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Abstract — Most electricity-generating plants today
rely on fossil fuels that emit greenhouse gases and are a
major contributor to global warming. Renewable
energy sources such as wind power offer a sustainable
alternative but can impact power system stability—
particularly in developing grids. This study relies on a
detailed case study model to investigate the impact of
Doubly-Fed Induction Generator (DFIG)-based wind
turbine generators (WTGSs) on the transient stability of
the Nigerian power system. Two scenarios were
evaluated: (1) supplementing existing conventional
generators with WTGs, and (2) replacing gas-fired
generators (GFGs) entirely with WTGs. The most
suitable connection points for each scenario were
identified. Case study results indicate a 9%
improvement in transient stability when WTGs
supplement conventional generators, while replacing
GFGs with WTGs led to a 9% reduction in stability.
These findings underscore the need for appropriate
inertial support or alternative stabilization measures
during the transition to a high penetration of renewable
energy in the Nigerian grid.

Index Terms — Renewable energy, greenhouse gas
emission, wind energy penetration, transient stability,
power system.
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|. INTRODUCTION

Fossil fuel combustion contributes 83% of global energy
consumption, causing climate change [1]. Renewable
energy sources, like hydro, wind, and solar, account for
12.6% [2]. Rapid development and population growth
increase fossil fuel consumption, necessitating an eightfold
increase in renewable energy generation for 100% CO,
reduction [2]. Recent technological advancements in
renewable energy have made it possible to integrate it into
the existing grid.

Currently, several power systems rely on generators that
produce high CO; emissions [3]. Consequently, the
integration of carbon-free renewable energy is necessary,
but it poses challenges to the existing grid [4, 5]. Research
efforts are underway to identify these challenges and
improve the performance of the grid-connected renewable
energy (RE).

Renewable energy (RE), despite its numerous positive
contributions, raises a number of economic,
environmental, and engineering issues that have been a
major subject of research in recent years [4, 6].
Environmental impacts and the unpredictable nature of RE
are the focus of the authors in [7]. Erdiwansyah et al. [8]
highlight the voltage stability as one of the critical issues
associated with integrating various types of RE into an
electrical grid. They propose a voltage management
scheme to address this issue. Impram et al.’s [9] survey on
the impact of RE sources on voltage, frequency, and small-
signal stability reveals that the effect depends on the level
of penetration, which is consistent with the findings in [10].
They recommend implementing demand and supply
management techniques to ensure adequate stability
control. Studies [11] and [12] report an improved voltage
of a power system with wind energy integration. Kuri and
Brackenhammer [13] discuss harmonics, forecasting, and
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time scheduling as challenges of integrating RE into a
power system. The authors in [13] design a Power Plant
Controller for energy forecasting and time scheduling,
while intelligent techniques are reported in [6] and [14] for
accurate control of the grid with RE.

Furthermore, numerous studies highlight power quality
as one of the most challenging aspects of grid-connected
RE and suggest certain solutions that could remedy such
conditions. Study [15] proposes an Adaptive Neuro-fuzzy
Inference System (ANFIS) controller and a conventional
controller to improve power quality. Ozioko et al. [16]
analyze the impact of wind energy on the real power flow
and conclude that optimal integration can reduce power
losses, while high penetration increases active power
losses. Similarly, Mastoi et al. [17] utilize a DFIG-WTG to
reduce power losses in a power system. Other studies focus
on improving the loadability of the grid-connected wind
turbines using FACTS devices [18]. However, some
researchers [19, 20] argue that integrating both FACTS
devices and RE sources into an existing grid to enhance
system performance may increase energy generation costs
and reliability concerns.

The impact of RE penetration on the small-signal
stability (SSS) of a grid has been studied by different
researchers. Study [21] indicates that wind-solar energy
integration favors the SSS of a power system compared to
the performance of the grid with power electronics-based
converter control. Moreover, He et al. [22] show that the
participation of wind-solar energy systems in frequency
regulation can improve the SSS of a grid. Modal analysis,
Newton-Raphson  power flow, and time-domain
simulations are applied in [23] to assess SPV integration
effects on voltage profiles, active power loss, and system
stability in IEEE 4-machine and Nigerian 50-bus power
systems. The findings point to varied impacts, stressing the
need for a comprehensive approach considering voltage
stability, power losses, and stability constraints. The
effects of replacing conventional synchronous generators
with inverter-based renewable (IBR) energy sources on the
electromechanical oscillation are examined by Chen et al.
[24] and Agrawal et al. [25]. According to [24], the SSS
improves when the replaced states have higher
participation factors in the electromechanical modes.
Conversely, the replacement may worsen the SSS if
participation factors are low. The authors of [25] note that
asingle trend could not be identified to correlate the impact
of increased RES penetration levels with system’s damping
ratios.

The reviewed works primarily focus on integrating

wind, solar, or both energy sources into the electrical grid
and their impact on voltage, harmonics, and frequency.
Some studies also explore grid small-signal stability when
RE generators supplement conventional ones. However,
more analysis is needed, especially regarding transient
stability when replacing gas-fired generators (GFGs) and
supplementing the GFGs with wind energy to cut down
CO; emissions. Moreover, given the context-dependent
nature of RE-research, it is necessary to explore the
implication of replacing or supplementing conventional
generators with DFIG-based wind turbines, especially in a
developing grid, which is inherently weak. Our study fills
these gaps, analyzing how DFIG-WTG impacts system
stability, focusing on Nigeria's power system. This paper's
primary contribution is that it examines how DFIG-WTG
affects power system transient stability, viewing DFIG-
WTG as both a supplement and a substitute for
conventional synchronous generators within the same
system. This holistic approach provides comprehensive
insights into DFIG-WTG's impact on power system
stability.

The remainder of the paper is organized as follows.
Section 2 discusses the methodology, outlining the
challenges faced by power supply, assessing the potential
of renewable energy in Nigeria and identifying the CO,
emission-affected area, with a focus on wind energy
integration. Section 3 presents and discusses the findings
obtained under different scenarios. Finally, section 4
concludes the study by stating limitations and
recommendations.

II.METHODOLOGY

This section details the challenges faced by Nigeria’s
power system and the methodology we applied in this
study.

A.The Power Supply Problem of the Nigeria Electricity
Grid

Nigeria, Africa's most populous nation and largest
economy in sub-Saharan Africa, faces severe power sector
limitations that impede its economic growth [26]. Despite
26 operational grid-connected plants with 12 199 MW
installed capacity, only about 4 000 MW is dispatched
daily [27], which is insufficient. Even after government
restructuring of the power sector into generation,
transmission, and distribution companies for improved
operation [26], electricity supply significantly lags behind
demand, making Nigeria one of the world's most
underpowered countries [27].
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Nigeria's power system relies on 330 KV and 132 KV
high-voltage transmission lines, alongside 33 KV, 11 KV,
and 415 V sub-distribution lines, covering over 20 000 km
high-voltage transmission lines [27]. However, the
network faces constant technical challenges such as high
losses, voltage degradation, and frequent collapses,
preventing the utilization of at least 7 500 MW of its
capacity [27]. Furthermore, most generators are GFGs
suffering from inadequate gas supply that reduces
generation. Even when gas supply is sufficient, these
GFGs, however, contribute to high CO; emissions. On the
other hand, Nigeria is endowed with abundant renewable
energy resources, like wind and solar, with a wind farm
under construction in Katsina State and several operational
solar plants [28], though none are yet grid-connected.

B. Wind Energy-Grid Integration

This subsection represents the theoretical background of
wind energy-grid integration.

1) Power Flow with WTGs

Wind energy conversion systems (WECS) can be
integrated into the grid either at the load or generator buses.
In either case, the power flow model will depend on
whether the WTG is PV-controlled or PQ-controlled. The
PQ-controlled model is usually adopted when the WTG is
used to supplement the GFGs. In this case, the integration
is done at a specified power factor, often unity, and the
WTG power is modelled as a negative load [29, 30]. When
the WTG is used to replace existing GFGs, it is common to
model it as a PV-generator, much like the GFGs being
replaced, while respecting the reactive power limits.

In a conventional load flow, real and reactive power on
bus i can be expressed as

Pi :Pgi_Pdi ) (l)

and
Qi =Qgi _Qdi ) (2)

S5 —»

where P,

real power demand, reactive power supply, and reactive

Py, Qg and Q, are the real power supply,

power demand, respectively, on bus i.
For an n-bus system, total losses can be calculated by
adding up the individual losses on the lines as

2
(R+Q
Prea\lpowerloss = Z{V—] Ri ! (3)

i=1 i
where R, and V, are resistance and voltage drop,
respectively, on the i-th line.
For PQ-controlled WTG, equations (1) and (2) become
Pi = _Pgi + Pdi ) (4)
and
Q =-Q; +Qy - ®)
Adopting the unity power factor for the PQ-controlled
model leads to rewriting equation (3) as

2
0 (P
Prealpowerloss = Z[V_IJ Ri ' (6)

i=1
The power flow between the wind generator and the grid
is driven by the mechanical power, P, , expressed as

m

1
P =5Cp(K,a)pAvas, )
where C_ is the turbine performance coefficient, A is the

tip speed ratio, o is the pitch angle of the blade, p is the

density of the air (kg'-m™3), A is the swept area of the turbine
(m?), V, is the wind speed (m's*). Equation (7) indicates
how the wind energy is converted to mechanical power.
This mechanical power is later converted to electrical
power through DFIG electrical dynamics. The conversion
system is summarized in Figure 1.

When WTGs replace conventional generators, the
power flow remains unchanged. However, due to different
dynamic characteristics, stability will not be the same. For
instance, synchronous generators contribute more to inertia

Power converter

RSC

* GSC
o

Fig. 1. DFIG-Based wind energy conversion system.
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Fig. 2. The Nigerian 330 kV, 50-bus system [33].

than WTGs. In the stability analysis of DFIG wind
turbines, the drive-train model is crucial. It is assumed that
converter control can handle the shaft dynamics.
Therefore, both mechanical dynamics resulting from wind
speed variability and electrical dynamics resulting from
wind turbine interactions with the grid are given by

equation
(Tm _Te)
2H,

where o, is the tip speed of the rotor (rad/s), T, is the

(@)

m

(®)

electromagnetic
T, = Xlorlgs = Xigd

miqr m-drgs ?

torque expressed as
H_ is the inertial constant (kW

Ids m

s/kVA), and T is the mechanical power input. In the

X_is the

m

expression for the electromagnetic torque,

and iy, areg-and d-

r

magnetization reactance (Ohm), i

axis rotor current, respectively, i, and i, are d- and g-

S

axis stator current, respectively. The comprehensive
DFIG-based WECS model parameters used in this analysis
are as shown in Table 1. Equation (8) indicates that the
wind turbine will introduce oscillation to the power system
due to the imbalance between the mechanical and electrical
torques. An ideal case is when these two torques are equal,
which is the objective of the WTG control strategies.

2) Calculation of WTGs Penetration

In this study, we define wind energy penetration as the
ratio of the wind energy injected to the total generation in
the system. The percentage penetration is expressed
formally as shown in equation

P,
R’uwin enetration vind 100 ’ (9)
% windpenetrati Z(Pgen.(i) N pwind ) X

where P,

%windpenetration

is the percentage of wind power
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TABLE 1. The DFIG-Based WECS Model Parameters

Parameter Value Parameter Value
Number of blades 3.0 p (kg/m®) 1.225
The length of blade (m) 75.0 Gear box ratio 1/89
Frequency (Hz) 50.0 Number of poles, P 4.0
Power rating (MW) 2.0 Inertia constants, Hy (KWs/KVA) 3.0
Number of turbines in the farm 900 Magnetization reactance, Xn, (p.u) 3.0
Wind speed (m/s) 7.7 Rotor reactance (p.u) 0.08
Voltage rating (kV) 330 Rotor resistance (p.u) 0.01
Coefficient of Power (Cp) 0.40 Stator reactance (p.u) 0.10
Capacity factor 40% Stator resistance (p.u) 0.01
Pitch control gain (p.u) 10.0 Time constants () 3.0
Voltage control gain, Kv (p.u) 10.0 Power control time constants, T, (S) 0.01

penetration in the system; P

wind

is the wind energy

generator capacity in the system, p.u.; P 0 is the i-th

gen.

conventional generator’s capacity, p.u. For every
additional wind power generator in the grid, the
contribution of each of the other existing generators is
adjusted proportionately. However, the power of the
already existing RE generators remains unchanged.

3) Selection of the Wind Farm Connection Bus

Figure 2 shows a schematic of the Nigerian power
system, operating at 330 kV. The network consists of two
primary types of generators: hydro plants and gas-fired
generators, located in the northern and southern regions of
the country, respectively. Notably, almost all GFGs are
concentrated in the southern part of the country, resulting
in substantial gas emissions in the region. However, this
area also has significant wind energy potential, as
identified in [31]. Replacing GFGs with WTGs could
significantly enhance Nigeria's electricity supply and
mitigate its current shortage, as reported by the
International Renewable Energy Agency (IRENA) in 2023
[32].

To integrate WTGs and reduce the share of GFGs, we
identified suitable connection points in the southern region
following a two-stage process. First, we screened for
strong buses, defined as those that maintain a voltage
profile within the £5% grid code tolerance under normal
operation. Second, from this pool of strong buses, we
identified the optimal candidates by simulating
incremental wind energy injection to find the buses that
yielded the minimal active power loss, adopting a loss
minimization approach. This ensures that the chosen
connection points are both robust and efficient.

When replacing GFGs with WTGs, we conduct a
sequential replacement process, allowing for priority-
based replacement order to prevent any deterioration of
system stability. This approach enables the identification
of the most suitable replacement strategy, ensuring the
efficient integration of WTGs and minimizing potential
disruptions to the power system.

4) Considered Cases

The study examines the impact of DFIG-based wind
turbine generators (WTG) on Nigeria's grid stability. We
consider three cases. Case 1: the base case that assumes no
use of wind energy. Case 2: WTGs supplement the GFG
output. Case 3: the power system has gas-fired generators
replaced by the equivalent capacity of wind turbines. The
presentation and discussion of results relies onPSAT®, a
MATLAB® toolbox for electric power system analysis
and simulation.

I11. RESULTS AND DISCUSSION

This section presents and discusses the findings of our
analysis as detailed in the following subsections.

A. Analysis of Cases 1 and 2

The base case power flow analysis revealed a real power
loss of 70 MW. Additionally, five key buses in southern
Nigeria, namely Akamgba, Okearo, Sakete, Ajah, and
Alagbon, were identified as strong buses. The best WTG
connection point was deemed the bus that exhibited the
lowest real power loss as wind energy penetration levels
increased on the strong buses. Figure 3a shows the real
power loss evolution on selected buses with increased wind
energy penetration (base case: 0%). Akamgba, Okearo, and
Ajah had minimum losses (51.70, 52.10, and 55 MW,
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Fig. 4. Oscillation of the base case versus WEI at Ajah.

respectively) at 24% penetration. Sakete and Alagbon had
minimum losses (60.10 and 58 MW) at 16% and 20%
penetration, respectively. This shows that buses handle
renewable energy differently. Akamgba is the preferred
candidate for Wind Energy Integration (WEI) due to its
lowest minimum real power loss compared to the base
case, with Okearo and Ajah considered as viable
alternatives. While Akamgba excels in loss minimization,
this does not guarantee stability, so each bus will undergo
further stability testing.

Focusing on the severe inter-area oscillation, a three-
phase fault was simulated at the lhovbor generator bus,
which is known for the system's slowest oscillation
(0.67 Hz) [34, 35]. We then determined the critical clearing
time (CCT); a higher CCT indicates improved transient
stability and greater wind energy integration. CCT with
increasing wind penetration is shown in Figure 3b. In the

base case (0% penetration), the system records a CCT of
0.55s. At low penetration levels, wind integration
enhances transient stability across all candidate buses.
However, stability declines beyond certain levels — after
7.5% for Sakete and Akamgba (both with CCT =0.57 s),
and after 20% for Okearo (CCT =0.575s), Alagbon
(CCT =0.60s), and Ajah (CCT =0.60 s). In contrast, the
loss-based analysis (Fig. 3a) indicates that Sakete can
accommodate up to 12.5% wind penetration and Akamgba
up to 24%, underscoring the trade-off between minimizing
real power losses and maintaining transient stability. Ajah
and Alagbon exhibit the best stability performance, each
achieving a maximum CCT of 0.60 s at 20% penetration (a
9% improvement over the base case). When both stability
and loss reduction are considered, Ajah emerges as the
most favorable site, having the lower real power loss
(55 MW) compared to Alagbon (58 MW).
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Figure 4 displays the rotor oscillation of the WTG at
Ajah at 20% penetration. The reduced amplitude in Case 2
compared to Case 1 confirms enhanced stability when
Wind Turbine Generators (WTG) supplement Gas Fired
Generators (GFGs). This demonstrates grid stability at
20% penetration (626 MW), as the system with WEI
exhibits faster oscillation damping than in the base case.

B. Analysis of Case 3

In this case, we analyzed the impact of replacing GFGs
with WTGs of equivalent capacity. The methodology
involved a sequential, one-by-one replacement of each
GFG in the southern part of the grid. For each replacement,
a transient stability analysis was performed to calculate the
CCT, with the fault located, similarly to Cases 1 and 2, at
the Ihovbor bus. This systematic process allowed us to
identify which GFG replacements were the least
detrimental to system stability. The CCT results for each

06

— 3, without WTG

lhov.

04

6\ho\.r.

with WTG @ Geregu ||

(2)

10

replacement scenario are presented in Figure 5.

For comparison, the Figure also includes cases where
WTGs are connected at the Alagbon and Ajah load buses,
allowing assessment of stability improvements from
supplementing generation at load buses versus replacing
GFGs. The results indicate that replacing GFGs with
DFIG-WTGs reduces transient stability due to the
associated loss of rotational inertia, underscoring the need
for alternative mechanisms to compensate for this
unbalance. Among the replacement cases, substituting
Olurunsogo and Geregu generators provided the best
outcome, though the CCT still declined from 0.55t0 0.50 s
a 9% reduction in stability. Overall, Figure5
demonstrates that WTGs enhance system stability more
effectively when supplementing existing generation at load
buses than when replacing conventional GFGs.

Figure 6 displays the lhovbor generator's rotor angle

1
1
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Fig. 6. (a) Comparing rotor angle oscillation in the base case against the WTG at Geregu, (b) Comparing rotor angle oscillation

in the base case against the WTG at Olorunsogo.
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with sequential replacements at Olorunsogo and Geregu,
confirming reduced stability due to higher oscillation
amplitudes. It is noteworthy that the Ihovbor generator has
a high participation factor in the dominant 0.67 Hz
electromechanical oscillation, yet stability decreases. This
observation does not agree with [24] which found that
replacing the state significantly contributing to the
electromechanical oscillation with a virtual synchronous
generator improves stability. In fact, in our case, the
stability deteriorates irrespective of generator replacement,
thus emphasizing the context-dependent nature of RE
studies.

C.Discussion and Contextual Comparison

The above study of the Nigerian grid demonstrates that
DFIG-based wind integration can enhance transient
stability at low penetration levels, but margins deteriorate
once penetration exceeds relatively modest thresholds
(=7.5-20%, depending on the connection point). While
integration at load buses shows these limits, replacing
existing synchronous generators further exacerbates
stability deterioration. This pattern arises from two coupled
effects: (i) the limited reactive-power capability of DFIGs
during faults, which aggravates voltage dips and short-term
instability; and (ii) the displacement of synchronous
generators, which reduces system inertia and weakens
frequency and transient response. These outcomes are
consistent with international experience, although the
thresholds at which issues emerge vary with the system’s
strength and topology.

Akhmatov’s Danish case study [36] highlighted similar
short-term voltage stability challenges in a system with
high wind and CHP contributions. Induction-machine
turbines were shown to absorb significant reactive power
during faults, deepening voltage sags and, in some cases,
triggering cascaded disconnections. The study further
distinguished between large offshore wind farms —
required to ride through disturbances — and local units that
often trip under undervoltage, and proposed mitigation
measures such as dynamic reactive compensation and
wind-turbine ramp-rate controls. These findings reinforce
the conclusion that adequate reactive support and effective
fault-ride-through capability are critical for secure DFIG
integration.

In the UK context, Xia et al. [37] emphasized frequency-
domain risks in a stronger, meshed grid. Their results show
that higher DFIG shares increase ROCOF and reduce
critical fault-clearance times (CFCT), with penetrations
above 40-50% vyielding CFCT values below Grid Code

requirements. Stability could be preserved only through
additional measures such as SVCs, HVDC reinforcements,
enhanced primary reserves, or synthetic inertia. The UK
network study illustrated that robust grids can tolerate
higher non-synchronous penetration before instability
arises, but only with extensive ancillary-service
deployment.

The Algerian case [38] provided a distribution-level
perspective in weak, radial systems. Simulations showed
that DFIG farms are highly vulnerable to poor fault-ride-
through and voltage collapse unless supported by D-
FACTS devices. Both D-SVC and D-STATCOM
improved stability, though with cost—performance trade-
offs: D-STATCOM delivered stronger and faster support
at higher costs, whereas D-SVC provided more economical
but slower compensation. These findings highlighted the
need to tailor remedies to the level of grid connection and
economic feasibility.

More recently, Shabani et al. [10], instead of analyzing
a national grid, employed a benchmark Single Machine
Infinite Bus (SMIB) model to examine how equipment-
level factors influence transient stability. Their results
showed that the CCT improves with increasing wind
penetration up to about 0.7 p.u. but declines thereafter,
which is consistent with our findings. They also
demonstrated that reactive power support from DFIGs
enhances stability but increases converter current stress,
pointing to the need for external devices such as
STATCOMs.

Taken together, the Nigerian, Danish, UK, and Algerian
case studies reveal a consistent picture: the mechanisms
driving stability degradation — loss of inertia, limited
MVAr support, and altered power flows — are universal,
but the penetration thresholds and mitigation strategies are
system-dependent. Stronger grids such as in the UK can
accommodate 40-60% penetration before serious risks
emerge [37], while weaker or less meshed systems such as
in Nigeria (as demonstrated in this study), Denmark [36],
and Algeria [38] experience critical issues at much lower
levels.

IV. CONCLUSION, RECOMMENDATIONS, AND
LIMITATIONS

This paper studied wind energy integration's impact on
the Nigerian grid's stability, focusing on WTGs
supplementing or replacing GFGs. We have identified
optimal connection points and quantified the stability
impacts for each scenario. The key conclusions are as
follows:
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i)

i)

Optimal placement of supplementary WTGs,
specifically at a strong load bus like Ajah, can
improve system transient stability. A 20% wind
energy penetration (626 MW) at this location
extended the CCT by 9%, from 0.55 to 0.60 s.

A trade-off exists between power loss minimization
and stability enhancement. The optimal penetration
level for stability (20%) was found to be lower than
the level for maximum loss reduction (24%),
indicating that stability is the more constraining
factor.

Replacing GFGs with equivalent WTG capacity
universally reduces system stability due to the loss
of synchronous inertia. The least disruptive
replacements (Geregu and Olorunsongo) still
resulted in a 9% stability decrease, underscoring the
need for compensatory measures.

A. Practical Recommendations for System Operators

The findings and the contextual comparison point to the
following priorities:

i)

i)
i)

Enforce enhanced grid-support functions in WTGs,
including synthetic inertia, fast frequency response,
and reactive capability;

Deploy targeted compensation (SVC/STATCOM
or D-FACTS) at weak nodes; and

Site large wind plants at strong connection points or
reinforce  weak networks. These combined
measures — also advocated in the Danish [36], UK
[37], and Algerian [38] case studies as well as in
study [10] — are essential to balancing efficiency
with stability as wind penetration grows.

B. Limitations and Future Work

This study assumed a constant wind speed, which
simplifies analysis but may overestimate stability margins
since real wind turbulence and wake effects introduce
power fluctuations that reduce the critical clearing time
(CCT). In addition, the standard DFIG model used did not
include advanced features such as Low Voltage Ride
Through (LVRT), which affect fault dynamics.

Future studies should therefore consider variable wind
speed profiles, conduct sensitivity analyses of system
parameters, and evaluate advanced inverter controls (e.g.,
grid-forming technologies) to better capture the impact of
large-scale wind integration on Nigerian grid stability.
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