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Abstract: Voltage stability is a critical concern in modern power systems, particularly for ensuring a safe and reliable operation under
heavily loaded conditions. This study presents a static voltage stability assessment (VSA) approach applied to the IEEE 14-bus test
system, focusing on the identification and ranking of load buses using PV and QV curve analysis to guide optimal reactive power
compensation. Simulation results identify Bus 14 as the most vulnerable, with the lowest real power margin (153.35 MW) and reactive
power margin (-117.01 MVAR). To mitigate voltage instability, Static VAR Compensators (SVCs) and Static Capacitor (SC) banks were
strategically deployed at this critical bus. Post-compensation analysis reveals a significant enhancement in voltage stability: the critical
voltage at Bus 14 improved from 0.5936 pu to 0.9183 pu (a 54.7% increase), and the real power margin increased from 135.35 MW to
224.99 MW. Similarly, the minimum reactive power margin improved from -117.14 MVAR to -220.52 MVAR, while the corresponding
critical voltage rose from 0.54 pu to 0.94 pu. These shifts in both PV and QV curves indicate enhanced reactive power support and a
stronger voltage profile.
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Introduction: Maintaining voltage stability is crucial for operating modern power systems. It guarantees that reasonable voltage
levels which is 95% to 105% of the rated value is maintained at all buses under various load and disturbance conditions [1].
Voltage instability is becoming more common due to the stress on aging infrastructure, the increase in nonlinear loads, and the
integration of intermittent renewable sources. Poor bus voltage control or insufficient reactive power support can cause
progressive voltage drops, so causing system collapse and blackouts. Maintaining safe and stable power system operation
depends thus on buses having enough reactive power margin [2].

Researchers have developed a variety of analytical tools and indices to assess the susceptibility to voltage collapse of power
system. Among them, PV and QV curves are widely recognized because of their simplicity and effectiveness in static analysis.
These curves give insight about voltage behavior under incremental loading and help to estimate maximum reactive power
requirement and loading limit of individual buses. Many Voltage Stability Indices (VSIs) and power flow equations have also
been extensively discussed [3]. Rao et al. focused the use of these indices in load ability analysis, weak bus identification, and
voltage collapse

estimation [4]. Mokred et al. suggested the Modern Stability Assessment Index (MSAI) to increase the precision of identifying
stressed areas in power systems [5], while Yadav et al. offered a qualitative framework for selecting VSIs tailored to specific
system characteristics [6]. Recent studies have further developed these

concepts. Hemmatpour developed a method to determine Voltage Stability Indices (VSIs) at buses without direct measurements
through predictive models [7], whereas Alayande et al. utilized L-Index values to identify vulnerable buses and enhance voltage
profiles through reactive power support [8]. Hao et al. created a short-term voltage solvability indicator by eigenvalue analysis of
the reduced Jacobian matrix [9]. Gadal et al. conducted a comparative study integrating VSIs with FACTS devices for reactive
power compensation [10]. Nitsch et al. examined uncertainty modeling in dynamic simulations to assess stability margins amid
model variances [11]. Rezaee et al. emphasized the importance of proper coordination of under-frequency and under-voltage load
shedding method to maintain stable voltage and frequency [12].

Several comparison analyses and simulation-based investigations have further evaluated the advantages and disadvantages of
current VSI methodologies. Salama et al. discussed the computational complexity and performance of 49 VSIs across several
power system models [3]. Werkie et al. presented a state-of-the-art review on voltage control strategies and classified reactive
power enhancement techniques [13]. Gupta et al. considered voltage stability assessment under integrated wind and solar PV
scenarios [14], whereas Ehimhen et al. employed predictive optimization for instability identification inside the Nigerian
transmission network [15]. Alabbas et al. focused a data-driven method for the prediction of real-time voltage stability status
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using artificial intelligence method [16]. Ahmadipour et al. proposed a deep learning-fused gravitational search and particle
swarm optimization hybrid model for an improved control [17]. Despite the extensive studies conducted, several challenges still
exist. Many approaches depend solely on singular indices or exclusively on either PV or QV curve analysis. Only a limited
number of researches incorporate both PV and QV attributes to establish a comprehensive and measurable ranking of buses.
Furthermore, while several papers propose reactive power improvement using FACTS devices [18] or static compensators [19],
they often do so without a curve-based vulnerability assessment. Even hybrid VSI methods using optimization techniques [20] or
deep learning [21] fail to tie simulation data back to real-world reactive margin deficiencies. Nonetheless, there exists gaps in
combining curve-based weak bus identification with practical mitigation measures. This paper introduces a unique methodology
that employs both PV and QV curve studies to evaluate the buses of the IEEE 14-bus system for voltage stability.

Overview of Power System Stability: Power system stability means the ability of the system to restore operational balance after
a disturbance, keeping the key variables within acceptable limit to preserve integrity of the system [22]. Disturbances may
include faults, load/generation changes, or switching actions. Classifying stability into distinct categories aids to identify causes
of instability and develop effective mitigation strategies. Fig. 1 illustrates the overall structure of power system stability where
the voltage stability is a concerning issue with the ability of a power system to keep voltages within an acceptable range, both
during normal operation and following any disturbances [23]. Voltage instability occurs when disturbances or load increases
cause a sustained amount of voltage drop. It is classified as large-disturbance (response to major faults or outages) and small-
disturbance (response to minor load changes) voltage stability. Further, voltage stability can be short-term or long-term, as shown
in Fig. 1. Short-term stability relies on quick-acting elements like induction motors and HVDC converters, in contrast, long-term
stability is influenced by slower devices, including tap-changing transformers and generator limiters.

Static Voltage Stability Assessment: Voltage Stability Indices provide a way to evaluate the voltage stability of a power system
[3]. There are a number of indices that can be used to rank the stability of individual line connecting two buses in a network, or
evaluate the voltage stability margins of the buses of an interconnected system based on different parameters. In this analysis two
indices including i) PV curve and ii) reactive power margin is used to evaluate bus voltage stability.

PV Curve: The PV analysis is a method used to understand voltage variations with active power change. PV curve analysis is
utilized to assess voltage stability in both radial systems and extensive meshed networks [24].
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Fig. 1: Comprehensive classification of power system stability [22].

To explain PV curve analysis, let us consider a simplified network of two-bus system with a single generator, a single
transmission line and a single load, as shown in Fig. 2. Here, V; is the transmitting end voltage and V, is receiving end voltage.

The receiving end voltage, V, can be calculated asd

1-BPpt y1—Pp(Pp+2pB)

|Vz|2 =

eq. 1

where, B is constant and Pp, is real-power at load.
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Fig. 2: Simplified two-bus power system model.

The voltage at the load point is affected by the power supplied to the load, reactance of the line and the power factor of load as
indicated in the eqn. (1). The voltage stability margin in PV curve is illustrated in Fig. 3. As it can be seen from this figure, there
is a critical limit C.iticqi, above which all the solutions deliver a stable value. The point where the two voltage solutions
converge into a single value, that indicates the steady state voltage collapse point. The load carrying capability is kept such that
the voltage of a certain bus must fall in the range between 0.95 pu to 1.05 pu of the rated value of the voltage. At the knee of the
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PV curve, the voltage drops quickly as the load rises. PV curves are effective for voltage stability assessment specially for radial
systems.

Reactive Power Margin: Reactive power margin quantifies the system’s ability to supply additional reactive power demand
without violating voltage limits or triggering voltage collapse. Reactive power margin is typically evaluated through QV curve
analysis. This margin is thus directly linked to load-bearing limit of a certain bus and serves as a preventive metric that operators
can use it to identify weak areas in the system and implement remedial actions to enhance voltage support.
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Fig. 3: PV curve illustrating voltage stability margin [25].

The QV curve is drawn for a specific load bus, and this plot is basically a curve of reactive power injection versus the resulting
bus voltage. The eqgn. (2) shows that there are two possible solutions. The rightward solution is in the stable operating region, and
the leftward solution is in the unstable region. The difference between the current operating point and this critical point defines
the reactive power margin as shown in Fig. 4.
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Fig. 4: QV curve showing voltage stability limit and reactive power margin [26].

Voltage Stability Improvement: Voltage stability improvement refers to the set of strategies or actions that is undertaken to
enhance a power system’s ability to maintain acceptable voltage levels, both during normal operating condition and in the event
of disturbances. Enhancing voltage stability is crucial for a secure and reliable functioning of power systems. There are a number
of devices that is currently used to stabilize voltage profile in the buses of an interconnected system [27].

Static Var Compensator: Static Var Compensator (SVC) is a power electronics-based device that connects in parallel with the
power system for voltage stability improvement. It can provide dynamic stability improvement by means of a controller. It is a
combination of Thyristor Switched Capacitors (TSC) and Thyristor Controlled Reactors (TCR) connected in parallel. SVC also
integrates filters and a control system to ensure its effective and reliable operation.
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Fig. 5: Construction of SVC [28].
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The TSC is used to manage the capacitive reactive power, while the TCR is responsible for controlling the inductive reactive
power. This dual capability allows the SVC to precisely regulate reactive power flow. If the voltage level in the system rises
above the desired threshold, the SVC will promptly absorb reactive power to restore it. Conversely, if the voltage level drops
below the desired threshold, the SVC will inject reactive power into the system. to bring it back. The SVC's control system
achieves this by adjusting the “firing angle” of the thyristor devices. This adjustment regulates the amount of reactive power that
is injected or absorbed by the TCR and TSC. This dynamic and accurate control allows the SVC to maintain a stable voltage level
and improve the overall power factor of the system.

Static Capacitor Bank: Static capacitor bank improves voltage stability by injecting reactive power, compensating for voltage
drops, and enhancing the overall voltage profile [29]. It is static in nature unlike SVC as there is no control mechanism to control
how much capacitance is needed to improve voltage stability in certain case but it is very cheap. So, in most cases the amount
needs to be handled manually. The amount of capacitance needed can be found from the eqn. (4). Capacitor bank can be used
both in wye and del configurations as shown in Fig. 6. The value of the capacitor can be calculated as:

Qc

- 2
w VRms

eq. 3

I

Fig. 6: Different configuration of capacitor bank with 3 phase lines [30].

System Modelling: IEEE-14 bus system is chosen as the test network. The single-line diagram (SLD) of the system is presented
in Fig. 7. The IEEE 14 Bus test system is a basic approximation of the American power grid, it is a simplified representation of
the transmission system in the Midwest of United States [31]. As its name suggests, the system comprises 14 different buses
along with 11 loads, 5 generators, 5 transformers and 16 transmission lines. The system operates at a nominal frequency of 50
Hz. All network parameters provided in per unit values based on 100 MVA base.

The synchronous generators are connected in bus 1, 2, 3, 6 and 8. Among these, bus 1 is considered as the slack bus, therefore the
voltage magnitude and voltage angle are given for this bus. The remaining generators are set up to regulate active power injection
and voltage levels at the associated buses. Bus voltages are maintained at different level at each bus. Total Installed Capacity is
700 MW and the spinning reserve is 130.59MW. The length of each line in the Power Factory model is set to 1km. The loads are
modeled as having constant active and reactive power demand. Each transformer’s rated power is taken to be 100 MVA.
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Fig. 7: Single line diagram of the IEEE 14-bus test system.

Optimization Problem Formulation and Proposed Methodology: This section includes the systematic approach of
formulating the optimization problem along with a detailed description of the proposed methodology at the end.
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Optimization Approach: The optimal placement of the reactive power compensator is determined by directly at the common
weakest bus while their sizing is determined by two objective functions. The primary objective is to maximize the minimum
reactive power margin of the all-load buses and minimize the total installed reactive power compensation capacity while
satisfying voltage stability criteria so that investment cost can be reduced. This ensures even the most vulnerable bus will achieve
a strong margin. This can be expressed in mathematically by:

Maximize(Qmargin,total) = z:L'ELoad Buses (Qmargin,i) €q. 4

Where Qrnqrgin is the reactive power margin of it" bus before compensation.

Minimize(Qcomp,total) = ZjeCompensator Locations (QSVC,j + Qcap,j) €q. 5

Where Qsyc,j and Qcqyp,; are the reactive power capacity of SVC and SC respectively installed at the bus j. Now some constraints
will be discussed that will control the objective function.

e \oltage Limit: All bus voltage must remain within the acceptable voltage range under all operating conditions and
after compensation, according to Vy,in < Vi < Vipax -

e Compensator Capacity Limits: Installed compensator size must be within their practical operating ranges like
0< QSVC,j < QSVC,max and 0 < Qcap,j < Qcap,max-

e  Power Flow Equation: Power system operation must always obey the power flow equation.

N
Po, =Py = ) Vel ¥im] cOS(85 = Sy = Bim)
m=1 eq. 6

N
Qo= Qi = ). Vil Wil Vi Sin(By = 8y = Bm)

m=1

Where, Pg,, Qq,, P, Qs Vi Yiem, Okm are active power generation, reactive power generation, active loads, reactive loads,
voltage magnitude, voltage angle and admittance matrix elements respectively.

Stepwise Description of the Proposed Methodology: This section presents systematic overview of the entire procedure from
the identification of the weakest buses in a power system network to the implementation of improvement technique as visually
demonstrated in the flowchart depicted in Fig. 8. The first step involves establishing the foundation of the power system model to
be analyzed which is IEEE-14 bus system in this case. For each i*"* load bus, PV/QV curves are generated by continuously
increasing active and reactive power, respectively. From these curves, voltage magnitude and real power margin are recorded at
the “knee point” of PV curve. Reactive power margin and corresponding voltage magnitude are also recorded from the QV curve.
Following this, comprehensive ranking is performed independently based on the real power margin and reactive power margin
for each load bus. The common weakest bus is identified from the two ranking then reactive power compensator like SVCs, SC
are designed and sized according to the objective function. After successfully implementation of reactive power compensator,
new PV and QV curve are generated and compared with the pre-compensation curve to validate the effectiveness.

Results and Analysis: The simulation results based on our static analysis using PVV/QV curve are presented in this section. All
the simulation results presented in this section have been obtained by using a comprehensive power system analysis software
DIgSILENT Power-Factory which is used widely in academia and industry. Fig. 9 illustrates two key aspects: (a) the PV curves
of various load buses and (b) the ranking of buses based on their real power margins in the IEEE 14-bus test system. For each
bus, the active power demand was gradually increased, and the corresponding bus voltage was recorded. The voltage
characteristics of each load bus under varying load conditions are depicted in Fig. 9 (a). A critical point on this curve, known as
the “knee point” or critical voltage is identified that signifies the maximum active power that a bus can handle before its voltage
rapidly collapses. To further clarify this, the real power margin of individual buses is ranked in Fig. 9 (b).
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Fig. 8: Step by step illustration of the proposed methodology.

Where it can be seen that the bus 14 exhibits the lowest real power margin which is 153.3486 MW followed by bus 10, bus 12,
bus 11, bus 7, bus 9, bus 13, bus 5 and bus 4. So, bus 14 is the weakest location in this network. Based on this analysis, bus 14,
bus 10, bus 12, and bus 11 can be identified as weak bus, indicating a high risk of voltage instability. Bus 7, bus 9 and bus 13 are
classified as moderately weak, while bus 5 and bus 4 are considered strong buses, having relatively higher stability limit.
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Fig. 9: (a) PV Curve and (b) Ranking of load Buses for IEEE 14 Bus System.

Bus 4 can be identified as the strongest location in this network as it exhibits highest real power margin which is 675.1989 MW.
It represents the availability of reactive power reserve of a bus can provide or absorb before reaching its voltage stability limit. A
smaller reactive power margin indicates higher vulnerability on the other hand higher reactive power margin indicates higher
stability. The Fig. 10 (b) illustrates a ranking of the reactive power margins from the simulated QV curves for each bus. As it can
be seen from Fig.10(b), bus 14 consistently demonstrates the lowest reactive power margin which is -117.0147 MVAR followed
by bus 12, bus 10, bus 11, bus 9, bus 13, bus 7, bus 5 and bus 4. So, again it can be decided that bus 14 is the weakest location in
this network. According to the analysis we can say that bus 14, bus 12, bus 10, bus 11 are weak bus. Bus 9, bus 13 and bus 7 are
moderately weak. Bus 5 and bus 4 are strong buses. Similar to the PV curve analysis bus 4 can be seen as the strongest location
in this network based on the QV curve analysis.
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Fig. 10: (a) QV Curve and (b) Ranking of load Buses for IEEE 14 Bus System.
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A comparative analysis of the bus ranking is derived independently from both PV and QV curve though Fig. 9(b) and Fig. 10(b)
reveals that bus ranking is not totally identical across the two assessment approaches. For example, the PV curve-based ranking
identifies bus 10 as the second weakest and bus 12 as the third weakest. Conversely, the QV curve-based ranking places bus 12 as
the second weakest and bus 10 as the third weakest. Another dissimilarity is found for bus 7, bus 9 and bus 13. According to PV
curve-based ranking among this three buses bus 7 is the weakest and bus 9 is weaker than bus 13, on the other hand as per the QV
curve based ranking bus 9 is the weakest among this three and bus 13 is weaker than bus 7. This distinction arises because PV
and QV analyses considers different factors of voltage stability. The PV method analyses system stability based on active power
loading on the other hand QV method assesses reactive power capacity and margin for system voltage stability. So, it is possible
for a bus to exhibit robust active power transfer capabilities yet provides a limited reactive power margin or vice versa. But in our
simulation bus 14 come consistently as the weakest bus as it shows lowest real power margin as well as lowest reactive power
margin. That’s why this location is considered the weakest position in this IEEE 14 network system. Table.1 summarizes the
simulation result with stable operating limit.

Voltage Stability Improvement of Bus 14: In this section reactive power compensation was successfully implemented to
mitigate voltage stability challenge at bus 14 as this location is identified the weakest position in the network. For sizing and
modeling of SVC and SC-QV characteristics of that bus and objective function is considered. The goal was to maximize the
voltage stability of the weakest bus by ensuring its voltage magnitude was raised to an acceptable level, while simultaneously
maximizing the overall reactive power margin of the entire system and minimizing the size of compensation devices like SVCs
and SCs.

Table.1. Operating Characteristics of Bus from PV/QV Curve

From PV Curve Form QV Curve
Comments
Bus Ranking | P Limit (MW) | P Margin (MW) | Bus Ranking Q Limit (MVAR) Q Margin (MVAR)
Bus-14 56.4144 135.3486 Bus-14 -40.8985 to 12.3332 -117.0147 Weakest
Bus-10 67.2543 168.9759 Bus-12 -73.1320 t0 3.57810 -175.4108 Weak
Bus-12 50.5800 182.3009 Bus-10 -69.8801 to 7.05960 -180.1464 Weak
Bus-11 74.8965 186.3589 Bus-11 -79.5453 t0 2.71710 -195.5435 Weak
Bus-7 98.4039 219.0311 Bus-9 -95.1026 to 4.70490 -237.3807 Moderate
Bus-9 123.779 252.5407 Bus-13 -112.600 to 11.4194 -283.0113 Moderate
Bus-13 111.9393 268.9280 Bus-7 -137.265 t0 -0.6783 -337.5137 Moderate
Bus-5 224.8924 601.9495 Bus-5 -174.345 t0 105.323 -593.1558 Strong
Bus-4 298.4584 675.1989 Bus-4 -171.56 to 115.0179 -601.0912 Strongest

The optimization was constrained by a stable operating voltage, practical compensator sizes, and adherence to power balancing
equations. The efficacy of this compensation then validated by comparing the PV and QV curve before and after compensation
state. The improved PV and QV curves for Bus 14 are presented in Fig. 11(a) and 11(b).
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Fig. 11: (a) Improved PV and (b) QV Curve of Bus 14 for IEEE 14 Bus System.
The PV curve in Fig. 11(a) graphically depicts the voltage stability improvement as the curve is distinctly shifted to the upward
and rightward direction. Now the bus can supply much more real power while maintaining its stable operating condition than

before. This shift demonstrates clearly evidence of a substantial improvement in the bus’s voltage stability. The critical voltage
for bus 14 was recorded at 0.5936 pu, corresponding to active power transfer of 135.3486 MW. After implementation of
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compensation the critical value of voltage remarkable increase to 0.9183 pu which is nearly within the stable operation
condition, corresponding to 224.987 MW active power transfer. This significant improvement nearly 54.7% in critical voltage
and real power margin shows that Bus 14 is now capable of sustaining much more stable voltage level even when active power
loading is increased to this bus than before.

The QV curve in Fig. 11(b) depicts improvement of reactive power margin as the curve distinctly shifted to the downward and
rightward direction. Before compensation, bus 14 exhibited minimum reactive power requirement of —117.147 MV AR at a
critical voltage of 0.54 pu, while after efficient deployment of SVC and SC the Qmin improved to —220.5165 MV AR at the
critical voltage of 0.94 pu. Critical value of the voltage is significantly elevated from 0.54 pu to 0.94 pu which is nearly stable
operating condition along with the reactive power margin. The shift to a higher operating voltage at the minimum Q point
indicates that the system is operating further from the voltage collapse point. This signifies that the bus can now maintain more
stable voltage profile even under substantial reactive power demand.

Conclusion: The PV and QV curve-based static analysis approach to assess and enhance voltage stability in the IEEE 14-bus
system is presented in this paper. Compared to dynamic simulations, the PV/QV method offers a faster, computationally efficient,
and visually intuitive means of identifying voltage instability and evaluating reactive power margins. As the analytical results
indicated, bus 14 was identified as the weakest node, exhibiting the lowest real and reactive power margins. Reactive power
support was then applied at this bus using Static VAR Compensators (SVCs) and Static Capacitor (SC) banks, resulting in a
marked improvement in voltage stability is confirmed by significant shifts in the PV and QV curves. The proposed method not
only proves effective for the test system but also lays the groundwork for future research on larger networks (such as IEEE 30,
57, and 118 bus systems), real-time PMU-based monitoring, and the integration of advanced control and optimization techniques
like metaheuristics and adaptive control, offering a robust and scalable solution for voltage stability enhancement in smart grid
environments.
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