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Real-Time Assessment of Voltage Stability Using Local Bus Measurements in Power
Systems
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Abstract: Real-time monitoring of power system voltage stability is an important issue. Simplicity is desired in real-time assessments. This research proposes a novel method
for determining the power system's Thevenin equivalent circuit parameters and for online voltage stability status assessment using local bus data. The proposed method
performs voltage stability analysis with less data. The validity of the approach is tested by simulation on various load buses of the IEEE 30 bus test system. Simulations
show that the proposed approach can be used for online voltage stability monitoring in power systems.
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1 INTRODUCTION

The ever-increasing energy demand in power systems
increases the disruptive effects that may occur in the power
system. For this reason, determining how close the
instability limits are is becoming increasingly important.
Real-time monitoring of voltage stability limits has
become essential. It is possible to assess the stability status
of power systems using different methods.

The most common method used in voltage stability
assessment is power flow-based approaches [1-3]. With
power flow analysis, voltage amplitude and angle values of
the system buses, generator production values, and details
of line losses are obtained. In addition, with the obtained
results, PV and QV curves of the interested bus in the
system can be drawn, and stability analysis can be
performed [4, 5].

In recent years, new approaches have been developed
in stability analysis with the development of phasor
measurement units (PMUs). Synchronous data can be
obtained from a large number of buses using PMUs.
Voltage stability assessment can be made with this
synchronously collected data [6, 7].

In addition, voltage stability analysis studies are
carried out using Thevenin equivalent circuit in power
systems [8]. Thevenin equivalent-based analyses aim to
determine the critical values of the power system. The
biggest problem in these studies is correctly estimating the
equivalent circuit parameters. Approaches using the least
squares technique [9] and inverse matrix solution-based
estimations have been developed for estimating Thevenin
equivalent circuit parameters [10-12]. Stability analysis
can be performed by obtaining the Thevenin equivalent
circuit parameters (Em, Zm) for the load bus k by
performing power flow analysis [13, 14]. However, many
local parameter measurements and matrix operations are
required before each evaluation [15]. This situation does
not give fast results because it requires a long process.

Recently, researchers have proposed various methods
for finding the Thevenin equivalent of power systems.
Among these, only those that use local bus parameters to
find Thevenin equivalent circuit parameters are attractive
due to their ease of use [16-18]. In these studies, the voltage
stability of the bus is assessed using the maximum power
transfer law, and the Thevenin equivalent circuit

parameters, as observed from the load bus & of the power
system, are computed using local bus parameters.

In this study, the Thevenin voltage for the load bus £,
whose stability is to be investigated, has been calculated
analytically using only consecutive measurements made on
the bus k. A new polynomial for the Thevenin impedance
has been proposed, and the Thevenin impedance has been
calculated using this polynomial. The voltage stability
assessment of the load bus & has been performed in real-
time using the calculated Thevenin equivalent circuit
parameters. The proposed method has been validated by
using simulations on the IEEE 30 bus test system [19], and
the results have been compared with those obtained from
the power flow-based approach. The results obtained from
both methods have been observed to be close. This
situation showed that the voltage stability analysis of the
load bus & can be performed using only the local bus
measurements without the need for all the system data used
in the power flow analysis.

2 ESTIMATION OF THE THEVENIN EQUIVALENT
CIRCUIT PARAMETERS

The multi-bus power system can be represented with a
Thevenin equivalent circuit, which is a single-port circuit,
and this scheme has been used in voltage stability studies
[21]. In this approach, a Thevenin source and a Thevenin
impedance in series symbolize the multi-bus power
system. Fig. 1 shows the Multi-bus power system and its
Thevenin Equivalent seen from load bus .

The Kirchhoff loop expression for the equivalent
circuit shown in Fig. 1 is given in phasor Eq. (1).

Ep, =V +Zp -1 (1)
In order to see basic trigonometric relations, the phasor
diagram of Eq. (1) is drawn in Fig. 2. By using the phasor

diagram and additional alpha and beta axis projections,
Eqgs. (2) to (6) can easily be written from the ABC triangle.
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Figure 1 (a) Multi-bus power system and bus k (b) Thevenin equivalent circuit of
power system seen from load bus k

s

Figure 2 Thevenin equivalent circuit phasor diagram

AB = Epy, =V, -cos(gy )+ 1y, - Ry, 3)
BC = Eyp,, =V, -sin(@ )+ 1, - Xp, “4)

These two equations are insufficient for the four
unknowns of the system. The number of equations can be
increased to four by taking two consecutive measurements
at the k™ bus. The obtained equation system can be given
in matrix form with Egs. (5) to (6).

10 -, O
1 -/
-l o o
10 -1, 0
0 1 0 -,
(%)
Eppg Vi COS((PI )
[x] _ EThﬁ' [B] _ Vkl 'Sln((Pl )
Ry, Ve 'COS((Pz)
Xy sz-sm((pz)

[4)-[x]=[B] : [x]=[4] " [B] (©)

After calculating the unknown vector [x], the Er, Zz,
and 6 parameters are determined using the vector
components given in Eq. (2).

In a power system with sufficient active and reactive
power reserves, the magnitude of Ep can be assumed

constant in a short time window. However, infinite sets of
Zm and 6 satisfy the voltage, current, and power values at
the k™ bus of the power system for constant E7. Therefore,
Erp, is accurately estimated, while Zp, and 6 take pseudo
values that satisfy the equations, not real ones. This is valid
for the cases where the components Ery, and Epyp vary
between two consecutive measurements. If these
components remain constant, all variables in the matrix
solution will be calculated correctly. In addition to finding
Er, with great accuracy from the matrix solution, additional
approaches are required to estimate the Zp and 6
parameters correctly. Applying the Pythagorean Theorem
to the ABC triangle given in Fig. 2, Eq. (7) is obtained.

2 . 2
Epy, =(Vycosp, + 1, Ry, )" + (Vi sing, + 1, Xy, (7)

By substituting Ry, = Zp, -cos(0) and

Xp, = Zp, -sin(6) in Eq. (7), the polynomial given in Eq.

(8) can be written.
12 2 +(2V, 1y cos(0+ ) Zgy + (V7 —Epy ) =0 ®)

The characteristic impedance angle 6 increases in
energy transmission lines as the voltage level increases. It
is known that this angle takes a value between 70°-90° in
transmission lines [21, 22]. In this study, the angle 9 is
taken as 80°. Thus, the E7 estimated from the matrix
solution in Eq. (6), the voltage-current - power angle of the
k" bus, and the angle @ are written in Eq. (8), and the
positive root is taken to determine the Zz, value. The load
angle J to be used in the stability analysis is determined by
Eq. (9) obtained using the phasor diagram and
trigonometric relations given in Fig. 2.

E2 —1%2-72 +V}
520008( Th k Th k (9)

2-Ep -V,

Thus, all the Thevenin equivalent circuit parameters of
the power system, as seen from the ™ bus, are attained.
Those estimated parameters and application of maximum
power transfer principles will allow easy assessment of
voltage stability limits.

3 CRITICAL VOLTAGE AND VOLTAGE STABILITY
MARGIN

The maximum apparent power transfer occurs when
the magnitude of the Thevenin equivalent circuit
impedance for the & bus, where the stability analysis will
be performed in the power system, is equal to the load
impedance. At the moment of maximum power transfer,
the critical current is drawn from the load bus.

Z 'Ik,cr =Zp, ']k,cr (10)

The Equation for maximum power transfer is given in
Eq. (10). The phasor diagram for Eq. (10) is shown in Fig.
3.
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I k.cr

Figure 3 Phasor diagram at maximum power transfer

From the phasor diagram given in Fig. 3, the critical
voltage for the & bus is obtained in Eq. 11 [23].

ETh

Vv, =—"h 11
k.er 2~cos(5) (1D

Using the critical voltage and bus voltage in the
voltage stability margin expression of the load bus £ given
in Eq. (12) [24], the voltage stability status of the & bus
can be monitored in real-time.

V-,
VsM, =tk (12)

k,cr

The examined bus's voltage stability margin, or VSMy,
has a value between 0 and 1, and as it gets closer to 0, the
bus becomes closer to the instability limit. The flowchart
of the proposed approach is given in Fig. 4. Details of the
steps of the proposed approach are given in the flowchart.
If VSMy is under alarm level, some precautionary
measures, such as load shedding, can be initiated.

Read measurement
of V, 1, @ on load
bus. Use the last
two measurement
sets.

Calculate
E1n (Equation 4-6)
Z1y, (Equation 8)

5 (Equation 9)
N
Calculate
V. (Equation 11)
VSMy (Equation 12)
T M

Indicate

VSMy

Figure 4 Flowchart of proposed approach
4 SIMULATIONS

The proposed method has been applied to different
load buses of the IEEE 30 bus test system for validation.
The power of the load bus was increased step by step until
the maximum power point was reached, keeping the power
factor constant. Current, voltage, and power factor
measurements have been taken on the load bus k. Using the

proposed approach and the successive measurements taken
from the load bus %, the Thevenin equivalent circuit
parameters for the load bus & have been computed. Then,
the critical voltage for the load bus k has been calculated
using the Thevenin equivalent circuit parameters. The
voltage stability margin of the bus has been calculated in
real-time using the critical voltage estimation and bus
voltage. The critical voltage and bus voltage for the 7" load
bus of the test system were calculated in real-time, and the
results are given in Fig. 4. The point where the bus voltage
and critical voltage intersect in Fig. 4 shows the critical
point of the system in terms of voltage stability. Swmax,
indicated by a dashed line in Fig. 4, shows the maximum
power limit that can be drawn from the bus with load flow
analysis. It is seen that the calculated critical point and the
maximum power that can be drawn from the bus using
power flow analysis are quite close to each other.

Voltage (kV)

0 60 80 0 120 140 160 180 200 220

S (MVA)

Figure 4 Critical voltage and bus voltage of the 7t bus of IEEE 30 bus test
system

Using the calculated critical voltage and bus voltage,
the voltage stability margin VSMy of the bus was
calculated, and the results are given graphically in Fig. 5.
Fig. 5 shows that at the point where the voltage stability
margin is zero, the maximum power value from the bus and
the stability margin are very close to each other. This
situation indicates that the critical points calculated using
the power flow analysis and those estimated using the
proposed method are very close.

&% I | I | I | | |
40 60 8 100 120 140 180 180 200 220 240

S (MVA)
Figure 5 VSMy for the 7t bus of IEEE 30 bus test system

The critical voltage and bus voltage of load bus
number 12 are given in Fig. 6. It is seen that the intersection
point of the critical voltage value and bus voltage
calculated using the Thevenin equivalent are very close to
the maximum power point calculated with the power flow
analysis.
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Figure 6 Critical voltage and bus voltage of the 12n bus of IEEE 30 bus test
system

In Fig. 7, the voltage stability margin of load bus
number 12 is given.

VSM,,

02 L L L L L 1 1
20 a0 80 80 00 120 140 180 180 200

S (MVA)
Figure 7 VSMy for the 12n bus of IEEE 30 bus test system

In Fig. 8, the critical voltage and bus voltage of load
bus number 21 are given.

Voltage (kV)

@
g

&

a
g

0 40 &0 80 ‘W’JS (MVA;EL 140 160 18
Figure 8 Critical voltage and bus voltage of the 21st bus of IEEE 30 bus test
system

In Fig. 9, the voltage stability margin of load bus
number 21 is given.

It is seen that the voltage stability margin calculated
for different load buses of the test system and the maximum
power point calculated with power flow analysis are quite
close to each other. This situation shows the validity of the
proposed method. It allows the assessment of the voltage
stability of the load bus k with only local bus measurements
without the need for power flow analysis. The proposed
method also provides information about the generators in
the system that have reached their reactive power limits.
The sudden step-shaped changes in the voltage stability
margin calculated for different load buses of the test system
are due to the generators reaching their reactive power
limits. The Smax in the graphs given for different load buses

is the critical power value of the related bus obtained by
the power flow analysis. It is seen that the results obtained
from the power flow analysis and the results estimated with
the proposed method are close to each other.

o) 1 I I I I I i
20 40 60 80 100 120 140 160 180 200

S (MVA)
Figure 9 VSMy for the 21st bus of IEEE 30 bus test system

Table 1 Proposed and compared power flow results

Bus Proposed Power Proposed Powt.:r' flow
Number VSMy Flow Critical Power Critical
VSMy, Power

7t 0.0016 0 232.5 MVA 234.5 MVA

12 -0.0017 0 191.1 MVA 191.4 MVA

21 0.0051 0 180.5 MVA 181.8 MVA

Tab. 1 shows the comparative results of the proposed
method and the power flow. It can be seen that the VSMy
error between the proposed method and load flow analysis
is less than 0.5%, proving the validity of the proposed
method.

5 CONCLUSION

In this study, Thevenin equivalent circuit parameters
for the load bus £ have been calculated using local bus
parameters. Using the calculated equivalent circuit
parameters, the steady state voltage stability limit of the
load bus k regarding the maximum power transfer law has
been assessed.

The Thevenin Equivalent circuit for the bus to be
analyzed for voltage stability has been calculated using
only local bus measurements (load current, bus voltage,
and load power factor). With the estimated equivalent
circuit parameters, the critical voltage values of the load
bus k have been calculated in real-time, the voltage
stability margin (VSMy) of the bus has been calculated
using the calculated critical voltage values and bus
voltages, and the voltage stability assessment of the load
bus k has been achieved successfully. The proposed
method offers ease of operation and the opportunity to
obtain fast results since it uses only local bus
measurements with a small amount of data.

With the proposed real-time monitoring, rapid
information support can be provided for decisions such as
load shedding from the system and fast commissioning of
reactive power sources when necessary. It is recommended
that the VSMy alarm level be set at around 0.5 so that
immediate precautions can be taken.
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