5%
Max Overshoot of 8., (deg) 45.2 28.5 221 18.7
Improvement — 36.9% 51.1% 58.6%
Frequency Nadir (Hz) 48.9 49.2 49.4 49.5
Improvement — +0.3 Hz +0.5 Hz +0.6 Hz
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In summary, the simulation findings, which are
corroborated by the numerical data in Table 7, highlight
how much more reliable and efficient the UPFC
controller in conjunction with MBPSS is than
alternatives based on SSSC or STATCOM. Under
extreme fault situations and strong wind energy
integration, the MBPSS-UPFC design ensures quick
convergence to a stable equilibrium with the fastest
settling time (3.0 s), the smallest overshoot (18.7°), and
the greatest frequency nadir (49.5 Hz).

5. CONCLUSION

This study showed how crucial coordinated control
measures are to improving power system stability in
the face of severe fault situations and substantial wind
energy penetration. While Multi-Band Power System
Stabilizers (MBPSS) enhanced damping performance
when integrated with any FACTS device, the
synergistic coupling of MBPSS and a Unified Power

Flow Controller (UPFC) was particularly successful,
according to simulations conducted on a modified
WSCC network. By quickly reducing electromechanical
oscillations, reducing rotor angle overshoot to 18.7
degrees, and keeping frequency within a small range of
49.5-50.5 Hz, this arrangement produced greater
transient stability and made it possible to safely
integrate a 35% wind power share.

However, this study has several limitations that
should be addressed. Although illustrative, the
research was carried out on a benchmark nine-bus
system, which might not adequately represent the
intricate  dynamics and scalability issues of larger,
actual linked electrical grids. Additionally, even if they
are representative, the fault scenario and wind speed
profile represent a particular use case. A broader range
of operational uncertainties, such as different fault
types, locations, and stochastic wind patterns, must be
used to validate the performance of the suggested
MBPSS-UPFC method.

Future research will therefore concentrate on a few
important areas. The main goal is to evaluate
scalability by validating these results on bigger, more
realistic test systems, like the IEEE 39-bus or 118-bus
networks. In order to optimize the real-time tuning of
the MBPSS and UPFC parameters in response to
shifting system conditions, future research will also
investigate the creation and application of an advanced,
intelligent coordination mechanism, possibly utilizing
artificial intelligence or adaptive control techniques.
Lastly, this coordinated solution's transformation from a
theoretical idea to a grid-ready technology will require
examining its actual deployment hurdles and economic
feasibility.
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Appendix

Table 3 summarizes the synchronous generator parameters used in the WSCC test system, expressed in per

unit values for consistency.

Table 3: Synchronous Generator Parameters for the WSCC Test System

Variables Description Machine 1 Machine 2 Machine 3 Unit
S Rated apparent power 247.5%x10° 192x10° 128x10° VA
X4 Direct-axis synchronous reactance 0.146 0.8958 1.3125 pu
X, Direct-axis transient reactance 0.0608 0.1198 0.1813 pu
Xy Direct-axis subtransient reactance 0.0483 0.0891 0.1072 pu
X, Quadrature-axis synchronous reactance 0.0969 0.8645 1.2587 pu
Xq Quadrature -axis transient reactance 0.0969 0.1198 0.1813 pu
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Xq Quadrature-axis subtransient reactance 0.0483 0.0891 0.1072 pu
Tio Direct-axis transient open-circuit time constant 8.96 6 5.89 S
Tio Direct-axis subtransient open-circuit time constant 0.04 0.033 0.033 s
Tqo Quadrature -axis transient open-circuit time constant 0.31 0.535 0.6 s
Tqo Quadrature -axis subtransient open-circuit time constant 0.060 0.08 0.07 s
H Inertia constant 23,64 6,4 3,01 s

Table 4 presents the electrical and mechanical parameters of the DFIG model implemented in the wind turbine

simulations.

Table 4: Data related to DFIG

Variables Description Values Unit
Snom Rated power 1.5/0.9 MVA
Vom Rated Voltage 0.575x10° KV

F Frequency 50 Hz
R, Stator Resistance 7.06%x10° pu
LI Stator Leakage Inductance 17.1x107 pu
R. Rotor Resistance 5% 10° pu
LI, Rotor Leakage Inductance 15.6x107 pu
L Magnetizing Inductance 29x10™ pu
H Inertia Constant 504x 107 s

p Number of Pole Pairs 3 -

Table 5 provides the main turbine specifications, including mechanical output power and pitch control

characteristics.

Table 5: Data Related to Turbine

Variables Description Values Unit
Préc nom Nominal wind turbine mechanical output power 1.5x10° w
K, Pitch angle controller gain 500 -
B Maximum pitch angle 49.9 degree

Table 6 lists the converter parameters applied in the simulation model, which govern the dynamic response of
the grid-side and machine-side converters.

Table 6: Data Related to Converters

Variables Description Values Unit
Prax Converter maximum power 0.5 pu
R L] Grid-side coupling inductor [15%x10™ 15x107] pu
[p, 1] Coupling inductor initial current [90 0] [degree pu]
Vae Nominal DC bus voltage 1200 \
C DC bus capacitor 0.01 F
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