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Abstract—Because wind power penetration levels in electric
power systems are continuously increasing, voltage stability is
a critical issue for maintaining power system security and
operation. The traditional methods to analyze voltage stability
can be classified into two categories: dynamic and steady-state.
Dynamic analysis relies on time-domain simulations of faults
at different locations; however, this method needs to exhaust
faults at all locations to find the security region for voltage at
a single bus. With the widely located phasor measurement units
(PMUs), the Thevenin equivalent matrix can be calculated by
the voltage and current information collected by the PMUs. This
paper proposes a method based on a Thevenin equivalent matrix
to identify system locations that will have the greatest impact on
the voltage at the wind power plant’s point of interconnection.
The number of dynamic voltage stability analysis runs is greatly
reduced by using the proposed method. The numerical results
demonstrate the feasibility, effectiveness, and robustness of the
proposed approach for voltage security assessment for a wind
power plant.

Index Terms—Power system, phasor measurement unit, fault
disturbance recorder, wind power plant, voltage security

I. INTRODUCTION

With the increasing technology of wind turbines, the pen-
etration level of wind power is rising and wind power has
become competitive with other types of generation. Because
of the low penetration levels of wind power during the early
decades, the loss of a wind power plant was not considered a
critical threat to power system security. During these decades,
when a fault caused the voltage deviation at the interconnec-
tion bus of a wind power plant, the wind power plant was
disconnected and reconnected when the fault was cleared and
the voltage returned to normal [1]-[3]. In the modern power
systems, because the size of wind power plant have increased
(up to 1,000 MW), wind power is an indispensable resource
in generation, and the simple disconnection-reconnection ap-
proach cannot be adopted for voltage deviation scenarios.
Therefore, it is imperative to develop an effective and efficient
voltage assessment approach to enhance voltage security for
wind power plants.

Voltage stability assessment methods in power systems can
be classified into two categories: dynamic simulation and
steady-state. A dynamic simulation is a method in which a
high-accuracy dynamic test bench is built to determine the
fault impact. To generate an accurate analysis of voltage
stability, the dynamic test bench includes excitation systems,
capacitors, high-order generator models, relay protections,
and so on. In [4], the dynamic simulation provides a more
accurate result than that of the V-Q power flow simulation.
In [5], dynamic wind turbine models are built to study the
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voltage stability of the power system with a large amount
of wind power. Although the dynamic approach is accurate,
this method relies on time-domain simulations of faults at
different locations. Ref. [6] illustrates that steady-state analysis
provides another effective way to analyze voltage stability.
In [7], a steady-state method is used to assess voltage security
by using decision tree. In [8], by using times-series power
flow, a steady-state method is used to analyze voltage stability
of power system with high penetrations of wind. By using
artificial intelligence in [9], a steady-state method is used
to analyze voltage stability of power system. Assuming the
involved dynamics are very slow, a steady-state method is
designed for the voltage collapse analysis [10]-[12].

Recently, synchrophasor measurement devices, such as pha-
sor measurement units (PMUs), have been used to measure
power system monitoring. Widely distributed synchrophasor
sensors can record the multimodal signals in high speed for
power system situational awareness, such as voltage and cur-
rent phasors, frequency and rate of change of frequency [13]-
[15]. Based on the multimodal PMU monitoring system, this
paper proposes a novel voltage security assessment for a wind
power plant. First, in the power system, a PMU can collect
information about power flow, voltage, and current phasors
in real time. Second, by using these real-time measurements,
the Thevenin equivalent impedance between every bus can be
derived. Third, this matrix indicates the impact of the change
in current injection at one bus on other buses during balanced
fault conditions. By examining this matrix, the location of a
fault can be derived when it occurs and has a large impact on a
wind power plant’s point of interconnection [1]. The proposed
method is different from the traditional methods, because it
provides an effective and robust way to assess the voltage
security of a wind power plant, especially in a bulk power
system that has unknown parameters.

The paper is organized as follows. Section II describes the
voltage security problem formulation and the flowchart of
the proposed approach. Section III calculates the PMUs-aided
Thevenin equivalent matrix. Section IV presents the steady-
state voltage stability assessment for different scenarios. Sec-
tion V presents numerical results of the proposed approach.

II. VOLTAGE SECURITY ASSESSMENT PROBLEM
FORMULATION

As discussed in Section I, a PMU-aided voltage security
assessment approach is proposed in this paper for power
systems that have a wind power plant. The objective of voltage
security assessment is to identify system locations that will
have the greatest impact on the voltage at the wind power
plant’s point of interconnection. Considering that a three-phase



symmetrical fault on a bus causes the highest fault current,
it is necessary to study it to better protect the wind power
plant in the system. Thus, this paper studies the three-phase
symmetrical fault to illustrate the proposed approach. It is
assumed that the PMUs are located on all the buses in the
power system.

The voltage V = [V4, V5, V3, -+, V,] measured by PMUs
at each bus, and n = 1,2,3,--- is the bus number. V°
= [V, V2, VY .-+ VY] indicates the bus voltage pre-fault
condition. AV = [AV;, AV, AVs, -+, AV,] indicates the
calculated voltage deviation during the fault condition. The
current I = [I1, 15,15, - ,I,,] measured by PMUs at each
bus. The element [/]"] in the current matrix 17" indicates the
current from bus ¢ to bus j, and ¢,j are the bus numbers.
1°¢ = [I7€,15C,I5¢,- .- | I5C] is the short-circuit current
for a fault at bus n, n is defined as above. The element
[Z;, ;] in impedance matrix Z indicates the Thevenin equivalent
impedance between bus ¢ and bus j. The element [Y; ;] in
admittance matrix Y indicates the admittance between bus
and bus j. B is the critical bus number set, which has the
greatest voltage deviation at the wind power plant’s point of

interconnection.
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Fig. 1. Flowchart of the voltage stability assessment approach.

The flowchart shown in Fig. 1 illustrates the architecture
of the proposed approach. At the first step, the voltage and
current information V, V°, I and 17" are collected by the
PMUs equipped on every bus. Second, with the voltage and

current information, the Thevenin equivalent matrix Z can be
calculated. Third, with the Thevenin equivalent matrix Z and
the bus voltage pre-fault condition V°, the short-circuit current
I°¢ and the voltage deviation AV can be calculated. The
critical bus set B is generated, which has the greatest impact
on the voltage stability at the wind power plant’s point of
interconnection. Finally, in the numerical simulation results,
the dynamic simulation is used to verify the proposed voltage
security assessment approach.

III. PMU-AIDED THEVENIN EQUIVALENT MATRIX

Traditionally, the Thevenin equivalent matrix can be calcu-
lated using the measurement of open-circuit voltage and short-
circuit current. In this paper, because a PMU is located at every
bus in the power system, a direct calculation method is used
to generate the Thevenin equivalent matrix.

A. Thevenin Impedance at Bus

Because the voltage V and current I indicates the volt-
age and current information of every bus, respectively, the
Thevenin impedance can be calculated as follows:

Zi =Vi/ L, )

where ¢ = 1,2,3,--- ,n; ¢ is the bus number.

Similarly, the Thevenin impedance between bus 7 and bus
7 can be calculated using the voltage and current information
collected by the PMUs. The voltage between bus ¢ and bus j
can be calculated as

Vij =Vi=Vj, 2

where 4,5 = 1,2,3,--- ,n; 7,5 are the bus numbers. Then,
with the current [ g;r measured by the PMU, which indicates
the current between bus ¢ and bus j. The Thevenin impedance
between bus ¢ and bus j can be calculated as

Zij = Viz/Lij, 3)

This method provides an effective and robust way to cal-
culate the Thevenin equivalent matrix without knowing the
impedance or admittance information of the power system.

B. A Demonstration on an IEEE 14-Bus System

An illustration of the IEEE 14-bus system is in Fig. 2.
By using the collected voltage and current information V, I
and ITT, the Thevenin equivalent matrix can be calculated in
Table 1. Considering the nature hazards, such as typhoon and
earthquake, the parameters and the topology of power systems
will change. For this IEEE 14-bus power system, it is assumed
that the transmission line between bus 13 and 14, and bus 11
and 10 are outaged. The Thevenin equivalent matrix can be
calculated as shown in Table II.



TABLE 1
THE THEVENIN EQUIVALENT MATRIX OF AN IEEE 14-BUS SYSTEM

Bus No. 1 2 3 4 5 6 7
1 20.2616 - 2.22061 | -0.2728 - 2.25871 | -0.2781 - 2.28471 | -0.2837 - 2.29401 | -0.2783 - 2.28121 | -0.2886 - 2.44601 | -0.2969 - 241271
2 0.2728 - 2.25871 | -0.2683 - 2.24721 | -0.2752 - 2.27851 | -0.2830 - 2.29251 | -0.2788 - 2.28301 | -0.2890 - 2.44671 | -0.2963 - 24118
3 0.2781 - 2.28471 | -0.2752 - 2.27851 | -0.2494 - 2.19841 | -0.2812 - 2.28831 | -0.2794 - 2.28841 | -0.2894 - 2.4490i | -0.2946 - 2.40931
7 0.2837 - 2.29401 | -0.2830 - 2.20251 | -0.2812 - 2.28831 | -0.2768 - 2.27151 | -0.2783 - 2.27991 | -0.2876 - 2.43681 | -0.2903 - 2.3933i
5 0.2783 - 2.28121 | -0.2788 - 2.28301 | -0.2794 - 2.28841 | -0.2783 - 2.27991 | -0.2604 - 2.25451 | -0.2797 - 2.42201 | -0.2910 - 2.39531
6 02886 - 2.44601 | -0.2890 - 2.44671 | -0.2894 - 2.44901 | -0.2876 - 2.43681 | -0.2797 - 2.42201 | -0.2766 - 2.42791 | -0.3086 - 2.51761
7 20.2969 - 241271 | -0.2963 - 241181 | -0.2946 - 2.40031 | -0.2903 - 2.39331 | -0.2910 - 2.39531 | -0.3086 - 2.51761 | -0.3000 - 2.38241
8 20.2969 - 241271 | -0.2963 - 241181 | -0.2946 - 2.40931 | -0.2903 - 2.39331 | -0.2910 - 2.39531 | -0.3086 - 2.51761 | -0.3000 - 2.38241
9 0.3004 - 244741 | -0.2998 - 2.44681 | -0.2982 - 2.44521 | -0.2940 - 2.42991 | -0.2943 - 2.42841 | -0.3162 - 2.53071 | -0.3017 - 245771
70 20.2979 - 2.44621 | -0.2975 - 2.44581 | -0.2961 - 2.4449i | -0.2923 - 2.43021 | -0.2914 - 2.42641 | -0.3098 - 2.51161 | -0.3018 - 2.4673i
11 20.2920 - 2.44371 | -0.2920 - 2.44391 | -0.2914 - 2.44461 | -0.2886 - 2.4311i | -0.2844 - 2.42191 | -0.2932 - 2.46821 | -0.3032 - 2.4896i
12 0.2846 - 2.44821 | -0.2849 - 2.44881 | -0.2852 - 2.45081 | -0.2833 - 2.43841 | -0.2758 - 2.42461 | -0.2734 - 2.43761 | -0.3038 - 2.51541
3 -0.2858 - 2.44601 | -0.2360 - 2.44651 | -0.2861 - 2.44831 | -0.2840 - 2.43571 | -0.2774 - 2.4227i | -0.2785 - 2.44247 | -0.3025 - 2.50891
4 20.2941 - 2.44671 | -0.2938 - 2.44661 | -0.2929 - 2.44651 | -0.2896 - 2.43241 | -0.2870 - 2.4259 | -0.3003 - 2.4921i | -0.3018 - 2.4800i
Bus No 3 9 10 11 2 13 4
1 0.2616 - 2.22061 | -0.2728 - 2.25871 | -0.2781 - 2.28471 | -0.2837 - 2.29401 | -0.2783 - 2.28121 | -0.2886 - 2.44601 | -0.2969 - 241271
2 10.2728 - 2.25871 | -0.2683 - 2.24721 | -0.2752 - 2.27851 | -0.2830 - 2.29251 | -0.2788 - 2.28301 | -0.2890 - 2.44671 | -0.2963 - 241181
3 0.2781 - 2.28471 | -0.2752 - 2.27851 | -0.2494 - 2.19841 | -0.2812 - 2.28831 | -0.2794 - 2.28841 | -0.2894 - 2.44901 | -0.2946 - 2.40931
4 0.2837 - 2.29401 | -0.2830 - 2.20251 | -0.2812 - 2.28831 | -0.2768 - 2.27151 | -0.2783 - 2.27991 | -0.2876 - 2.43681 | -0.2903 - 2.39331
5 20.2783 - 2.28121 | -0.2788 - 2.28301 | -0.2794 - 2.28841 | -0.2783 - 2.27991 | -0.2694 - 2.25451 | -0.2797 - 2.4220i | -0.2910 - 2.39531
6 0.2886 - 2.44601 | -0.2890 - 2.4467i | -0.2894 - 2.4490i | -0.2876 - 2.43681 | -0.2797 - 2.42201 | -0.2766 - 2.42791 | -0.3086 - 25176
7 20.2969 - 241271 | -0.2963 - 2.41181 | -0.2946 - 2.40931 | -0.2903 - 2.39331 | -0.2910 - 2.39531 | -0.3086 - 2.51761 | -0.3000 - 2.3824
3 10.2960 - 241271 | -0.2963 - 241181 | -0.2946 - 2.40031 | -0.2903 - 2.39331 | -0.2910 - 2.39531 | -0.3086 - 2.51761 | -0.3000 - 2.38241
9 0.3004 - 244741 | -0.2998 - 2.44681 | -0.2982 - 2.44521 | -0.2940 - 2.42991 | -0.2943 - 2.42841 | -0.3162 - 2.53071 | -0.3017 - 245771
10 20.2979 - 244621 | -0.2975 - 2.44581 | -0.2961 - 2.4449i | -0.2923 - 2.43021 | -0.2914 - 2.42641 | -0.3008 - 2.51161 | -0.3018 - 2.46731
11 10.2920 - 244371 | -0.2920 - 2.44391 | -0.2914 - 2.4446i | -0.2886 - 2.4311i | -0.2844 - 242191 | -0.2932 - 2.4682i | -0.3032 - 2.4896i
12 0.2846 - 244821 | -0.2849 - 2.44881 | -0.2852 - 2.45081 | -0.2833 - 2.43841 | -0.2758 - 2.42461 | -0.2734 - 2.43761 | -0.3038 - 2.51541
3 0.2858 - 2.44601 | -0.2860 - 2.44651 | -0.2861 - 2.44831 | -0.2840 - 2.43571 | -0.2774 - 242271 | -0.2785 - 2.44241 | -0.3025 - 2.50891
2] 20.2941 - 2.44671 | -0.2938 - 2.4466i | -0.2929 - 2.44651 | -0.2896 - 2.43241 | -0.2870 - 2.42591 | -0.3003 - 2.49211 | -0.3018 - 2.4800i
13 equivalent matrix can be expressed as
14
. Z11 AT Zin
Z=\|Z; Zi Zin | »
an an Znn

Fig. 2.

IV. STEADY-STATE VOLTAGE STABILITY ASSESSMENT

A. Voltage Impact Calculation

Traditionally, the element [Y; ;] in admittance matrix Y

IEEE 14-bus system.

It is assumed that the three-phase symmetrical fault occurs
at bus ¢ and the wind power plant is connected at bus j. The

short-circuit current at bus ¢ can be calculated as

where:

V9 is the bus voltage pre-fault condition measured by PMUs

SC
Iv

=VY/Zy,

Z;; is the Thevenin equivalent impedance of bus ¢

SC
Ii

the fault on bus 7 can be calculated as

e
AV =17 2,5,

where:

AVj is the fault impact on bus j

and j

is the short-circuit current at bus <. Then the impact of

Z;; is the Thevenin equivalent impedance between bus i

indicates the admittance between bus ¢ and bus j. And the
impedance matrix can be calculated by using the inverse of the
admittance matrix Y [1]. In this paper, the Thevenin equivalent
matrix is used to generate the information on the impact that
changes in current injection at one bus have on the others.
Because there is a wind power plant in the power system, this
approach can be used to generate for the critical bus set B,
which has the greatest impact on the voltage stability at the
wind power plant’s point of interconnection. The Thevenin

Therefore, all the buses 7 = 1,2,3,--- ,n can be calculated,
and the critical bus set B can be determined according to the
voltage impacts.

B. A Demonstration on an IEEE 14-bus System

As illustrated before, it is assumed that a wind power
plant is located as Bus 10. The voltage impact from large
to small is {9,7,6,11,13,4,14,5,2,12,1,3,8}. Because the



THE THEVENIN EQUIVALENT MATRIX OF AN IEEE 14-BUS SYSTEM FOR TRANSMISSION LINE OUTAGE

TABLE 11

Bus No. 1 2 3 4 5 6 7
1 -0.1806 - 2.1196i | -0.1919 - 2.15771 | -0.1975 - 2.1836i | -0.2039 - 2.1935i | -0.1978 - 2.1809i | -0.2005 - 2.3412i | -0.2181 - 2.3114i
2 -0.1919 - 2.15771 | -0.1875 - 2.1461i | -0.1946 - 2.1774i | -0.2032 - 2.1918i | -0.1985 - 2.1828i | -0.2012 - 2.3432i | -0.2174 - 2.3097i
3 -0.1975 - 2.18361 | -0.1946 - 2.1774i | -0.1691 - 2.0971i | -0.2016 - 2.1873i | -0.1995 - 2.1883i | -0.2022 - 2.3492i | -0.2157 - 2.3049i
4 -0.2039 - 2.1935i | -0.2032 - 2.1918i | -0.2016 - 2.1873i | -0.1978 - 2.1708i | -0.1992 - 2.1805i | -0.2020 - 2.3408i | -0.2116 - 2.2876i
5 -0.1978 - 2.1809i -0.1985 - 2.18281 | -0.1995 - 2.1883i | -0.1992 - 2.1805i | -0.1894 - 2.15461 | -0.1916 - 2.3130i | -0.2132 - 2.2978i
6 -0.2005 - 2.3412i | -0.2012 - 2.3432i | -0.2022 - 2.3492i | -0.2020 - 2.3408i | -0.1916 - 2.3130i | -0.1944 - 2.2310i | -0.2163 - 2.4667i
7 -0.2181 - 2.3114i | -0.2174 - 2.30971 | -0.2157 - 2.30491 | -0.2116 - 2.28761 | -0.2132 - 2.2978i | -0.2163 - 2.46671 | -0.2262 - 2.2478i
8 -0.2181 - 2.3114i | -0.2174 - 2.30971 | -0.2157 - 2.30491 | -0.2116 - 2.28761i | -0.2132 - 2.2978i | -0.2163 - 2.46671 | -0.2262 - 2.2478i
9 -0.2231 - 2.3469i | -0.2224 - 2.3452i | -0.2207 - 2.3403i | -0.2165 - 2.32271 | -0.2181 - 2.3331i | -0.2215 - 2.5046i | -0.2314 - 2.3091i
10 -0.2231 - 2.3469i | -0.2224 - 2.3452i | -0.2207 - 2.3403i | -0.2165 - 2.3227i | -0.2181 - 2.3331i | -0.2215 - 2.5046i | -0.2314 - 2.3091i
11 -0.2005 - 2.3412i | -0.2012 - 2.3432i | -0.2022 - 2.3492i | -0.2020 - 2.3408i | -0.1916 - 2.3130i | -0.1944 - 2.2310i | -0.2163 - 2.4667i
12 -0.1972 - 2.3436i | -0.1979 - 2.3457i | -0.1989 - 2.3516i -0.1987 - 2.34331 | -0.1884 - 2.3154i | -0.1912 - 2.2333i | -0.2129 - 2.4693i
13 -0.1992 - 234171 | -0.1999 - 2.3437i | -0.2010 - 2.3497i | -0.2007 - 2.34131 | -0.1904 - 2.3135i | -0.1932 - 2.2315i | -0.2150 - 2.4673i
14 -0.2231 - 2.34691 | -0.2224 - 2.3452i | -0.2207 - 2.34031 | -0.2165 - 2.3227i | -0.2181 - 2.3331i | -0.2215 - 2.50461 | -0.2314 - 2.3091i
Bus No. 8 9 10 11 12 13 14
1 -0.2181 - 2.31141 | -0.2231 - 2.3469i | -0.2231 - 2.34691 | -0.2005 - 2.3412i | -0.1972 - 2.34361 | -0.1992 - 2.3417i | -0.2231 - 2.3469i
2 -0.2174 - 2.30971 | -0.2224 - 2.3452i | -0.2224 - 2.3452i | -0.2012 - 2.3432i | -0.1979 - 2.3457i | -0.1999 - 2.34371 | -0.2224 - 2.3452i
3 -0.2157 - 2.3049i | -0.2207 - 2.34031 | -0.2207 - 2.3403i | -0.2022 - 2.3492i | -0.1989 - 2.3516i | -0.2010 - 2.3497i | -0.2207 - 2.3403i
4 -0.2116 - 2.28761 | -0.2165 - 2.3227i | -0.2165 - 2.3227i | -0.2020 - 2.3408i | -0.1987 - 2.34331 | -0.2007 - 2.3413i | -0.2165 - 2.3227i
5 -0.2132 - 229781 | -0.2181 - 2.3331i | -0.2181 - 2.3331i | -0.1916 - 2.3130i | -0.1884 - 2.3154i | -0.1904 - 2.3135i | -0.2181 - 2.3331i
6 -0.2163 - 2.4667i | -0.2215 - 2.5046i | -0.2215 - 2.5046i | -0.1944 - 2.2310i | -0.1912 - 2.23331 | -0.1932 - 2.2315i | -0.2215 - 2.5046i
7 -0.2262 - 2.2478i | -0.2314 - 2.3091i | -0.2314 - 2.3091i | -0.2163 - 2.46671 | -0.2129 - 2.4693i | -0.2150 - 2.4673i | -0.2314 - 2.3091i
8 -0.2262 - 2.0717i | -0.2314 - 2.3091i | -0.2314 - 2.3091i | -0.2163 - 2.46671 | -0.2129 - 2.4693i | -0.2150 - 2.4673i | -0.2314 - 2.3091i
9 -0.2314 - 2.3091i | -0.2365 - 2.27391 | -0.2365 - 2.27391 | -0.2215 - 2.50461 | -0.2179 - 2.5072i | -0.2201 - 2.5052i | -0.2365 - 2.2739i
10 -0.2314 - 2.3091i | -0.2365 - 2.27391 | -0.2048 - 2.1894i | -0.2215 - 2.5046i | -0.2179 - 2.5072i | -0.2201 - 2.5052i | -0.2365 - 2.2739i
11 -0.2163 - 2.4667i | -0.2215 - 2.50461 | -0.2215 - 2.50461 | -0.0991 - 2.0322i | -0.1912 - 2.2333i | -0.1932 - 2.23151 | -0.2215 - 2.5046i
12 -0.2129 - 2.4693i | -0.2179 - 2.5072i | -0.2179 - 2.5072i | -0.1912 - 2.23331 | -0.0971 - 2.0878i | -0.1726 - 2.1785i | -0.2179 - 2.5072i
13 -0.2150 - 2.4673i | -0.2201 - 2.5052i | -0.2201 - 2.5052i | -0.1932 - 2.23151 | -0.1726 - 2.1785i | -0.1354 - 2.1300i | -0.2201 - 2.5052i
14 -0.2314 - 2.3091i | -0.2365 - 2.2739i | -0.2365 - 2.2739i | -0.2215 - 2.50461 | -0.2179 - 2.5072i | -0.2201 - 2.5052i | -0.1097 - 2.0033i

IEEE 14-bus system is relatively small, if there is a three-phase
symmetrical fault occurs at Bus 10, the whole power system
will be impacted heavily. So considering the greatest voltage
impact, the first 30% voltage deviation impact buses are
chosen, and the critical bus set is determined as {9, 7,6, 11}.

Considering the nature hazards, the transmission lines
between Bus 13 and 14, and Bus 11 and 10 are out-
age. As above, the voltage impact from large to small is
{9,7,4,5,2,1,8,3,6,14,13,12,11}. The critical bus set can
be determined as {9,7,4,5}.

V. NUMERICAL SIMULATION AND RESULTS

In the numerical simulation, the IEEE 14-bus system and
IEEE 39-bus system are built in the simulation tool Power-
World. It is assumed that a PMU is equipped at every bus,
which provides real-time data acquisition. And the sample rate
of the PMUs is 1 kHz.

A. Numerical Simulation for an IEEE 14-Bus System

As discussed above, the steady-state voltage stability assess-
ment approach gives two critical bus sets, which indicate the
greatest impact on the voltage at the interconnection point of
a wind power plant.

To verify the results, the three-phase symmetrical fault is
simulated in PowerWorld. For the normal condition scenario,
the critical bus set is {9, 7,11, 6}. For the transmission outage
scenario, the critical bus set is {9,7,4,5}. The results of the
dynamic simulations consistently demonstrate the effective-
ness and robustness of the proposed approach.

B. Numerical Simulation for an IEEE 39-Bus System

As shown in Fig. 3, the IEEE 39-bus system contains 10
generators, 46 transmission lines, 12 transformers, and 19
loads. It is assumed that a wind power plant is located at
Bus 17. Because the IEEE 39-bus system is larger than the
IEEE 14-bus system, the three-phase symmetrical fault will
not heavily impact the whole power system.

In this condition, the criterion of voltage drop of the wind
power plant’s interconnection as the bus is that the voltage
drop is below 80% of normal. Considering the nature hazards,
the transmission lines between Bus 16 and 17, and Bus 25
and 26 are outaged. The numerical simulation of the proposed
approach is illustrated in Table III. To verify the results, the
three-phase symmetrical fault is simulated in PowerWorld. The
simulation results are illustrated in Table IV.

Comparing the result of the proposed approach to the
dynamic simulation, the critical bus sets of the proposed ap-
proach contain the critical bus sets of the dynamic simulation
in the normal scenario and transmission line outage scenario,
respectively. Because the proposed approach does not contain
all the elements of the relay protection, it is a conservative,
but as additional basic dynamic information about the power
system is available, the proposed approach will become more
accurate.

VI. CONCLUSION

This paper proposed a steady-state PMU-aided voltage se-
curity assessment for a wind power plant. The Thevenin matrix
is calculated with the data collected by the PMUs. With this
matrix, the fault impact of the power system can be calculated
for every bus. Then the critical bus set can be generated for
the bus at the wind power plant’s interconnection. Compared



TABLE III
VOLTAGE STABILITY ASSESSMENT WITH THE PROPOSED APPROACH

Scenario Type Voltage Impact Size Critical Bus
Normal 1816273152441425625132630212223 191011 | 181627315244142562513
Condition 3912377 8323531282920333619 3834 26 30 21 2223 19 10
Transmission 182726328425629838307102513739151214 | 182726328425629 83830
Line Outage 9 11 13 3231 16 24 21 22 23 19 34 36 35 20 33 71025137
TABLE IV
VOLTAGE STABILITY ASSESSMENT WITH THE DYNAMIC SIMULATION
Scenario Type Voltage Impact Size Critical Bus
Normal 18271624 15321262223219144253020333513 | 18271624 15321262223219
Condition 1228 10115637 7 8 34 36 29 31 32 1 9 38 39 14 4 25 30
Transmission 27 182628329238302537418315739612149 | 271826283292383025374
Line Outage 11 13 10 32 15 16 24 20 21 33 34 23 19 22 35 36 1
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