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Abstract: The ongoing development of renewable energy and microgrid technologies has gradually
transformed the conventional energy infrastructure and upgraded it into a modernized system with
more distributed generation and localized energy storage options. Compared with power grids
utilizing synchronous generation, inverter-based networks cannot physically provide large amounts
of inertia, which means that more advanced and extensive studies regarding stability considerations
are required for such systems. Therefore, appropriate analytical methods are needed for the voltage
stability analysis of renewable-dominated power systems, which incorporate a large number of
inverters and distributed energy sources. This paper provides a comprehensive literature review
of voltage stability analyses of power systems with high levels of renewable energy penetration. A
series of generalized evaluation schemes and improvement methods relating to the voltage stability
of power systems integrated with various distributed energy resources are discussed. The existing
voltage stability analysis methods and corresponding simulation verification models for microgrids
are also reviewed in a systematic manner. The traditional and improved voltage stability analysis
methods are reviewed according to the microgrid operation mode, the types of distributed generators,
and the microgrid configurations. Moreover, the voltage stability indices, which play a crucial role
in voltage stability assessments, are critically evaluated in terms of the applicable conditions. The
associated modeling and simulation techniques are also presented and discussed. This contribution
presents guidelines for voltage stability analysis and instability mitigation methods for modern
renewable-rich power systems.

Keywords: voltage stability; microgrids; renewable energy integration

1. Introduction

Voltage stability has become a progressively significant issue in modern power distri-
bution networks due to increasing load demands and distributed generation penetration.
Compared with traditional power systems, the voltage control capability of renewable
energy power generation systems is limited [1-3]. As traditional synchronous generators
are gradually being replaced by inverter-based renewable energy generation systems, the
stability, system frequency, and voltage of power systems are being challenged [4]. When
the voltage control capability of a specific power system is lower than a certain range, the
power system becomes unstable. For example, in a double-fed induction generator-based
wind energy conversion system (DFIG-WECS), the voltage control capability is dependent
on the wind generation penetration rate [5]. The system becomes unstable if the wind
power penetration level is beyond 28.06%. Changing the thyristor-controlled series capac-
itor can improve the voltage control capability, meaning that the system can maintain a
steady operation with a higher wind power penetration rate [5]. Therefore, the impact on
the system’s voltage stability of having distributed generation to the power grid should be
carefully studied [5-8].
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When experiencing a significant disturbance, microgrids can disconnect from the main
power grid through the point of common coupling (PCC) to achieve independent operation,
thereby isolating themselves from the main power grid. Therefore, there are many potential
stability issues during the operation and maintenance of microgrids, specifically regarding
whether the voltages of buses and feeders are stable within a reasonable range under
normal operation and during contingencies [9]. Voltage stability is broadly defined as “the
ability of the power system to maintain steady voltages at all buses of the system after
being subjected to a disturbance from a given initial operating condition” [10]. Due to the
relatively low voltage level in microgrids, uncompensated loads, and the limited damping
function of inverter-based generation, microgrids may experience various voltage problems
and collapse risks [11]. Therefore, the voltage stability analysis of microgrids is an important
research area. Research on the voltage stability of microgrids can be systematically classified
based on the interference scale. In addition, systems can be classified according to the
operation mode of the microgrids. Additional classification methods are defined according
to the duration of the dynamics and the dynamic conditions of other parts of the system [9].
Figure 1 shows the classification process for voltage stability analysis in microgrids.
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Figure 1. Voltage stability classification in microgrids.

The classification diagram shown in Figure 1 starts from the operation state of the
microgrids and expresses several common factors influencing voltage stability. Among
these, tap changers are the main sources of voltage stability problems in utility micro-
grids [9]. Voltage stability in remote microgrids is related to reactive power compensation
in the network. The voltage stability problem in facility microgrids mainly comes from
the type and quantity of micro power supply and under-voltage load shedding. Various
disturbances can be classified in terms of the disturbance size and duration, resulting in
different voltage stability issues in microgrids. Large disturbances affect the entire system’s
stability for long durations and can cause problems including line faults and generation
loss. Voltage fluctuations due to significant disturbances reflect the ability of microgrids
to regulate bus and feeder voltages, which requires the nonlinear characteristics of the
power system components to be considered. Small disturbances are related to minor
changes in the system, such as load changes. For voltage stability problems resulting from
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minor disturbances, such as load increment changes and other minor changes, a linear
approximation of the power system components can be used in the analysis.

Voltage stability analyses can be divided into two main categories: analytical methods
and optimization strategies. Static and dynamic analyses constitute two branches of
voltage stability analysis. The uniqueness of static voltage stability analyses was shown
by [12,13] through comparative simulation experiments using the Jacobian method, voltage
sensitivity method, active and reactive loss sensitivity method, and energy function method.
A previous study [14] involved a DC microgrid with ZIP load connected. Such loads have
the ability to adjust the proportional power and bus voltage weighting value simultaneously.
This article uses the Laplace matrix in the stability analysis of the system.

The dynamic voltage stability analysis methods have not been clearly classified, unlike
the static voltage stability analysis methods. A previous study [15] researched the relation-
ship between steady-state behavior and a dynamic model of a power system. Another
study [16] presented a dynamic analysis of different PV penetration effects on a power
network. In [17], the effects of thermostatically controlled loads on the dynamic voltage
stability of a power system were investigated based on the small disturbance method.
Several voltage stability improvement strategies have been reported in the related body of
literature. The main strategies for voltage stability improvement include reactive compen-
sation, load shedding, modified current limiters of micro-sources, and voltage regulations
with DGs. In [18], the isolated longitudinal system was improved by applying different
reactive compensation options. For the load-shedding-related strategy, [19,20] demon-
strated the effects of various undervoltage load shedding settings on the motor load, and
the stability improvement was shown via simulation. In [14,21-25], the optimal arrange-
ment strategies for DGs and the related voltage regulation schemes are presented. The
stability characteristics of load dynamics and reactive power compensation were analyzed
in [26,27]. An arrangement method for the current components was proposed to enhance
the modification of the current limiters” dynamic voltage stability in [28-30]. In [31,32], an
optimized reactive power compensation strategy was proposed.

The purpose of this article is to determine and discuss the voltage stability analysis
methods designed for renewable-dominated power systems. In particular, we focus on
the islanded microgrid, which has not been treated in detail in previous review papers. In
addition, the voltage stability indices applied in microgrids are systematically analyzed,
compared, and reviewed based on their different DG types. Specifically, the paper aims to

e Investigate the analysis and verification of voltage stability studies based on different
renewable energy generation types;

e  C(Classify and compare voltage stability analysis methods based on different microgrid
operation modes and types of DGs; and

e  Evaluate voltage stability techniques and conduct a simulation verification to demon-
strate the most suitable simulation platform with different microgrid settings.

The state-of-the-art voltage stability analysis methods applied in renewable-dominated
power systems are presented in detail in this paper. This paper takes the form of five sec-
tions, including this introductory section. The classification and the mathematical models
related to voltage stability analysis methods in terms of both static and dynamic analysis
are presented in Section 2. The voltage stability index (VSI) models proposed by researchers
in recent years are classified and compared in Section 3. Section 4 presents a comparative
discussion of simulation tools and techniques that can be used to verify and apply voltage
stability methods to simulations and experimental case studies. Section 5 concludes with
the implications of the development with respect to future research recommendations on
voltage stability analyses in renewable-dominated power systems.

2. Voltage Stability Methods of Analysis

The significance of voltage stability analyses is the determination of vulnerable parts
of microgrids through appropriate evaluation methods. Improving voltage stability can
identify reasonable solutions for further optimization, enhance the system'’s strength, and
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Voltage Stability

Analysis Techniques

enhance the tolerance level of abnormal operation of the microgrids. The continuous
replacement of synchronous generators by inverter-based units puts a limit on the reactive
power capacity of the system, leading to an unstable voltage after the occurrence of external
interference [33,34]. The voltage stability analysis method can be selected based on the
microgrid stability mechanism [35]. Reactive power Q and bus voltage V are direct mea-
surement parameters of voltage stability for microgrid systems. When the V-Q sensitivity
of all buses in the system is positive, the voltage of the power system is stable. If at least
one current V-Q response is negative, the voltage of the power system is unstable.

Figure 2 shows the classifications of voltage stability analysis methods, including
static and dynamic voltage stability analyses. Static analysis techniques analyze the voltage
stability by using the static operating parameters of microgrids to determine the key factors
affecting the stability. Static analysis techniques only consider the static operation of
microgrid systems, and the real-time variable differential equation is set to zero. At present,
static analysis techniques are commonly based on load flow analyses, such as P-V, V-Q
analysis, and V-Q sensitivity analysis [36]. Dynamic voltage stability analysis methods are
helpful when analyzing voltage collapse and testing the application effect of the control
strategy. Dynamic analysis methods are similar to transient analyses of the power system,
where a set of differential equations is used for system modeling. As the dynamic influence
on the system’s stability usually changes relatively slowly, the system’s static operating
parameters are still used in most dynamic voltage stability studies.
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Figure 2. Classification of voltage stability analysis techniques.

2.1. Static Voltage Analysis Techniques

At present, a series of the existing static voltage stability analysis methods of micro-
grids is based on the calculation and modification of the load flow equation. The microgrids
are modeled by the following first-order differential equations [36]:

x=f(x,V) 1

I(x,V)=YNV (2)

where x is the state vector, V is the bus voltage vector, and Yy is the admittance matrix of
bus N.

In static analysis methods, when the value of x is zero, the system operates under

steady-state conditions and represents the margin of stability. In load flow equations,
a feasible solution is based on the judgement of system voltage stability, which means
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that the feasible solution to the load flow equation is the voltage stability limit of the
microgrid. In addition, static voltage stability analysis methods can provide researchers
with information on the system voltage stability margin and state variable sensitivity.
Consequently, static voltage analysis methods for microgrids are generally divided into
three categories: the load flow method, the modal analysis of the Jacobian matrix, and the
singular value decomposition method. Several common static voltage analysis techniques
are summarized below.

2.1.1. Continuation Load Flow Method Using P-V and V-Q Curves

By constantly updating the load flow equation and calculating the existence of a
solution to the load flow equation, the convergence problem near the stable operation limit
point can be solved, and the voltage stability limit can also be obtained. Moreover, the
approximate voltage collapse point is rounded by the continuous prediction and correction
process. This solution is the continuation load flow method based on the convergent
solution to the load flow calculation. A set of load flow results are obtained by changing the
load value P or Q of the selected bus and operating the microgrids with all other parameter
settings unchanged. When the load flow algorithm cannot converge, the corresponding
point is the voltage collapse point, which is the margin of the stable and unstable states of
the microgrid. Figure 3 shows P-V and V-Q curves illustrating the voltage characteristics
in terms of both active power and reactive power [9].

\ Q A
Stable Region Unstable Stable
""""""""""""""""""""" i S Region Region
Unstable Region ' Q
2
kS
3
Q
8~
------------- dQ CCTTTTTTTTTTTTTTT T
1 » W_ »
Active Power P Terminal Voltage v
(a) (b)

Figure 3. (a) P-V and (b) V-Q curves obtained for the voltage stability analysis of a power system
showing stable and unstable regions.

As one of the conventional methods, the continuation load flow method has been
studied for a long time. It has been used extensively to calculate the critical voltage collapse
point, helping to determine the voltage stability limit. However, this method is only suitable
for simple microgrid systems and cannot be applied to large and complex systems, as the
calculations are highly time consuming.

2.1.2. Modal Analysis of the Jacobian Matrix Based on V-Q Sensitivity

In the modal analysis method, the sensitivity matrix is obtained by linearizing the
load flow equation of the system [37]:

{AP}_{]PG ]PVHAG} 3)
AQ Joo Jov L AV
where AP is the bus real power change, AQ is the bus reactive power change, Af is the

bus voltage angle change, AV is the bus voltage magnitude change, and | is the Jacobian
matrix.
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By assuming that the real power P is constant in the calculation (due to the static
nature of the analysis), the sensitivity matrix equation is inversed to obtain the following
equations [35]:

Jr = (]QV —Jao % Jgp X ]Pv) 4)
- AP | | ] Jpv AB
wv=iaelag | =7 o [ v ®

In the equations above, [, !is the V-Q sensitivity matrix. Specifically, if the value of
Jr 1is positive, the system voltage is stable. If not, the system may be an unstable system.

In [38], a new and time-saving sensitivity-based voltage stability analysis method was
proposed. This method deduces the Thevenin-Based Voltage Stability Margin based on the
amplitude and angle of the node voltage for preventive control. Unlike other commonly
used sensitivity methods, this method does not need complex calculations to consider the
maximum loading point (MLP) in real-time applications. In the simulation results, the
accuracy and rapidity of this method are successfully verified for power systems without
emergencies. However, this method is unsuitable for systems with emergencies, allowing
room for improvement.

In [39], a method for validating the sensitivity of the voltage stability margin was
proposed. This method can be used to identify the weakest voltage stability bus and the
node-set. This research extends the application of such a method to a multi-machine system
from a Single Machine Infinite Bus (SMIB) system.

In addition, the standard P-V curve or V-Q curve method has been applied by many
studies in the literature. In [40], Bonneville Power Administration power analysis platform
(PSD-BPA software) was used to apply this method to a wind-power generation system.
In [41], Dlgsilent PowerFactory was used to analyze the impact of large-scale wind power
on the state grid. PowerFactory was also used in [30] to analyze a power system with
photovoltaic power generation. In [42], the influence of new energy generation on power
system stability was studied by using continuation load flow (CPF) combined with a P-V
curve analysis in the PSAT power system toolbox environment. The sensitivity modal
analysis method is simple and easy to apply. It only needs a small amount of computing
and is therefore more efficient for data processing. However, this method is not suitable for
microgrids with complex network configurations because of the weak linear characteristic
of the index.

2.1.3. Singular Value Decomposition Using Network-Load Admittance Ratio

If the load condition of microgrids is close to the critical state, the trend of the Jacobian
matrix can be close to singularity. Therefore, the singular point of the Jacobian matrix of
the load flow equation can represent the critical point of system voltage stability (voltage
collapse point). In addition, this method plays a crucial role in static voltage stability
analysis methods.

Y. Song et al. [43] proposed an index representing the load admittance ratio based on
the improved load flow Jacobian matrix for the voltage stability analysis of microgrids. In
their paper, a simple two-bus system was used, as shown in Figure 4. The method was
applied to a network with distributed generator systems (DGS) that could be simplified
by equivalent admittances of the load and transmission lines. The ratio-based function
presented in the literature is expressed as

2
. PL}l —1_ Rn/d|140‘loss + 140‘d| (6)
PLL{m |140‘loss + Rn/d4“d|2

Mya=1

where R, /; approaches infinity when there is no load, and R,,;; = 1 is the voltage stability
limit point. As a result, the voltage stability index M,, /; ranges from 0 to 1 (stability limit
point to no load). Refer to [44] for the detailed linear index calculation.
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Figure 4. A typical two-bus system for load and transmission line equivalent admittance method.

The voltage stability analysis index is determined according to the parameters of
the power grid, load, and distributed generation. This concept is a generalization of the
line load admittance ratio, representing the load state of the general distribution system
considering the influences of constant-power distributed generators (CP-DGS) and constant-
current distributed generators (CC-DGS), as illustrated in Figure 5. The admittance ratio
represents the load state of the distribution system and considers the influence of distributed
generation. It has been proven that the Jacobian load flow is singular when the network
load admittance ratio is 1. Additionally, the Voltage Stability Index (VSI) has been verified
on several IEEE test feeders. Simulation results have shown an excellent linear relationship
between the network load admittance ratio and the load growth, and the voltage stability
margin can be well estimated. In addition, the index reflects the influences of the DG access
level and control mode on voltage stability.

Sri
Ser Ses

Figure 5. Illustration of CP-DGS and CC-DGS equivalents.

In [45], a voltage stability analysis technique was proposed based on the smallest
eigenvalues and the associated eigenvectors of a reduced Jacobian matrix. The eigenvalue
modules describe the voltage stability of the current state. This work is based on an early
scheme of the singular value decomposition method, which has been improved and applied
many times.

In summary, a singular value decomposition method based on the linearized load
flow equation was proposed. Because of the high nonlinearity of the Jacobian matrix, this
method cannot accurately analyze the voltage stability.

2.1.4. Transfer Capability Evaluation Using Static Analysis Methods

The overwhelming cost of power transmission network development and the need for
improved transfer capability has raised significant concerns regarding distributed energy
system planning [46,47]. Therefore, several correlational studies are being conducted to
investigate the impact of voltage stability on the power transfer capability. The advantage
of considering static voltage stability analysis is that both bus voltage and its voltage



Electricity 2022, 3

82

stability limits can be fully considered during the calculation. In [48], a static Thevenin
equivalent method to estimate the voltage collapse point and the system stability margin
with wind generation was proposed. This study evaluated the assessment methods at
a wind hub connected to a medium-voltage transmission network. The wind hub was
modeled using the Thevenin equivalent parameters to calculate the maximum power
transfer capacity, and the simulation results show that the power transfer capability can be
seen as a linear relationship with the voltage stability. In [49], the power transfer capability
was studied based on the continuation load flow analysis. The maximum loading factor can
be calculated through continuation load flow analysis, and the power transfer capability
limit can be obtained with a simulation. Although this method is effective and intuitive,
it is unlikely to produce a global optimum, as the calculated loading factor presents a
system-wide limit and finding the optimal settings for bus connections is challenging. In
addition, only the voltage limit and line thermal limit can be considered when determining
the power transfer capability, while other practical factors are neglected (e.g., the uncertain
regional weather of the transmission network, which is important but not considered in the
continuation power flow methods).

2.2. Dynamic Voltage Analysis Techniques

Static voltage stability analysis methods have been widely employed in voltage stabil-
ity analysis cases. However, given that power systems are dynamic entities and voltage
instability and collapse are also dynamic responses, the analysis of dynamic voltage sta-
bility is also of particular importance [50]. Dynamic voltage stability analysis is critical
when investigating the long-term impacts of high time-varying components in microgrids.
Dynamic voltage stability is the ability of the power system to maintain a balance between
load demand and supply [51,52]. Compared to static analysis methods, dynamic analysis
methods can reflect the behavior of system components in a more practical manner.

The time-domain simulation method is the most suitable method for dynamic voltage
stability analyses and is suitable for any power-system model. Different load models
will lead to different conclusions by building different time-domain simulation dynamic
models. In [53], a generalized load flow calculation model was proposed to simulate the
behavior of a distributed generation system. In that study, a set of time-domain nonlinear
equations was used to represent an islanded microgrid, and the V-Q sensitivity was
analyzed. In [54], a voltage analysis index based on network loss sensitivity, which is used
for online simulation and tests, is discussed. Although this method has broad application,
there is still dispute over its use because of its different simulation characteristics for
different load models; thus, it needs to be further optimized and studied. Short- and
long-term voltage stability evaluations can be carried out through time-domain dynamic
simulation of the microgrid system represented by differential-algebraic equations (refer
to Equation (12)). The differential equations in the transient response can be solved by
using numerical integration techniques. Several dynamic voltage analysis techniques are
reviewed below.

2.2.1. Small Signal Analysis Method

The small signal analysis method is applicable for minor disturbances. It is based on
the linear differential equation of the distributed networks. It is suitable for determining
the voltage stability influence of on-load tap-changing transformers, dynamic loads, and
generators. By modeling the differential-algebraic equations, the system is linearized at the
balance point, as shown below:

Ax = AAx + BAy (7)

0 = CAx + DAy )

where x is the system state variable, and y is the algebraic variable.
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When the algebraic variation is zero, the linearized system can be expressed as
Ax = JAx )

J=A-BD'C (10)

where | is the coefficient matrix of Ax. To this end, the voltage stability of the small
disturbance system can be estimated by calculating the eigenvalue of matrix J.

The Jacobian matrix presented in Equation (3) retains the Q-V relationship in the
power system and expresses the linearized steady-state voltage equation in the static
analysis. The modal analysis of the Jacobian matrix is usually used in static voltage stability
analyses. Even though the small signal analysis method used in dynamic analyses is based
on the modal analysis of the Jacobian matrix, there are still some differences between the
modal analysis used in the static analysis and the small-signal-based dynamic analysis.

The first difference is the computational complexity. Dynamic analyses study the tran-
sient stability of the system, including the influences of the dynamic loads and generators,
whereas static analyses focus on the solutions to algebraic equations of the system’s state.
Applying the small-signal analysis in dynamic studies can be more complex. However,
the application of the modal analysis to static analyses mainly focuses on how far the
stability margins move away from the voltage stability collapse point, a process that is
computationally less extensive.

Secondly, dynamic analyses represent a kind of hybrid evaluation tool composed of the
static analysis method and nonlinear analysis tools and are based on the use of fundamental
modal analysis in static analysis methods. Small-signal voltage stability analyses usually
involve the use of static analysis tools, such as the modal analysis of the Jacobian matrix
and the power flow analysis. However, the small-signal-based dynamic voltage stability
analysis method is a combination of linear and nonlinear analysis tools.

In [55], a reduced-order small-signal-analysis model was proposed for an islanded
microgrid with multiple micro sources. The eigenvalues were obtained with the system
matrix by linearizing around the operation point. The simulation results were compared
and verified with the PSCAD platform.

The bifurcation method is also a critical theory that is used to analyze the voltage
stability for small signals. Bifurcation refers to a phenomenon that leads to a sudden
system stability change when one or more parameters in the system change. The changed
parameter value is called the bifurcation value. There are two main bifurcation structures
in the mathematical representation of power systems: Hopf bifurcation and saddle-node
bifurcation. Hopf bifurcation refers to the phenomenon where a pair of complex conju-
gate eigenvalues are on the imaginary axis, resulting a loss of stability and continuous
oscillation in the power system. Saddle node bifurcation is a process in which a real
eigenvalue is located on the imaginary axis, and the system completely loses stability with
the continuation of bifurcation. Local bifurcation theories, such as P-V and P-Q curves,
can be used to determine the characteristics of static parameters when bifurcation occurs.
Bifurcation theory is an essential aspect of studying the dynamic stability of the power
system. In [45], the Hopf bifurcation-related method for the system was developed. The
authors of [56] used the bifurcation theory analysis on an AC islanded microgrid under loop
control and detected Hopf bifurcation and the saddle-node bifurcation points in the power
system. Furthermore, they predicted the unstable bifurcation margin, thereby increasing
the computation efficiency for the voltage stability analysis and prediction.

2.2.2. Large Signal Analysis Method

Voltage stability analyses are generally restricted to small disturbance studies, where
the system has voltage instability issues due to slow changes in system parameters. How-
ever, researchers have found that transient phenomena, such as tripping incidents, short
circuits, and blackouts, can lead to significant load voltage changes that cannot be kept
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constant [57]. In this context, large-signal voltage stability analysis methods play an impor-
tant role.

The Lyapunov-based method is a large-signal voltage stability analysis method based
on the dynamic performance of switched microgrid models. It is used to develop solutions
to differential equations. If the switched system’s state transition matrix has negative real
eigenvalues, the system tends to stabilize [58]. The Lyapunov equation is shown below:

ALP 4+ PAp < —Q (11)

where P and Q are symmetric matrices.

A positive Q and a unique positive P exist for a switched linear system that can
satisfy the Lyapunov equation [9]. In [59], a model consisting of nonlinear elements for the
microgrid, including the loads and generators, was developed. Based on the Lyapunov
stability theory for a closed-loop system, all eigenvalues in the Jacobian matrix should
have negative real numbers. The research results prove that the dynamic voltage stability
scheme could work well for the microgrid system. In [60], an energy-function-based voltage
stability analysis method for the islanded microgrid was developed. The energy function
method directly uses the Lyapunov theory to analyze the system’s voltage stability. The
whole model is divided into two parts: the energy function and the auxiliary function. The
energy function considers the change in load, the solar radiation, and the energy storage
system charging conditions, allowing direct evaluation of the stability of the system’s
operating point. The energy function expression is [61]:

v(XS,Xu) = X”:Ugj fi(6, V)d9i~|—/‘:§“ gi(6, V)dV,»] (12)
=1L i

where v(X°, X") is the measured value that indicates the system’s energy balance,  is the
system’s node number, and f and g are the power values.

The researchers simplified the load model as a static model instead of using a dynamic
model, so the dynamic characteristics of the load were not considered. The simulation
results of the IEEE 37-bus test feeder show that the energy function is effective for voltage
stability evaluation. Auxiliary function technology can improve the stability of the system
when the intermittent power supply is configured in the microgrid area. The closer the
energy measure value is to zero, the lower the voltage stability is. The method based on the
energy function does not completely suffice for predicting load characteristics. Thus, the
efficiency of this method remains to be proven. However, it presents an idea for combining
static voltage stability and dynamic analyses.

3. Voltage Stability Analysis Indices

The voltage stability analysis techniques mentioned in Section 2 can be used to evaluate
the voltage stability of microgrids. Nevertheless, such techniques cannot indicate how
far the system is from the voltage collapse margin (i.e., the boundary between system
voltage stability and instability). Therefore, the concept of the voltage stability index
(VSI), through which the level of system stability can be obtained, was introduced. This
allows a comprehensive voltage stability analysis to be performed based on the inclusion
of one or more voltage stability indices. To understand the voltage collapse proximity
of the microgrid system more accurately, as well as the maximum load capacity of the
system, and to identify the bus with the weakest stability, the use of the voltage stability
index is essential. The voltage stability index, however, has a high calculation cost when
quantifying stability. This section reviews the use of the voltage stability index in the
current research field.

3.1. VSI Classification

This section systematically classifies the VSI and reviews the related methods accord-
ing to different classifications to understand how the voltage stability analysis index is
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Voltage
Stability
Indices

applied to microgrids. At present, there are many directions for VSI classification in the
research field, among which the most common method is classification according to the
variables used in the VSI definition formula. For example, in [36], VSIs are divided into the
index class, eigenvalue decomposition class, and line data class based on system variables
and the Jacobian matrix. In [62], the authors classified the indices as the Jacobian matrix
index and system variable index according to the formulation mechanism. In addition,
these indices can be classified according to the evaluation target, for example, according to
the measurement target and the voltage instability mechanism. As per the voltage instabil-
ity classification presented in [46,47], the areas that are most prone to voltage collapse in
the power system can be identified through different VSIs. In [63] classification according
to offline or online VSI applications was proposed, in which offline is suggested for VSI
applications of buses and online is suggested for VSI applications of lines. Figure 6 shows
the VSI classification framework, including the mentioned categories.

Minimum
Singular Value

Singular
value decomposition
(SVD)

Maximum
Singular Value

Based on Jacobian Matrix

Eigenvalue
decomposition

Based on System Variables

Online system application

Application

Offline system application

The distance away from the
voltage collapse point

Others

Definition based on the voltage
stability mechanism

Figure 6. Voltage stability indices classification.

3.2. Voltage Stability Indices Review

Researchers have compared, analyzed, and classified the voltage stability indices
from different aspects [64]. At present, the most commonly used VSI classification scheme
involves dividing VSIs into two categories based on the Jacobian matrix and system
variables according to the VSI formula [65]. In addition, in [66-68], several common
indicators are compared and classified based on load shedding and optimal storage in
critical cases. This section reviews and analyzes the microgrid-based voltage stability
indices proposed in the literature.

3.2.1. Jacobian-Matrix-Based VSIs

A VSI calculation based on the Jacobian matrix needs all of the system’s data. Its
central theory involves singular values and the eigenvalue index. Based on the singularity
of load flow, the Jacobian matrix is close to singular at the point of voltage collapse. It
requires a significant amount of calculation and detailed power system information.

In [69], a singular value decomposition (SVD) method was developed, and the follow-
ing equations illustrate the detailed formulation of this technique:

2(n—1)
J=vsu' = Y usp] (13)
i=1
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AB _ AP
{ AV } - ‘52(}11)”2('1—1)”2T<n—1>[ AQ ] (14)

where ] is the singular value, U is the left singular vector, V is the right singular vector,

S is the singular vector, u;, s;, vl.T are the values of the matrix from the ith column, V2(n—1)

provides details about the critical bus, and 15, _1) shows the power mismatch details for
AP

5]

Here, the vectors vy(,,_1) and u(,,_1) provide information on the weakest bus and area
of the power system, respectively. The minimum value of v,(,,_;) illustrates which bus is
the weakest.

Singular value decomposition has been demonstrated to be a superior method for
voltage stability analysis in comparison to modal analysis in the following aspects: the
SVD method only has one mode in comparison with the modal analysis, which has several
modes. It is hard to determine the weakest operating mode in the modal analysis. The
SVD method uses the full Jacobian matrix instead of the reduced Jacobian matrix, which is
used in the modal analysis. Even though the complexity of the question is reduced in the
modal analysis, the P-V and Q- coupling issues cannot be focused on under the reduced
matrix method. The SVD method is used to identify the weakest boundaries during voltage
stability analysis, which is helpful when conducting the correction analysis in further steps.

In [35], the basic formulation and definition of the eigenvalue decomposition tech-
nique are shown. The following equations illustrate the detailed formulation used in this
technique.

Jr =€ Ay (15)
AV =€ A"1AQ (16)
AV =Y Silipg (17)

T A
1
v = A (18)

where 7 is the right eigenvector of matrix Jr, € is the left eigenvector of matrix Jr, A is
the diagonal eigenvalue matrix of Jg, v is equal to AV, q is equal to #AQ, and v; is the ith
mode of the V-Q response. If A; is positive, the ith voltage and modal reactive power are
directly proportional, and the system is stable. If A; is negative, the ith voltage and modal
reactive power are not directly proportional, and the system is unstable.

In [70], the sensitivity of the steady-state power system model was analyzed based on
the theorem that the Jacobian matrix | is a singular matrix at the critical point. Through
the parameterization of the load flow equation and the correlation operation of the left
eigenvector after Taylor’s expansion, the approximate expression S, of the sensitivity
matrix of the power system with new energy generation can be obtained [71,72]:

AL MF|,
o= R T MF|, (19)
AN =) sinAw, (20)
r

where w is the node power random disturbance coefficient, A is the loading margin, and r
is the node number.

The sensitivity matrix expresses the influence of the load margin on the power random
disturbance coefficient. Combining the VSI calculation method with the cumulant-based
maximum entropy method (CMEM) in probability theory, the randomness of wind power,
PV, and other types of renewable energy power generation and the impact of power load
consumption on the load margin can be measured. Compared with the series expansion
method, this method has greater sensitivity under different levels of renewable energy per-
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meability, leading to more accurate and effective analysis results. As this method considers
the probability theory principle of accumulation and an increase in maximum entropy; it
takes into account the correlation and uncertainty of power injection and consumption.
Therefore, this method is more suitable for renewable energy power generation systems.
Additionally, compared with the Monte Carlo method (MCM)), this method has a higher
calculation speed. Comparative experimental results show that this method is up to 99.95%
quicker than the MCM method. This is because the CMEM method can classify samples
through K-means clustering technology, which significantly reduces the redundancy of re-
peated operations. Therefore, the scheme is suitable for microgrid systems with integrated
renewable energy generators.

3.2.2. System-Variable-Based VSIs

In [73], a new stability index based on a two-bus equivalent circuit (SMIB system) was
developed, as shown in Figure 7a. By simplifying the equations, the above basic index was
developed in the presence of tap changers and DGs based on Figure 7b. The proposed
index was obtained using the following equations:

VSI = V2 —4(PR+XQ) >0 (21)

VSI, = V2> — 4*(PR + XQ) >0 (22)

where t is the transformer ratio.

Vi /6, 1:¢ V24t

Z
|—|:—@D—I—>PD +iQp

(a)
tV1 /6, Vo /6,

t*Z | )
I—: | > Pp + jQp
(b)

Pe +jQc

Figure 7. (a) Two-bus system; (b) equivalent circuit after removal of the transformer (elements
transferred from the primary side to the secondary side) in the presence of tap chargers and DGs.

Based on this improved VSI, researchers can easily detect the voltage stability level
in the system with distributed generators. This method can be used to rank the voltage
stability of the network bus through the calculation of VSI, and then the weakest bus can be
identified. Unlike using the Jacobian matrix to obtain the stability index, the VSI calculation
method does not calculate the Jacobian matrix and bus impedance matrix of the whole
system. Instead, it directly uses the power value of the system from load flow calculations,
and therefore the problems of low calculation speed and complex calculation are avoided
to a great extent. Thus, this method has the advantages of involving simple calculation
and high accuracy, which makes this index suitable for the study of the voltage stability of
distribution networks with a large number of buses. In addition, this method is suitable
for microgrids with tap changers. However, many system parameters, such as R, X, P,
Q, the Jacobian matrix and the admittance matrix, are not considered in the calculation.
Although this method improves the calculation efficiency, it ignores the influences of these
parameters on the system.

In [74], a novel VSI, named the fast voltage stability index (FVSI), was proposed to
identify weak voltage stability areas or buses. In this method, for base load to peak line
loading situations, each bus is evaluated by the FVSI to check if it is the weakest one in the
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whole system. If the FVSI is equal to one, the system is unstable. The lower the FVSI, the
more stable the bus voltage is. The line index is calculated using the following equation:

472Q;

(23)

where Z is the line impedance, X is the line reactance, V is the sending end voltage, and Q
is the receiving end reactive power.

In [75], a quantitative transient voltage evaluation index based on the ultrahigh-
voltage direct-current (UHVDC) transmission terminal that can analyze and determine the
dynamic reactive power compensation capacity was proposed. With the high proliferation
of renewable energy generation, several UHVDC projects have been designed to transmit
renewable power from remote areas to the capital cities, which have great demands for
electricity. Thus, research on voltage stability analyses for the UHVDC transmission system
is also worthwhile. The voltage stability in each region is quantitatively compared using the
approximate step function, absolute sensitivity, and relative sensitivity. The voltage stability
index proposed in this paper is suitable for power systems with a UHVDC transmission
system. It is used to evaluate the transient overvoltage state of the UHV transmitting power
system. Here, the concepts of absolute sensitivity and relative sensitivity are proposed. The
parameters of this method are set according to the operational requirements of the UHVDC
transmission system rather than those of the distribution network. Therefore, this method
is more suitable for actual large-scale networks in the selection of parameters. However,
the analysis parameters proposed in this paper are based on a DC transmission system, so
this scheme is not suitable for AC microgrids, which means that the application scenario of
this scheme is relatively limited.

In [76], a voltage stability index based on sensitivity factors that consider the power
system load was proposed. The formula was defined as below:

1

T4 1A

TTi

(24)

i

where A and v are diversity and scale factors, 71; is the Lagrange multiplier for bus I, and A
is the loadability for the current operating state.

The VSI index (d-index) shown above can indicate the stability state of the system
with a range of 0 to 1 (stable to unstable). Using ZIP and the exponential model and
considering the difference between the maximum power transmission point and load point,
the voltage stability of different bus loads under different stress conditions can be evaluated.
The index was improved by using the traditional L-index stability analysis method. The
scheme uses the concept of the Lagrange multiplier. Previous experimental results show
that with an increase in the load to voltage collapse, the Lagrange multiplier related to
maximum reactive power generation will decrease when the power system approaches
the maximum load limit. Therefore, one advantage of this scheme is that it can refine the
exponential response through multiple attempts to change the parameters. Compared with
other similar VSIs, the d-index performs better. The L-index presented by P. Kessel, and H.
Glavitsch [77] is the traditional method and can conservatively evaluate the steady-state
of the system. However, when the L-index reaches the MPPT limit, this will cause a false
alarm for the system state, leading to erroneous results. As the exponential response of
the d-index is refined according to different parameters in different systems, it can better
estimate the proximity of voltage collapse than the traditional L-index method.

To effectively present how voltage stability analysis can be employed in renewable-
dominant power systems, a summary of the stability analysis methods, VSI, analytical
foundation, equation, and the stability threshold is presented in Table 1.
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Table 1. Summary of voltage stability analysis methods and applications.

Analytical . -,
Ref VSI/Method Foundation Index Type Equation Stability Threshold
—In yn- Yb
|: Van " ] -
[78] JC € [2nx2n ]a.COblan matrrlx Static { } —1—qn —yb A =min|\; — 1| =0,
singular point _ 1 Ai
(Cvm)
A= ) 1Yb/ nyn
[79] Ls-index Load flow equation Static L,- = V VIE+g2 Ls <1
Approximated step . F=FK+hk=
[75] TVAI . Dynamic k _ 1 (Verj < V[t] < Ver.j
funct oYM Kigi(VIEDIVE] — VAt + Y ) ——vi—r— (V) =
unction Lito Lty Kigj(VILD | VIE] — Vn|At+ 10, Lro- T gi(VItl) 0 (V[ti] < Vepjyr or V] > Vi)
[73] Vsl Two-bus equivalent Static VSI = V32 — 4(PR + XQ) VSI >0
circuit
[80] VSI Two-bus equivalent Static VI — 4R, x P? P 02 VSI < 1
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. . n u u
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Table 1. Cont.

Analytical . .
hol
Ref VSI/Method Foundation Index Type Equation Stability Threshold
AY. is the change in singular value due to the
.. . . . o T, ] ) uncertainty of wind power.
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show the voltage collapse margin.
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Table 1. Cont.

Ref VSI/Method 1;?) 3;13,;15211 Index Type Equation Stability Threshold
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Table 1. Cont.

Ref VSI/Method 1;?) 3;13,;15211 Index Type Equation Stability Threshold
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4. Verification Case Studies for the Voltage Stability Analysis
4.1. Analysis and Verification Case Studies with Integrated PV Generation Only

In [99], based on the Monte Carlo simulation and traditional voltage stability analysis
methods, including the model analysis and V-Q curve model, a model framework for anal-
ysis was proposed. The aim was to improve the understanding of the relationship between
photovoltaic energy penetration and power grid voltage stability. The critical eigenvalue,
line loss, and reactive power were considered in the stability analysis. By changing the
photovoltaic energy penetration in the IEEE 14-bus test system for model simulation and
verification, the impacts of different photovoltaic energy penetration levels on the power
grid voltage stability were analyzed. In [100], it was shown that photovoltaic power genera-
tion can easily lead to short-term voltage instability for a low-voltage distribution network.
In [101], it was shown that with an increase in photovoltaic permeability, the intermittence
of power generation will have a more significant impact on voltage fluctuations in the
power grid. Therefore, starting from the existing photovoltaic power generation system,
this study analyzed the voltage stability of different permeabilities using a new test model.
We analyzed the voltage stability of a standard IEEE 14-bus system with five synchronous
generators and three synchronous compensators. Through the V-Q curve analysis method,
the reactive power margin of each bus was calculated and measured. Bus 14 was the most
unstable bus with the lowest reactive power margin and the highest bus participation
coefficient. On the contrary, bus 4 was the most stable. After identifying the weakest and
strongest nodes in the system through the V-Q curve method, the researchers converted all
constant power loads into random loads and integrated the photovoltaic power generation
system at the weakest bus. Through a sampling test of statistical data, the impacts of PV
penetration on the overall system under different loads in different periods were obtained.
The new framework presented in this paper can be used to evaluate the voltage stability
of embedded photovoltaic systems. The novelty of this scheme is that it combines the
traditional voltage curve method and the Monte Carlo simulation evaluation method to
simulate uncertainty between photovoltaic energy and the system load.

In [102], a parametric model of effective reactive power (E-VAR) for evaluating the
voltage stability of power systems with large-scale photovoltaic power generation is pro-
posed. The high penetration of photovoltaic power generation reduces the flexibility of
traditional power-system development. Moreover, due to the lack of E-VAR in the power
grid, power system networks containing large-scale renewable energy are vulnerable to
faults, affecting delayed voltage recovery. Therefore, using E-VAR as the research goal,
several VAR resource contributions and load bus voltage recovery indices were quanti-
fied and a recovery index was designed. The New England power system (IEEE 39-bus)
was tested with a simulation on the DIGSILENT power factory platform. The scheme is
mainly applicable to power systems with single pieces of large-scale new energy generation
equipment. The simulation results prove that the VSI can efficiently analyze the impact
of large-scale new energy on a system’s transient stability. Furthermore, the optimal new
energy integration location was obtained through the simulation analysis and can be used
to help transmission system operators introduce more new energy generation resources
without affecting the system’s stability.

In [81], the dynamic voltage stability of a power system with large-scale photovoltaic
power generation was studied. This method is different from the static voltage stability
verification models mentioned above. This study examined the system’s response to
interference, identified the dynamic voltage characteristics, and determined the optimal
location and scale of grid-connected new energy power generation according to the dynamic
voltage stability analysis. Based on the investigation of the fault contribution of inverters,
this analysis method forms a comprehensive framework that can be used to evaluate
dynamic voltage characteristics. It was verified on the New England IEEE 39-bus test
system using the DIgSILENT platform. Furthermore, by analyzing the SGs Var capability
and the Var flow in the power system, the effects of different load conditions and PV
penetration levels on the system’s transient response were studied. The biggest highlight of
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this scheme is the realization of a dynamic voltage stability analysis on a system with large-
scale photovoltaic power generation. In [99], a static voltage stability analysis model for
photovoltaic power generation was proposed. This study used the traditional P-V and V-Q
curves and the PowerWorld simulator for their analysis. The effects of variable power factor
control, static voltage stability, generation power, and the threshold voltage distribution of
photovoltaic power stations were studied. The change in voltage power sensitivity was
used to optimize the configuration position of photovoltaic power generation to optimize
the static voltage stability of the whole system. This method is a verification test of the
traditional curve analysis method that uses different software platforms to those used by
other methods. The advantages and differences of several different simulation platforms
can be obtained through comparison.

In [103], a dynamic voltage stability analysis evaluation frame was proposed for power
systems with a high load capacity and a large-scale PV system. The model checks the
power system’s response to internal and external disturbances, understands the dynamic
voltage characteristics, and determines the optimal location and scale of grid-connected
renewable power generation units based on inverter resources. The dynamic voltage char-
acteristic analysis framework uses the photovoltaic penetration level, load size, dynamic
load percentage, and fault location to understand the system’s dynamic voltage character-
istics under different operating conditions. Using the DIgSILENT software platform, the
proposed dynamic voltage stability analysis framework was applied to the IEEE 39-bus test
system. The test results quantified the indicators of load bus voltage recovery to explore
the steady state, transient response and voltage trajectory of the system.

In [104], the impact of the PV system on islanded microgrid static voltage stability
analysis was researched. This study used the voltage collapse proximity index of the
maximum deliverable power to conduct a quantitative stability analysis. The traditional
P-V curve method was improved and verified using an improved IEEE standard 15-bus
test model [105]. In addition, five different scenarios were applied to verify the system’s
ability to maintain the voltage stability. Using the coupling circuit breaker between buses
to change the exchange power, the improved P-V curve method was used to evaluate the
impact of PV access on the system’s voltage stability. In addition, the researchers considered
different working conditions such as varying photovoltaic penetration levels, the impact of
the PV power factor, and the impacts of different PV model units on the stability simulation.

In [106], a transient stability analysis and voltage stability compensation system
based on reactive load flow control were proposed. This method was shown to provide
increased power demand and improve stability. The authors connected photovoltaic power
generation to the power grid in MATLAB Simulink to conduct stability studies. Three
different fault types were applied, including single line to ground (LG), double line to
ground (LLG), and three-phase line to ground (LLLG) faults. The transient stability analysis
results were compared based on different photovoltaic power generation connection types.
It was concluded that the rational use of photovoltaic power generation can effectively
improve the stability of the power system.

4.2. Analysis and Verification Case Studies with Integrated Wind Generation Only

Hemmatpour et al. [60] developed a saddle-node and limited induced bifurcation-
based voltage analysis model in which the wind turbine generator is considered in a
microgrid. The index is based on the saddle-node and finite induced bifurcation, and
the authors considered different load models. A new voltage stability margin of the
islanded microgrid, called cat_VSI, was defined by catastrophe theory: the larger the
index, the more stable the system is. In addition, a new concept called the reduced
islanded microgrid network was proposed. The proposed index was extended to the N-bus
islanded microgrid by splitting the network. This method is called the maximum load
margin of islanded microgrids. In the simulation, the performance and effectiveness of
the proposed method were verified on 33 buses and 69 bus test systems with different
load models. In this simulation model, both the wind turbine and the frequency deviation
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issues were researched. Two types were presented for the voltage stability index: saddle-
node bifurcation (SNB) and limited induced bifurcation (LIB). The simulation process
showed that the simplified static voltage stability analysis method proposed in this paper is
comprehensive and detailed. Furthermore, the method was verified by simulating different
test feeders with a wind turbine, showing that the voltage stability analysis model has
very strong robustness and high generalization ability for wind-turbine-based islanded
microgrids.

In [61], a method for short-term voltage stability analysis after the occurrence of a
fault was proposed. This method is a system-level method for the quantitative analysis
of voltage stability. In this method, the concept of integral estimation equivalent to the
stability of the input state is used for quantitative analysis at the subsystem level. The
authors studied the short-term voltage stability at the subsystem and system levels through
a time-domain simulation, quantified the disturbance that the system can withstand, and
provided a method for quickly conducting a system-level voltage stability analysis.

In [5], a voltage stability evaluation of power systems with wind power penetration
was conducted. In this study, the P-V curve was used to determine the voltage stability
limit of the system. DIgSILENT PowerFactory software was used for the simulation, and
the results were analyzed with MATLAB. The verification results show that changing
the settings of the controllable series capacitor can change the circuit of the power grid,
improving the voltage stability limit and ensuring the steady-state operation of the power
system with an increase in wind energy penetration.

In [60], the influence of wind turbines connected to the power system on the static
voltage stability was studied. Using the traditional P-V curve method, the static voltage
stability of wind power incorporated into the traditional power grid was analyzed using
psd-bpa software. The experimental results show that the influence of wind power on
power grid voltage stability is closely related to the DG capacity. Although wind power
grid connection will increase the load power limitation, it will reduce the voltage threshold.
Therefore, when the system has enough reactive power, the wind power grid can improve
the static voltage stability of the system. Combined with the existing Zhanjiang City power
system, this paper studied the static voltage stability of the wind-power-connected grid.

The increase in wind energy in low voltage ride through or drop periods leads to power
system instability and voltage quality problems. In [78], a microgrid with wind power
generation was applied to various scenarios and simulated using Dlgsilent PowerFactory
and MATLAB/Simulink. The voltage sag behavior and active and reactive power behaviors
in the simulation models of the two platforms with and without capacitance were analyzed.
The results show that combining a supercapacitor into a doubly fed wind power generation
system can improve the voltage stability of the microgrid and provide a high-quality and
stable power supply.

In [84], a voltage stability index for evaluating the grid connection effect of wind
farms with doubly fed induction generators was proposed. The index based on impedance
was improved by using the voltage stability constrained optimal load flow calculation.
Furthermore, a voltage stability analysis index considering the limit of the DFIG capacity
curve and on-load tap changer behavior was proposed. In this study, simulation verification
was carried out on the improved WSCC test system, the IEEE 39-bus system, the IEEE
57-bus system, and the Poland 2746 bus system. The experimental results show that this
method can be used to analyze the instability behavior of a power system with a doubly
fed induction turbine system.

In [85], a method for evaluating the voltage stability of a power generation system con-
taining wind energy was developed. This method adopts the optimal load flow algorithm.
By determining the Hessian matrix of the power balance equation, the minimum singular
value of the system Jacobian matrix can be associated with the change in the actual power
injection of the bus to evaluate the system’s voltage stability. The method was applied
to the IEEE 6-node, IEEE 57-node, and IEEE 118-node systems with wind-power gener-
ation. This study compared the minimum singular value method of the Jacobian matrix



Electricity 2022, 3

96

with a proposed optimized method via simulations and proved that the two schemes can
effectively be used to analyze the voltage stability of a wind turbine system.

In [96], a new voltage stability constrained wind energy planning (VSC-WEP) model
was proposed. The model is suitable for determining the optimal wind power penetration
into a system based on the voltage stability. In this model, the modal analysis method is
used to analyze the voltage stability of the system. The analysis results can be used to
determine the best access location of the wind power module in the power system. The
authors applied the proposed VSC-WEP model to the IEEE New England 39 bus test system.
The simulation results show that the voltage stability data can be obtained efficiently. On
this basis, the model can maintain the system’s voltage stability and optimize the capacity
of the connected wind turbine.

In [107], a voltage stability analysis based on a control model was proposed. The
method is suitable for large offshore wind farms integrated into the power system. Fur-
thermore, a new low-voltage ride through the LVRT method was proposed suitable for
the Taiwan power system. Researchers used the power-system engineering simulator
PSS/E to simulate and analyze the off-peak systems of Taiwan power companies. The
proposed LVRT curve was compared with the LVRT curve specified by the Taiwan power
grid. The experimental results show that this method can prevent the turbine and power
grid from decoupling when a fault occurs and can reduce the voltage drop at the PCC and
the interference after fault removal.

4.3. Analysis and Verification Cases with Hybrid Distributed Generation

In [108], a Monte Carlo-based microgrid stability analysis model was proposed. The
microgrid tested in this literature combines the wind turbine, PV, load, and energy storage
system. A study investigated the internal and external errors in the transition process
between the grid-connected and off-grid modes. A microgrid built with a 3000 Ah battery
bank and a 335 kW wind turbine was simulated using the pseudo sequential sampling-
based voltage stability analysis method. As the cut-out wind speed increased, the genera-
tion capacity increased, while the reliability index of the system decreased dramatically. In
this regard, it was concluded that the system’s stability may not be improved by simply
increasing the system’s capacity.

In [79], the Monte Carlo sampling method was used to develop a voltage stability
analysis method for renewable generation systems. In this literature, a simplified local area
voltage stability index, the Ls-index, was proposed, and this was suggested to have higher
accuracy and lower computation time than the L-index method. It uses the Monte Carlo
and Nataf inverse methods to solve the sampling issue for power systems with renewable
generators. By adding the PV model and the wind generator model into the IEEE 30-bus,
the influence created by the DGs is viewed by the changing index. This method can only
detect the system’s voltage stability at the macro level. It evaluates the stability based on
the load flow calculations, and the load flow equations have no solution when the system
is unstable. Thus, this method can only detect stability caused by a loss of controllability.
However, it cannot tell whether the loss of controllability is the reason for the voltage
instability.

In [70], a static voltage stability analysis model combining probability theory and
Jacobian matrix singular point theory was proposed. The scheme combines the cumulant-
based maximum entropy method (CMEM) and nataf transform (NT) to analyze the steady-
state voltage stability of a renewable-energy-based power system. The implementation
of this method can be divided into four parts: (i) generate the injection power sample
matrix and cluster the sample matrix through k-means; (ii) calculate the load flow by the
Newton Raphson method and derive the sensitivity matrix of the load margin for random
disturbances; (iii) judge whether the injection powers are independent of each other and
correct the sensitivity matrix VSI; and (iv) bring the origin moment into the maximum
entropy model to obtain each cluster load margin’s probability density function (PDF)
and cumulative distribution function (CDF) curves. The above four steps form a CMEM
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analysis model based on probability theory. It can be used to conduct a steady-state voltage
stability analysis of a power system. The researchers applied it to the improved IEEE
30-node and IEEE 57-bus system with wind power and photovoltaic power generation.
They compared it with the sampling model based on the Monte Carlo method. It was
concluded that the static voltage stability analysis model based on CMEM and the Newton
Raphson method has a faster calculation speed. The test results drew the following four
conclusions:

1.  When a sampling method uses the standard error of the mean (SEM), the fitting
probability ratio may be negative, while sampling methods using CMEM have greater
effectiveness and accuracy;

2. The computational speed of the method based on CMEM is significantly higher than
that of the Monte Carlo method, resulting in a time saving of 99.95%;

3. The higher the penetration rate of renewable energy, the greater the load margin
fluctuation, leading to a more unstable system;

4. As the correlation degree of external weather factors, such as the wind speed and solar
irradiation rate, increases, the mean value of the load margin is almost unchanged,
but the fluctuation degree increases.

Overall, the verification experiment showed that this method is more accurate than
the series expansion method, and the computational speed of this method is faster than
that of the Monte Carlo method.

In [92], a P-V- and V-Q-based static voltage stability analysis simulation was devel-
oped with the IEEE 14-bus test feeder connected with the PV and wind power generator.
It was shown that the system voltage profile reached the collapse point when the battery
system’s power capability was increased. Four different scenarios were simulated, and it
was shown that systems with a wind turbine have broader stability spectra than systems
with a PV generator.

In [109], a software-based static voltage stability analysis method to determine the
maximum allowable penetration for solar and wind turbine generators on a specific power
system, the Lesotho national electricity grid, was proposed. This study provides a good
voltage stability analysis case study as it applied and verified the static voltage stability
analysis model on a real system. The steady-state voltage stability of the power grid was
studied under actual load in 2018 using the DIgSILENT PowerFactory simulation, which
allows the basic models of photovoltaic and wind power generation to be connected to the
national grid model for steady-state voltage analysis. The analysis results show that the
maximum allowable capacity is 35 MW when only solar photovoltaic power is connected
to a large-scale power grid. Similarly, when only wind power is connected to the large-scale
power grid, the maximum allowable capacity was found to be 50 MW. Based on the load
flow analysis model within the software, this study analyzed the relationship between the
penetration of renewable power generation and the system’s voltage stability.

In [110], a robust voltage tracking control method based on linear matrix inequality
was proposed. This method is primarily aimed at power systems that use renewable energy.
In this method, first, a nonlinear model of the renewable energy system is reconstructed
into a nonlinear combination of linear subsystems with state-related parameters. Then,
the scheme uses the Lyapunov direct method to express the controller with the linear
matrix inequality (LMI) formula. A verification experiment based on DSP was carried
out with a buck converter, and the applicability of this method was verified. The scheme
has many advantages: it is suitable for various renewable energy systems, it creates a
unified design framework of the LMI for multiple control objectives, and it provides robust
tracking control for multiple objectives. Furthermore, this scheme can be used to analyze
the voltage stability of the power system and further optimize the tracking control based
on the stability analysis to solve the stability problem.

In [111], a reactive power management system based on voltage sensitivity analysis
that is suitable for new distributed generation systems with high penetration was pro-
posed. The voltage sensitivity characteristics of the whole power system were analyzed,
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including measurements of the voltage change rate and reactive power under steady-state
and transient conditions. The Newton Raphson method was used to solve the nonlinear
load flow solution to obtain the voltage sensitivity. The researchers applied the voltage
sensitivity model to the existing distribution system in South Korea. They set up three
different simulation scenarios: all distributed energy sources are disconnected; photovoltaic
generators in the system are disconnected; doubly fed wind power generation and pho-
tovoltaic generators in the system are disconnected. This was achieved with the use of
typical power compensation devices to minimize the voltage change under steady-state
and transient conditions.

In [86], a basic verification process of the voltage stability analysis method was con-
structed. This method uses the V-Q curve analysis and V-Q sensitivity method of the
small hybrid power grid containing grid-connected photovoltaic power generation, wind
power generation, and small hydropower generation to determine the weakest bus. The
reactive power margin indicates the distance between the load of the bus and the voltage
collapse point. Therefore, the V-Q curve can be used to observe which bus has the lowest
reactive power margin, and solutions need to be constructed to enhance the voltage stability
around that bus. The following scenarios were implemented on the IEEE 39-bus test system:
(1) Separate the photovoltaic power generation injection system; (2) separate the wind
power injection system; (3) separate the wind power and photovoltaic hybrid injection
system, and (4) separate the wind power and hydropower hybrid injection system. The
control test results show that injecting wind power alone can help the system to reach a
more stable voltage level. Substituting photovoltaic power generation for the traditional
power supply will reduce the voltage stability of the system. Injecting two or more new
energy generation systems into the power system will enhance the level of voltage stability.
It was also found that the static distribution compensator can improve the stability level of
the bus with low voltage stability.

In [87], an optimization technique based on hybrid analysis and meta-heuristic meth-
ods that can be used to analyze the voltage stability of a distribution network with DGS
and optimize the configuration model according to the analysis results was proposed. The
model can calculate the DG loss accurately and provide a distributed generation power
specification design for a specific bus. In this method, the optimal DG location in the
distribution network is selected and designed using a tree growth algorithm. A test system
including the IEEE 33-bus, 69-bus, and 94-bus was used for verification. The verification
results show that this method can be used to calculate the optimal DG allocation and type
selection with minimal power loss, which helps to determine the highest voltage stability
level of a power system. This scheme can determine the most optimal solutions for power
systems with distributed generation energy to obtain maximal voltage stability.

In [112], a synchro phasor-based voltage stability analysis model for a renewable-
included power system was proposed. The algorithm can carry out early warning and
independent stability tests on the power system and undergo real-time detection of the
power system. It is an application of VSI at the prediction level. This method also avoids
false alarms. The method was verified on the Quebec test feeder, which proved the
reliability of the method.

In [73], a stability analysis index was developed based on the load flow calculation for
power systems without DGs. On this basis, tap changers and DGs were incorporated into
existing model equations to develop a voltage stability analysis index for a distribution
network with multiple distributed generation systems. In the process of simulation verifica-
tion, to explain the applicability of the designed indicators, the researchers compared them
with other indicators used in previous studies. The following situations were considered in
the simulation process: calculating the recommended indicators under base load conditions,
calculating the recommended indicators of different load models, and comparing different
indicators under the critical state. In the first case, the test system’s weakest and most
regular bus under normal conditions was judged. In the second case, the stability index
was calculated by changing the active power of any bus in the two distribution network
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models to study the reliability of the analysis method. The experimental results show that
the VSI can be used to effectively analyze the stability change behavior of the system. The
third case proved that the VSI developed by the authors performs well in terms of both
calculation accuracy and calculation strength. The new index presented in this paper can be
used to detect the necessary information regarding network stability in the shortest period
of time and formulate the recommended index according to the utilization rate of the DGS
in the distribution network to optimize the voltage stability of the system. This method no
longer needs R, X, P, Q, and the impedance matrix, admittance matrix, and Jacobian matrix,
so it is more suitable for use in the smart grid and effectively reduces the computational
burden.

In [113], a hybrid voltage stability analysis scheme based on a probabilistic analysis
approach was developed. The stability analysis model considers several components,
including the load margin, the damping of critical eigenvalues, and the transient stability
index. Different cases were studied to verify this voltage stability analysis model with
the IEEE 68-bus test feeder and the New England Test System-New York Power System
(NETS-NYPS) test system. The main process of the scheme involves generating a data
set of the uncertain parameters in the system using the probability distribution function,
determining the optimal load flow, calculating the stability index under different scenarios,
and ranking and analyzing the stability of the system. This scheme can be used to identify
the parameters affecting different stability problems and provide a more precise research
direction for later stability improvements.

In [114], a voltage stability analysis of isolated DC-AC hybrid microgrids in the case
of emergency was studied. In this study, the authors designed several research cases to
simulate the voltage collapse of microgrids during different serious emergencies, such
as DC or AC circuit tripping between different bus connections. They analyzed the load
voltage stability through the basic method of solving the load flow equations. Voltage
stability was studied by drawing the P-V curve on the DC load bus. The simulation results
of the IEEE 12-bus system show that the scheme can be used to accurately analyze the
impact of emergencies on the voltage stability of the DC-AC microgrid. In addition, the
analysis results also show that the DC-AC hybrid microgrid can reduce the impact by
increasing the load capacity margin of the subgrid following unexpected events.

In [115], a short-term voltage stability evaluation formula model was established
according to the definition of the rated power of distributed generator units and the X/R
ratio theory. The simulation was applied to a simple test system containing a single DG unit
and load. This study focused on the impacts of different control methods on the short-term
voltage stability of the whole power system with new energy generation. The experimental
results show that four different fault ride-through (FRT) control strategies of VSC-based
distributed generators can affect the short-term voltage stability of a power system. The
D/Q voltage control strategy was shown to have more robust load characteristics. This
study provides a design idea for the voltage stability analysis of power systems, voltage
stability enhancement, and the improvement of design in the later stage.

In [83], a global sensitivity analysis method based on the load margin calculation that
prioritizes renewable energy distributed generation systems that affect power system volt-
age stability was proposed. This method adopts the random response method to improve
the calculation efficiency and is suitable for large renewable energy power penetration
systems. In addition, the influence of critical variables on voltage stability was studied. The
method was tested with the IEEE 9-bus system and the IEEE 118-bus system connected to
a new energy generator set and compared with the commonly used gravitational search
algorithm method in terms of accuracy and local sensitivity. The verification results show
that the scheme has greater computational efficiency and accuracy.

In [95], a voltage stability analysis framework for a hybrid microgrid system was
proposed. The VSI index used in this method is based on the basic definition of voltage
stability, contains the active and reactive power information of all nodes in the radial
distribution network system, and takes the maximum value from calculation of the nodes
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as the VSI. Through the load flow analysis of the IEEE 10-node hybrid energy microgrid, the
VSI and load factor of the system were plotted, and the most sensitive node was identified.
Furthermore, it was found that by placing the shunt capacitor at the node, the voltage
stability could be effectively alleviated.

In [116], a voltage stability evaluation method for power systems containing renewable
energy was proposed. This method estimates the bifurcation point in the holomorphic
embedded load flow using the noniterative load flow method (HEPF). This scheme can
greatly improve the efficiency of the analysis, because of the fast calculation speed of the
HEPF. This study used a three-bus system to deduce the matrix formula and applied it to
the IEEE nine-bus system for simulation verification. The verification results show that
the scheme can accurately evaluate the load change near the critical point to carry out a
practical voltage stability analysis.

In [78], a Jacobian matrix-based static voltage stability analysis model was proposed.
This model is suitable for power systems with inverter-based generators. This method is
based on the singular theory of the Jacobian matrix, and can be used to analyze the voltage
stability. This method has several advantages. For example, it can be used to comprehen-
sively simulate the inherent characteristics of the system, rather than regarding the system
as a wireless bus for the stability analysis. In addition, the internal relationship between
the inverter generator droop coefficient and the static voltage stability was revealed.

A summary of the verification platforms and operation modes of the networks is
presented in Table 2.

Table 2. Summary of simulation tools in different operation modes with various DGs.

Operation Mode Type of DG(s) References
PV [43,78,88,90,97,98]
Wind [5,54,74,84,85,89,94,96]
Grid-Connected PV, Wind [70,79,80,83,92]
PV, Hydro [75]
PV, Wind, Hydro [86]
PV [60]
Islanded Wind [81]
PV, Wind [34,82]

4.4. Examples of Simulation Validation under Different Scenarios

In [73], different voltage stability analysis methods and indices were assessed and
compared under the same simulation model for different scenarios. The Ranjan and Das
voltage stability index based on solving power-flow equations (index 2003 [117]), the
Banerjee and Das voltage stability index based on the Q-V curves (index 2014 [118]), and
the developed novel index with the tap changers shown in Figure 7 were evaluated for the
following cases:

1. Basic load condition;
2.  Different load models;
3.  The model works under the critical state.

All three indices are static stability analysis indices, and the IEEE 33-bus system and
IEEE 69-bus system were used for the tests. Table 3 summarizes the Index formulation and
the simulation details for the three VSIs. The formulation shows that only parameters P,
Q, X, R, and V are considered in the novel index, thus making it simple. It may be noted
that index 2014 considers the power loss Pj,s, and Q¢ also increases the compilation
time. Overall, the novel index is faster for analysis. For base loading under scenario 1, the
simulation results show that the index based on the power flow equation method performs
worse than the others, as this method considers too many system parameters such the
impedance. The simulation runtimes of the first two indices are 2.5% slower than that of
the novel index, which means that the latter has a higher computing speed than the others.



Electricity 2022, 3

101

For scenario 3, index 2014 showed that the system’s instability level is higher than the
others, as this method considers the power loss of the system. The simulation results show
that the novel index enhances practical grids with renewable energy generation.

Table 3. Comparison of the assessed voltage stability indices.

Voltage Stability . Calculation Runtime
Formulation .
Index (Units)
Index 2003 SI = 0.5|V2|2 —PR—-QX 0.8171
Index 2014 VSI = V2 —2PR — 2QX — RPjyss — XQpss 0.8172
Novel Index VSI = V} — 4(PR + XQ) 0.7997

In [119], three commonly used static voltage stability analyses were reviewed: V-
Q curves, sensitivity analysis and minimum singular value, and modal analysis. The
assessment results were drawn under the following two simulation scenarios:

1. A two-node power system model with a 90-degree initial voltage angle for a flat start;
2. A 1900 MW pure active load connected at the receiving end of the power system.

The assessment results show that the simulation results based on these three different
analysis methods are not always consistent. When the value of the critical voltage stability
point is near the nominal voltage, the sensitivity analysis and minimum singular value
method may give wrong assessment results. This is different from the other two methods.
Additionally, the flat start can aid the power-flow iterative calculation in the V-Q curve
method to reach the stable range. For example, in scenario 1, the Jacobian determinant
is positive with an initial angle of 90°. Additionally, the Jacobian matrix can give a more
reliable result than the others.

In [120], different static voltage stability analyses, the Q-V sensitivity analysis, the
P-V curve method, the Q-V curve method, and the time-domain method were tested in an
IEEE 39-bus system under the following scenarios:

1.  Bus 89 outage;
2. G3outage;
3. Bus 12 load increment.

The simulation results show that the static voltage stability analysis methods are
more conservative than the dynamic voltage stability analysis method. Additionally, the
dynamic analysis method can provide greater accuracy under severe conditions. However,
the limitation of the dynamic voltage stability analysis is that overlapped time-domain
actions may exist in the interconnected networks. Additionally, the time-domain dynamic
stability analysis simulation could not calculate the stability margin for each bus. Therefore,
the combination of time-domain analysis and traditional static voltage stability analysis
methods can avoid the above limitations and obtain more accurate evaluation results. Using
the simulation results of different voltage stability analysis methods under the various
scenarios, Table 4 summarizes the characteristics of these methods.
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Table 4. Summary of the various voltage stability analysis methods.

Voltage Stability Analysis Method Simulation Result

This method requires the least amount of
L-index method calculation and has a good level of consistency
with most other methods.

The method is most suitable for determining the

Modal analysi .
odat analysts strongest and weakest buses in the system.

This scheme has difficulty distinguishing
different stability modes in the system and may
be misleading when applied to large systems
with multiple regions.

V-Q sensitivity analysis

Too many system parameters are considered in

Power flow based methods the calculation, and the accuracy is relatively low.

Cannot accurately calculate the stability margin
for each bus. Overlapped time-domain actions in
the interconnected networks may exist, leading
to the wrong analysis result.

Dynamic voltage stability analysis

5. Conclusions

This paper presents a systematic review of the state-of-the-art literature on voltage
stability analyses of renewable-dominant power systems from various perspectives. Use-
ful information, including analysis methods, voltage stability indices, and case studies
involving simulation verification, is summarized and compared to demonstrate how each
analytical method and voltage stability index can be applied to DG-penetrated networks.
The advantages and limitations of different mathematical methods and VSIs are also dis-
cussed in the respective subsections. The background, motivation, aims, and the current
literature review are briefly illustrated in Section 1. The commonly used voltage stability
analysis methods are reviewed and classified in the second section. In Section 3, other VSIs
used for specific power systems are reviewed and compared. We describe how the voltage
stability analysis methods and the voltage stability analysis indices, including both the
static and dynamic methods, have been applied to different simulation models in Section 4.

The discussions in this paper led to the following inference: static voltage stability
analysis is the core of voltage stability analysis. Firstly, because it focuses on the analysis of
the algorithm, it can accurately quantify the voltage stability of the system. Additionally,
this type of analysis method can calculate the distance between each node’s voltage and
the voltage collapse point relatively accurately, so it can be used to improve and optimize
the power system’s stability. Therefore, the static analysis method is still the mainstream
direction for voltage stability analysis.

The computing complexity of different methods is also discussed in this paper, thus
providing guidance on choosing proper analysis methods and voltage stability indices to
perform stability assessments for renewable-energy-dominated networks.

The discussions above lead to the below suggestions for further studies:

1.  Systematic development of dynamic voltage stability analysis methods: Although
several dynamic methods to evaluate the voltage profile of a system are available,
additional work needs to be performed to improve their accuracy and efficacy levels.

2. Online real-time techniques for assessing the state of the system’s voltage and the
threshold of instability: It can be anticipated that power systems can be further
optimized in an efficient and timely manner if the voltage collapse is detected at an
early stage.

3.  Coping with increasing asynchronous generation from renewables: The increasing
complexity of the network due to the higher level of renewable penetration may
lead to more stability issues. Increasing the integration of DGs may exponentially
increase the risk of large disturbance instability. Therefore, it may become important to
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coordinate the expanding asynchronous power supplies with the current synchronous
generation.
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