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ABSTRACT

The boundless potential of wind power in augmenting global energy production
is a promising prospect. The efficient design and cost-effectiveness of doubly
fed induction generator (DFIG) wind systems make them an optimistic solution
for incorporating wind power on a massive scale. However, integrating these
systems into power grids poses several challenges, including power system sta-
bility. This study examines the small signal stability and dynamic performance
of a modified Western System Coordinating Council (WSCC) 9-bus system in-
cluding a DFIG wind farm using load flow analysis, and both electromechanical
oscillations and eigenvalue analysis. Three case studies were conducted based
on the DFIG location and power increment.The simulation is carried out with
the aid of the power system analysis toolbox (PSAT) that operates within the
MATLAB environment. The study’s findings suggest that the perturbation and
location of the DFIG relative to the system’s load have a minimal influence on
the overall system’s stability and efficiency. However, when considering damp-
ing ratio, power angle, and rotor speed deviations, generators 1 and 2 with the
perturbed DFIG installed on bus 8 are the most sensitive units to instability.
Hence, larger perturbations and different DFIG’s location influence on power
systems necessitates further analysis.
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1. INTRODUCTION
Rising concerns about the fossil fuels’ environmental impact have led to an increased focus on ex-

ploring renewable energy as a viable alternative. The accuracy and sustainability of wind turbines increase in
proportion to their level of penetration. Wind farms must be able to consistently generate the required amount
of electricity based on the current wind speed level and the demands of the grid [1]. Doubly fed induction
generator (DFIG) wind power technologies are recognized as one of the most sophisticated solutions in this
field due to their high efficiency compared to cost. However, the power system’s stability could be significantly
compromised in the event of a lack of control and weak damping.

In heuristic terms, power system stability pertains to the capacity of a power system to sustain a state
of equilibrium during regular operation and to attain a satisfactory equilibrium state following an external dis-
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turbance. Power system instability can arise from various factors, including unsynchronized rotating inertias,
low voltage, faults resulting from natural causes, or malfunctioning of protection system devices. Power sys-
tem’s stability is reliant on three crucial aspects, specifically, voltage stability, frequency stability, and rotor
angle stability. This field has been extensively researched. Particular concept in this area extensively reviewed
in [2]. Asija et al. [3] conducted a contingency analysis and power flow study of the Western System Coordi-
nating Council (WSCC) 9-bus power system using MATLAB, while Eremia and Shahidehpour [4] present a
detailed analysis of power system dynamics and stability concepts.

DFIG wind systems have recently emerged as a prominent trend in wind power conversion tech-
nologies, primarily because of their considerable influence on power system stability. Rosyadi et al. [5] has
produced a variable speed wind turbine (VSWT) generator model that is simplified and intended for use in
dynamic simulation examination. Abo-Khalil [6] conducted a thorough examination of how wind farms affect
the power systems’ stability, considering the incorporation of sustainable energy supply. Ngamroo [7] carried
out a comprehensive and in-depth analysis of the DFIG’s effect on the power systems’ dynamic performance
by reviewing the literature thoroughly. The review comprehensively covered a wide range of topics, such as
various modeling techniques, control strategies, and their potential impacts the stability.

The preservation of power system equilibrium is critical, and small signal stability plays a vital role
in it. In this context, a comparison was made between DFIG and squirrel-cage induction generator (SCIG)
turbines in an IEEE 14-bus system, as investigated by [8]. Analogies with static VAr compensators (SVC)
and shunt static synchronous compensator (STATCOM) have been introduced into DFIG-based turbines for
small signal stability enhancement purposes [9]. The of DFIG’s based turbines effect on power systems’
voltage stability was scrutinized by [10], with results showing that stability can only be sustained by small-
scale wind power penetration. As wind energy integration continues to affect power systems, researchers
have put forward different approaches to enhance small signal stability. In their work, Gibbard et al. [11]
delved into the intricacies of power system control, small-signal stability, and dynamic performance, paying
particular attention to the crucial role of incorporating wind energy integration into the analysis of power system
reliability. On a related topic, Dasu et al. [12] recommended the whale optimization algorithm for this purpose
in a substantial power system.

The study of power system oscillations is a crucial aspect of power system stability, given its con-
siderable influence on the dependability and security of these systems. Such oscillations can be attributed to
a range of factors, including torque imbalances, insufficient damping, poor controller tuning, and interactions
between controllers and series capacitor compensated lines [2], [4]. Electromechanical oscillations, which are
among the most dominant modes of power oscillations, can be categorized into two sorts: local and inter-area
modes. Local modes of electromechanical oscillations typically manifest at frequencies ranging from 0.7-2 Hz,
while inter-area modes tend to occur at frequencies between 0.1-0.8 Hz, as documented in [13]-[15]. Further-
more, The integration of renewable energy, including wind energy, into conventional grids can pose challenges
to power system oscillations damping, as highlighted in a recent bibliographic review by [16]. Ghosh and
Senroy [17] delves into the localized nature of electromechanical oscillations in power systems by exploring
how local factors, such as generator damping and system topology, affect the oscillations. According to [18],
low-frequency oscillations in power systems have a strong mathematical and analytical basis, and wide-area
monitoring and control systems can play a key role in their control and regulation.

This paper investigates the small signal stability and dynamic behavior of a multi-machine power
system that includes a DFIG wind farm located at various locations within the WSCC 9-bus system. Then, we
assess it’s efficiency using the PSAT Toolbox. The research is categorized into four parts, beginning with an
introduction that outlines the stability statement. In the second segment, the tested system is mathematically
modeled, with a focus on describing the wind farm. In the third part, the power system analysis toolbox (PSAT)
model used for the simulation is exhaustively described. Finally, the fourth portion provides a comprehensive
interpretation of the simulation findings, including the machine’s influence on the system’s dynamic behavior
and stability.

2. SYSTEM MODELING
The synchronous machine’s dynamic models adequate for stability studies are well-reviewed in [2],

[19]. In this passage, we will focus only on DFIG modeling. The typical schematic of the DFIG based wind
turbine connected to the grid with the back-to-back converter is well drawn in Figure 1.
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Figure 1. The standard configuration of a grid-connected DFIG wind system

2.1. DFIG dynamic modeling
The mathematical modeling of the DFIG based wind turbine, including its related electrical equa-

tions, has been explicated in great depth in [20], [21]. To build upon this foundation, our study employs the
comprehensive system of equations established in [22], [23]. Hence, for the stator windings:

vds = (xs + xm) iqs + xmiqr −Rsids (1)

vqs = − (xs + xm) ids + xmidr −Rsiqs (2)

and for the rotor:
vdr = − (1 + ω) ((xr + xm)iqr + xmiqs)−Rridr (3)

vqr = − (1− ω) ((xr + xm)idr + xmids)−Rriqr (4)

where vdr, vqr, vds, vqs, are dq components of the rotor and stator voltages. The dq currents for both stator and
rotor currents are given by ids, iqs, idr, iqr. Rr, Rs are the rotor and stator resistances. xr, xs, xm rotor, stator,
and mutual inductances. ω is the rotor speed. As a result, it is possible to represent the electromagnetic torque
using (5).

Te = xm(iqriqs − idsidr) (5)

Furthermore, the powers are expressed in the following manner:

Ps = vdsids+vqsiqs (6)

Qs = vqsids−vdsiqs (7)

Pr = vdridr+vqriqr (8)

Qr = vqridr−vdriqr (9)

Finally, the total power exchanged with the grid:

Ptot = Ps + Pr (10)

Qtot = Os +Qr (11)

when utilizing the vector control technique, the rotor decouples both active and reactive powers. We assume
that the active power directly affected by the q component, Whereas idr regulates the reactive power. Accurate
calculation of the limits for rotor currents is an indispensable requirement to achieve DFIG’s optimal steady-
state operation:

iqrmax
≈ −xs + xm

xm
Pmin (12)

iqrmin ≈ −xs + xm

xm
Pmax (13)

idrmax ≈ −xs + xm

xm
Qmin − xs + xm

xm
2

(14)

idrmin
≈ −xs + xm

xm
Qmax − xs + xm

xm
2

(15)

Small signal stability and dynamic performance investigation ... (Khaled Kouider)



1828 ❒ ISSN: 2088-8694

3. THE SIMULATION MODEL DESCRIPTION
TIn the actual work, The WSCC 9-bus power system [24] with (100 MVA, 60 Hz base) is employed.

This model comprises three synchronous generators correlated to buses 1, 2, and 3 (bus 1 is the slack bus,
2 and 3 are PV buses). Three PQ loads bus attached to buses 5, 6, and 8, six transmission lines connect
the aforementioned components to the remaining system, as exhibited in Figure 2. The data employed in the
simulation are listed on the supplementary file. The WSCC test model is modified by integrating the DFIG
wind farm in different locations at load buses as mentioned in Figure 3, taking into account that, the first case
represents DFIG at bus 5, the second case at bus 6 and, the last case is when the wind farm is coupled at bus
8. The simulations are performed using the PSAT toolbox. It is a free toolbox used for load flow studies and
stability analysis compatible with the MATLAB platform [25]. In the three cases, the DFIG wind farm with
unity power factor with 0.5 p.u. generation power is attached and subjected to a 0.25 p.u. power increment at
(t = 100 s) and lasts to the end of the simulation.
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Figure 2. WSCC 9-bus test system in PSAT
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Figure 3. Modified WSCC 9-bus test system including the three cases

Int J Pow Elec & Dri Syst, Vol. 14, No. 3, September 2023: 1825–1833



Int J Pow Elec & Dri Syst ISSN: 2088-8694 ❒ 1829

4. ANALYSIS OF SIMULATION FINDINGS
The time-domain simulation are well drawn by Figures 4 and 5, which was performed using the

trapezoidal integration method. This method is known for its robustness and stability across various test cases.
Notably, power augmentation was achieved through the use of a perturbation file that was created and imported
into the PSAT toolbox using MATLAB programming skills. The following five sub-sections will examine the
discussion of these results.

4.1. Power angle deviation
The power angle deviation has the potential to involve the power system’s stability, which influences

the synchronism of generator rotors. The power angle evolution is well depicted in Figure 4, where the injection
of 0.25 p.u. of wind power by the DFIG causes δ1, δ2, and δ3 to deviate by 20.3◦, 22.5◦, and 15.6◦ in the three
cases, respectively. The third case has the highest relative angle deviation in ∆δ1−2 and ∆δ1−3 with 1.5◦

and 1.38◦ as established by Figures 4(a) and 4(b) in that order. Moreover, the maximum peak for ∆δ2−3 was
observed in case 2 with 0.5◦, as presented in Figure 4(c). While not necessarily alarming, a 1.5 degree relative
power angle deviation necessitates careful monitoring and measures to ensure the stable and reliable operation
between generators.
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Figure 4. Power angle deviation (a) ∆δ1−2, (b) ∆δ1−3, (c) ∆δ2−3

4.2. Generators speed deviation
The generator speeds deviation are accurately displayed in Figure 5. Before the power increment, the

fluctuations of the generators’ speeds (frequency) for all cases precisely oscillate around 0 p.u. Similar to the
angle deviation, the highest relative deviation in rotor speed is observed in case 3, with 0.038% for ∆ωsyn1-2
and 0.03% for ∆ωsyn1-3, as shown in Figures 5(a) and 5(b), respectively. On the other hand, Figure 5(c) exhibits
the maximum deviation for ∆ωsyn2-3 on case 2 with 0.023% following the power addition. Moreover, instant
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oscillations, spanning a scope of ±0.025%, emerge and gradually diminish in magnitude, provided that the
overall stability of the system is not intensely compromised.
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Figure 5. The generators speed variation (a) ∆ωsyn1-2, (b) ∆ωsyn1-3, (c) ∆ωsyn2-3

4.3. Bus voltages

The voltages V1, V2, V3, V5, V6 and V8 are summarized in Table 1. Thus, it can be assumed that at
t = 100 s, the bus voltages remained in close alignment with the given references. Vbus 5 in the 3rd case gets the
maximum over-undershoots within the range of +0.45% to -0.48%. Furthermore, it was found that there was
no requirement for reactive power compensation (voltage regulation) in all instances, indicating that the power
system was able to effectively manage the voltage levels, even with changes in power output from the DFIG.

Table 1. Detailed data of the bus voltages V1, V2, V3, V5, V6, and V8

Vbus 1 Vbus 2 Vbus 3

Value Over (%) Under (%) Value Over (%) Under (%) Value Over (%) Under (%)
Case 1 1.04 0.09 -0.09 1.25 0.19 -0.19 1.25 0.19 -0.19
Case 2 1.04 0.09 -0.09 1.25 0.29 -0.29 1.25 0.19 -0.19
Case 3 1.04 0.19 -0.19 1.25 0.29 -0.39 1.25 0.29 -0.39

Vbus 5 Vbus 6 Vbus 8

Value Over (%) Under (%) Value Over (%) Under (%) Value Over (%) Under (%)
Case 1 1.015 0.19 -0.09 1.017 0.19 -0.19 1.019 0.29 -0.19
Case 2 0.9973 0.2 -0.25 1.028 0.09 -0.19 1.018 0.19 -0.29
Case 3 0.9909 0.45 -0.48 1.009 0.39 -0.39 1.026 0.38 -0.39
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4.4. Load flow results
Detailed information about the load flow can be found in Tables 2 and 3. The negative phases on

buses 4, 5, and 6 denote that voltages’ phase of these buses lag from the reference phase 0◦. Hence, the power
increment at t = 100 s, for different locations of the DFIG wind farm on system loads, has a minimal impact
on the generators’ power and voltage, and the system’s load flow. However, the negative reactive power losses
from Table 3 denote an excessive generation in this power resulted in voltage rise, which should be monitored
and assessed for reliable operation. Despite this, the findings suggest that the system can handle the power
increase with negligible influence on its functioning.

Table 2. Load flow results after power increment (at t = 100 s)

Case 1 Case 2 Case 3
V [p.u.] Phase [rad] Pgen [p.u.] V [p.u.] Phase [rad] Pgen [p.u.] V [p.u.] Phase [rad] Pgen [p.u.]

Bus 1 1.040 0.35534 0.21564 1.04 0 0.21711 1.04 0 0.24105
Bus 2 1.025 0.56939 1.63 1.025 0.20507 1.63 1.025 0.25006 1.63
Bus 3 1.025 0.47972 0.85 1.025 0.13543 0.85 1.025 0.16576 0.85
Bus 4 1.0318 0.34371 0 1.0287 -0.01169 0 1.0222 -0.01306 0
Bus 5 1.0154 0.3482 0 0.99728 -0.03696 0 0.99085 -0.02284 0
Bus 6 1.0169 0.32391 0 1.0278 2e-5 0 1.009 -0.01825 0
Bus 7 1.0306 0.47279 0 1.0269 0.10813 0 1.0287 0.15329 0
Bus 8 1.0195 0.41689 0 1.018 0.06063 0 1.0261 0.11921 0
Bus 9 1.0343 0.43271 0 1.0356 0.08848 0 1.0348 0.11879 0

Bus 10 1.03 0.42897 0. 5 1.03 0.08065 0.5 1.03 0.19989 0.5

Table 3. Total generation, load, and losses after power increment (at t = 100 s)
Total generation Total load Total losses

Case 1 3.1956 0.04628 3.15 1.15 0.04564 -1.1037
Case 2 3.1971 0.06433 3.15 1.15 0.04711 -1.0857
Case 3 3.2211 0.17691 3.15 1.15 0.07105 -0.9730

4.5. Eigenvalue analysis
This experiment utilized the eigenvalue analysis tool that is available in the PSAT toolbox. A total of

29 states were initiated and analyzed, which included 10 pairs of complex states. The analysis revealed that the
system is stable, as evidenced by the results displayed in Figure 6. Eigenvalues analysis is crucial for assessing
the stability of a linearized power system model by identifying its Eigenvalues. Based on Table 4, local mode
oscillations are detected on the three synchronous generators, each with varying damping ratios. The proximity
of pseudo-frequency to the system frequency suggests low damping, which can cause oscillations with decaying
amplitudes. Generators 1 and 2 have the most critical modes with poor damping of 2.1% and 2%, respectively,
making them more prone to instability from perturbations. Therefore, critical modes should receive particular
attention, as they have the potential to cause instability if not damped properly. This highlights the significance
of identifying and damping critical modes in power system stability analysis and control.
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Figure 6. The standard configuration of a grid-connected DFIG wind system
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Table 4. Eigenvalues analysis detailed report
Eigenvalues Most Associated States Eigenvalues Frequency Oscillation Mode

Real Part Img Part
Eig As # 4 delta Syn 3, omega Syn 3 -0.69532 12.7752 2.0362 Local Mode 3
Eig As # 5 delta Syn 3, omega Syn 3 -0.69532 -12.7752 2.0362 Local Mode 3
Eig As # 6 delta Syn 2, omega Syn 2 -0.17424 8.4129 1.3392 Local Mode 2

Case 1 Eig As # 7 delta Syn 2, omega Syn 2 -0.17424 - 8.4129 1.3392 Local Mode 2
Eig As #17 delta Syn 1, omega Syn 1 -0.04414 1.6036 0.25532 Local Mode 1
Eig As #18 delta Syn 1, omega Syn 1 -0.04414 - 1.6036 0.25532 Local Mode 1
Eigenvalues Most Associated States Eigenvalues Frequency Oscillation Mode

Real Part Img Part
Eig As # 4 delta Syn 3, omega Syn 3 -0.68553 12.8079 2.0414 Local Mode 3
Eig As # 5 delta Syn 3, omega Syn 3 -0.68553 - 12.8079 2.0414 Local Mode 3
Eig As # 6 delta Syn 2, omega Syn 2 -0.18118 8.3843 1.3347 Local Mode 2

Case 2 Eig As # 7 omega Syn 2, delta Syn 2 -0.18118 - 8.3843 1.3347 Local Mode 2
Eig As #17 omega Syn 1, delta Syn 1 -0.04268 1.5628 0.24882 Local Mode 1
Eig As #18 delta Syn 1, omega Syn 1 -0.04268 - 1.5628 0.24882 Local Mode 1
Eigenvalues Most Associated States Eigenvalues Frequency Oscillation Mode

Real Part Img Part
Eig As # 4 omega Syn 3, delta Syn 3 -0.96248 12.8007 2.0403 Local Mode 3
Eig As # 5 delta Syn 3, omega Syn 3 -0.96248 -12.8007 2.0403 Local Mode 3
Eig As # 6 delta Syn 2, omega Syn 2 -0.17492 8.4582 1.3464 Local Mode 2

Case 3 Eig As # 7 delta Syn 2, omega Syn 2 -0.17492 -8.4582 1.3464 Local Mode 2
Eig As #17 omega Syn 1, delta Syn 1 -0.03192 1.4917 0.23746 Local Mode 1
Eig As #18 omega Syn 1, delta Syn 1 -0.03192 -1.4917 0.23746 Local Mode 1

5. CONCLUSION
Based on the findings of this study, it is evident that the placement of a DFIG-based wind turbine

at load buses does not significantly affect the stability and performance of the WSCC 9-bus power system.
The load flow report demonstrated the system’s ability to maintain its controlled operating values during per-
turbations, and eigenvalue analysis showed that the system remained stable as long as the electromechanical
oscillations were well-damped. However, particular attention should be paid to the behavior of these oscilla-
tions in the face of larger perturbations and different DFIG locations, may exert a considerably more potent
influence on the system’s stability and performance.
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