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ANALYSES OF STEADY-STATE VOLTAGE STABILITY
CONSIDERING REACTIVE-VOLTAGE REGULATION
COEFFICIENT

Yibo ZHOU?, Yangyong CAOKANG?, Shi ZHANG?

Based on the local voltage stability index, The sensitivity matrix of load node
local voltage stability index to generator node excitation system reactive-voltage
regulation coefficient is established. According to the sensitivity information, the
reactive-voltage regulation coefficient of each generator is optimized to improve the
static voltage stability of the power grid. The analysis results of 39 buses system
verify the feasibility and accuracy of the proposed sensitivity matrix. When the
reactive-voltage regulation coefficient of the key generator node which has a great
impact on the static voltage stability of the load node is adjusted according to the
sensitivity index, the static voltage stability of the power system could be improved.
This study can contribute to realize the optimal setting of reactive-voltage
regulation coefficient of generators in multi-machine system.

Keywords: static voltage stability, reactive-voltage coefficient, local voltage
stability index, generator excitation system, sensitivity matrix

1. Background

Voltage stability represents the ability of all buses to continuously
maintain reasonable voltage under rated operating conditions after disturbance [1].
At present, the power system has become one of the most important energy supply
systems in society, the demand of power grid is increasing, the operation of power
generation and transmission equipment is getting closer to its limit value. Under
certain extreme operating conditions, the risk of voltage instability increases,
which seriously threatens the safety of power system operation [2-5].

Synchronous generators are very important to maintain the reactive-
voltage level of the grid, with the characteristics of large reactive power
regulation range, rapid regulation and no additional investment, which has an
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important impact on the static voltage stability of the system [6-8]. The regulation
coefficient of excitation system describes the reactive-voltage characteristics of
synchronous generator [9-11]. In reference [12], single-machine infinite bus
system is taken as an example, the influence mechanism of load voltage droop
compensation in generator excitation control on power system stability is
discussed. Reference [13] proposed the optimization model of the reactive-voltage
regulation coefficient of generation to improve the voltage level and decrease the
active power loss. In reference [14], taking the single machine infinite bus system
as an example, the influence of generator excitation control on the static voltage
stability of the system is demonstrated. The above research lacks the analysis of
the influence of the excitation system difference coefficient of each generator unit
on the static voltage stability of the load node in the multi machine system, which
can’t provide guidance for the setting of the excitation system reactive-voltage
regulation coefficient in the multi machine system to improve the static voltage
stability.

In fact, the local voltage index L could be used to evaluate the static
voltage stability of the power system. The physical concept of the index is clear,
and it does not need to consider whether the Jacobian matrix is singular. The
calculation speed is fast, and the boundary is definite. The calculation results in
different grid topologies can be directly compared [15-17]. Using this index can
not only quantify the static voltage stability of the system, but also help to
establish the sensitivity relationship between the static voltage stability of load
node and the generator regulation coefficient of excitation system [18-21].

In this paper, the new type of generator node considering the reactive-
voltage regulation coefficient of generation is redefined, and the power flow
equation considering the reactive-voltage regulation coefficient of generation is
established. This paper presents a sensitivity matrix which can be used to analyze
the relationship between the difference adjustment coefficient of generator
excitation system and the static voltage stability of load node in multi machine
system. The accuracy and effectiveness of the sensitivity matrix to reflect the
static voltage stability of each excitation system for any load node are
demonstrated by simulation analysis. The sensitivity matrix can be used to
optimal tuning the reactive-voltage regulation coefficient of generation in multi
machine system.

2. Power flow equations considering the influence of reactive-voltage
regulation coefficient

The basic concept of the reactive-voltage regulation coefficient should be
introduced first. The reactive-voltage regulation coefficient is the linear slope
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describing the change of the generator terminal voltage with the change of the
generator's reactive power, and its expression is

,B _ Viref _Vi 1
- Qiref _Qi ( )

Where i is the number of the generator node, and f. is the reactive-voltage
regulation coefficient of generation of the generator node, V., and Q,, are

iref
voltage reference value and reactive power reference value, V. and Q. are voltage

and reactive power of node i.

From equation (1), in a single-machine single-load system, if the B value
of the generator is less than 0, the voltage control point of unit wiring generator
equivalent to moves towards the high-voltage side of the transformer, which is
equivalent to the generator compensating reactance of the transformer. The
compensating reactance shortens the electrical distance between the generator and
the load. The traditional PV control mode of generators is equivalent to a bus with
the regulation characteristic set to 0. Therefore, setting the adjustment coefficient
B to a negative value can improve the static voltage stability of the load node.

However, the value of B cannot be set too small. If the adjustment
coefficient has been set too small, which will cause the synchronous generator to
face a large reactive power fluctuation range when the grid voltage fluctuates
slightly, which is not conducive to the stability of the power system.

Then a correction equation for power flow calculation taking into account
the reactive-voltage regulation coefficient has been established. After the
generator takes into account the reactive-voltage regulation coefficient, the
voltage of the PV node and the VO node is no longer a fixed value, and the
correction equation of the power flow calculation will also change. For a power
system with n nodes, there is a balance node, (n-m) generator nodes with a certain
P and (m-1) PQ nodes. The system has 2n-1 equations, including the active power
expressions of all nodes except the balance node, a total of (n-1) equations; the
reactive power expressions in the PQ node, a total of (m-1) Expression; the
expression of generator node £, a total of (n-m+1). The established correction

equation is as follows:

AP H
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Where AP, AQ and A are the unbalance of the injection power and the

reactive-voltage regulation coefficient of the excitation system respectively. H, N,
J, L, M and K are submatrices of the Jacobian matrix, respectively. A6 and AV
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are the voltage phase angle and voltage amplitude correction of each node. The
elements of H, N, J and L are consistent with the traditional modified equation.
The elements M and K in the Jacobian matrix represent the partial derivatives of
the reactive-voltage regulation coefficient to the voltage phase angle and voltage
amplitude respectively.

So far, the correction equation that takes into account the reactive-voltage
regulation coefficient is established, and then the power flow calculation that
takes into account the reactive-voltage regulation coefficient can be carried out.

3. Sensitivity analysis of local voltage stability index to reactive-
voltage regulation coefficient

The literature [22-24] defines the local static voltage stability index L, of
the load buses as
Z"S.

2

ica, i

L 3)
J V.

J
Where Zj*i is the mutual impedance conjugate between load node j and i,

S. is the equivalent load of load node I, V, is the voltage phasor of load node i,

and V; is the voltage amplitude of load node j.

The local voltage stability index of all load nodes in the system constitutes the
system stability index vector L=[L,L,,...,L,], where 1~n is all load nodes in the

system, then the voltage stability index of the system is
L=[L], @)

Using the L index to represent the local voltage stability of the load node
of the power system has the advantage of clear physical concepts and monotonic
changes in the index with the change of load level. The closer the L index is to 0,
the higher the static voltage stability of the node, and its value is closer to 1. Then
the static voltage stability of the node decreases. If the index is equal to 1, the
node is in critical voltage stability, and if the index is greater than 1, the node has
static voltage instability.

System voltage instability usually starts from one or several nodes in the
system and extends to the entire network. The magnitude of the L index value of
each load node can reflect the magnitude of the voltage stability of the node.
Therefore, the ability of each load node in the system to maintain voltage can be
evaluated through the L index, and the critical load node can be found.
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For a multi-machine system, the sensitivity matrix of the load node L
index to the reactive-voltage regulation coefficient of the generator node can be
established to accurately and intuitively obtain the generator nodes that have a
greater impact on the static voltage stability of each load node for adjustment.

For a complex power network, since the voltage stability index reflects the
voltage stability characteristics of the load node, and the regulation coefficient
reflects the external reactive-voltage characteristics of the generator, it is difficult
to directly obtain the relationship between local voltage stability index and the
reactive-voltage regulation coefficient. It is necessary to first obtain the derivative
of the L index with respect to the load node voltage, then obtain the derivative of
the load node voltage with respect to the voltage of the generating node, and
finally obtain the derivative of the voltage of the generating node to the reactive-
voltage regulation coefficient The calculation expression is as follows

A
B2 Z av EYAEA ®)

XEC(L meaG

Where 0L, /oV, is the sensitivity of the local voltage stability index of the
load node to the voltage of the load node, oV, /dV,, is the sensitivity of the

voltage of the load node to the voltage of the generator node, and oV, /0p, is the

sensitivity of the voltage of the generator node to the reactive-voltage regulation
coefficient of the excitation system.

Because the line reactance in the actual transmission network is much
larger than the resistance, and the relative balance point of the voltage phase of
each node is small. So the simplification of equation (3) is

QiXij : _Pixij i
L\/[ZV] +[Z v ] ©

J V.
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According to Equation (6), the sensitivity of L; of load node j to voltage
amplitude V; of this node can be obtained as

aLJ J iea IeaL Vi 1 (7)

v, VJ Li

]

The sensitivity of L; of load node j to voltage amplitude V, of other load
node i except this point is
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The derivation process of the L index shows that the sensitivity of the load
node voltage V; to the generator node voltage V; is

oV.
6_\/: = Z ZiYyi 9)

yea,

It is known that the correction equation of power flow calculation taking
into account the reactive-voltage regulation coefficient of the generator is
expressed as

AP H N AS
AQ|=l J L { } (10)
AV
AB| |M N
The inverse of the matrix is obtained
A8] [A, A AT
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The voltage of generator node and voltage of other nodes are respectively
represented, and the matrix is deformed as

AO B, B, Byl AP
AV |=| By By By || AQ 12)
AV, B, By By A8

Where, AV, is the voltage unbalance of generator nodes taking into
account the reactive-voltage regulation coefficient of generation, and AV, is the
voltage unbalance of PQ nodes. Then the sensitivity of voltage V., of generator
node to the reactive-voltage regulation coefficient g. of the excitation system of
this node oV,/df., is the corresponding diagonal element of B,,, while the

sensitivity of voltage V. of generator node to the reactive-voltage regulation
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coefficient S, of excitation system of other generator nodes 0V;/d 3, is the

corresponding non-diagonal element of B,,.
For a system of n generator sets and m load nodes, all dL;/oV, are

combined into an mxm order matrix, all oV, /6V,, are combined into an mxn
order matrix, and all oV, /6f, are combined into an nxn order matrix. The

influence of the variation of the reactive-voltage regulation coefficient of the
excitation system of each generator set on the L index of each load node can be
expressed as

oL o, L]
op. 9B, op,
A A
N oL, L, oL, “
AL, — —= - —=|IAB,
e - b P, 0P, : (13)
AL : . : . A
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In formula (13), the left side of the equation is the perturbation of the
voltage stability index of the load node, and the right side of the equation is the
perturbation of the regulation coefficient of each power generation node. The mxn
order partial derivative matrix is the sensitivity matrix of the load node L index in
the network corresponding to the system to the adjustment coefficient of each
generator excitation system.

4. Tuning strategy of reactive-voltage regulation coefficient of
generation

The steps for adjusting the reactive-voltage regulation coefficient of the
excitation system through L-£ sensitivity are as follows:

(1) Calculate the local voltage stability index of each load node under the
initial power flow.

(2) The load nodes are sorted according to the degree of voltage stability.
Then extract the regions and nodes whose index is close to 1. One or more key
load nodes are found.

(3) Establish the sensitivity matrix of the local voltage stability index to
the reactive-voltage regulation coefficient of the excitation system according to
the formula (13).

(4) Analyze the sensitivity matrix and adjust the reactive-voltage
regulation coefficient of the excitation system of the generator node that has a
greater impact on the static voltage stability of the critical load node.
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In step (4), the optimization tuning model of the adjustment coefficient
aimed at improving the static voltage stability of the power system can be
described as follows

F =min{L} (14)

In the formula, L is the static voltage stability index of the system.

In the above optimization process, the feasible region of the adjustment
coefficient must comply with the voltage safety constraints of each node and the
search domain constraints of the adjustment coefficient.

Umin SU SUmax (15)
ﬂmin < ﬂ < ﬂmax (16)

The adjustment result of the adjustment coefficient also needs to meet the

constraints of the reactive power output of each generator

Qs min < Qg < Qs (17)

In the formula, U is the node voltage, Bmin is the minimum value of the
adjustment coefficient search domain, pBmax IS the maximum value of the
adjustment coefficient search domain, and Qsmin and Qsmax are the minimum and
minimum reactive power output of the synchronous generator, respectively.
Maximum value.

For the above models, the quasi-Monte Carlo algorithm can be used to
solve the problem. The quasi-Monte Carlo algorithm can traverse all possible
combinations of solutions to ensure that the global optimal value is searched.
However, the computational time cost will increase exponentially when solving
high-dimensional optimization problems. It is more suitable for solving
optimization problems with a small feasible region of solution.

For large grids with many components, the power grid has many variables
to be optimized. Although the power grid can be divided into layers and sub-
regions can be solved separately to reduce the difficulty of solving the model, the
time cost of solving the model is still very large and it is often difficult to accept.
Therefore, this paper adopts the model solving method based on the particle
swarm optimization (PSO) algorithm, which can effectively reduce the cost of
solving time and greatly improve the efficiency of model solving.

The position of the particle is represented by a vector of reactive-voltage
regulation coefficients [ 81, 82,2+, £n], The particle velocity and position update

formulas can be described as follows
k+1 k k k
Vig =@V + Clrl( Pia = Xia )"‘ C,ly ( Pga = Xig )_ @1y ( Pig + Pgq ) (18)
Xi':rl = XiZ + Vi':rl (19)

In the formula, X} :(xil",xiz",..., xka)is the D-dimensional position vector



Analyses of steady-state voltage stability considering reactive-voltage regulation coefficient 311

of the ith particle in generation k; Vik:(vi"l,vikz,...,vi‘g)is the D-dimensional
velocity vector of the ith particle in generation k; c,c,are acceleration
factors; r,,r, are random numbers in (0,1); P* :(pikl, pi"z,---pikD)is the optimal
position of the ith particle as of generation K; Py =(p, pl,. -, Pl )is the
optimal position searched by the whole particle swarm optimization up to the k
generation; @ is inertia weight coefficient.

5. Case study

This paper takes the IEEE Bus39 system as an example for simulation.
The system structure diagram is shown in Fig.1. The system includes 10 generator
sets and 17 load nodes. First, set the reactive-voltage regulation coefficient of the
excitation system of all generator nodes in the system to -0.001, and calculate the
local voltage stability index value of each load node in the system at this time.
The simulation results are shown in Table 1.
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Fig. 1. IEEE39 node example system
Table 1
L index of load node
Node number L index Node number L index
3 0.64 21 0.81
4 0.72 23 0.52
7 0.63 24 0.69
8 0.62 25 0.28
12 0.43 26 0.93
15 0.73 27 0.98
16 0.70 28 0.45
18 0.82 29 0.28
20 0.18 — —
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Sort the load nodes in the system according to the local voltage stability
index L from large to small, and the sorting results are: 27, 26, 18, 21, 15, 4, 16,
24, 3, 7, 8, 23, 28, 12, 29, 25, 20. The greater the value of the local voltage
stability index, the lower the static voltage stability of the load node, so the three
key load nodes with the largest L value are selected: 27, 26, and 18. Then, the
sensitivity matrix of the local voltage stability index of the load node to the
reactive-voltage regulation coefficient of the generator node excitation system is
formed. Analyze the sensitivity coefficients of key load nodes in the sensitivity
matrix, that is, select key generator nodes. Fig. 2. is the sensitivity information of
the local voltage stability index of the critical load node 27 to the reactive-voltage
regulation coefficient of the excitation system of each generator node. It is known
from Fig. 1 that the maximum sensitivity of the local voltage stability index of the
load node 27 to the reactive-voltage regulation coefficient of the excitation system
of each generator node is 35 and 38. Therefore, the key generator nodes of load
node 27 are 35 and1§8.

T T T T T T T T T T T T T T T 'g.b5' T
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Generator index (N)

Fig. 2. Sensitivity of load node 27 to the reactive-voltage regulation coefficient of each generator
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Fig. 3. Sensitivity of load node 26 to the reactive-voltage regulation coefficient of each generator

Fig. 3. is the sensitivity information of the local voltage stability index of
the critical load node 26 to the reactive-voltage regulation coefficient of the
excitation system of each generator node. It is known from Fig. 2 that the
maximum sensitivity of the local voltage stability index of the load node 26 to the
reactive-voltage regulation coefficient of the excitation system of each generator
node is 35 and 38. Therefore, the key generator nodes of load node 27 are 35 and
38.

Fig. 4. relates to the sensitivity information of the local voltage stability
index of the critical load node 18 to the reactive-voltage regulation coefficient of
the excitation system of each generator node. As known from Fig. 3, the generator
nodes with the highest sensitivity of the local voltage stability index of the load
node 18 to the reactive-voltage regulation coefficient of the excitation system of
each generator node are 30 and 35. Therefore, the key generator nodes of load
node 18 are 30 and 35.
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Fig. 4. Sensitivity of load node 18 to the reactive-voltage regulation coefficient of each generator

Based on the above analysis of the sensitivity matrix, four sets of samples
are designed to adjust the reactive-voltage regulation coefficient of the excitation
system, and the change of the L index is observed to judge the accuracy of the
established sensitivity matrix. The first group sets the reactive-voltage regulation
coefficient of the excitation system of 35 and 38 nodes to -0.001, and the other
nodes are still -0.01. The second group sets the reactive-voltage regulation
coefficient of the excitation system at 30 and 35 nodes to -0.001, and the other
nodes are still -0.01. The third group sets the excitation system reactive-voltage
regulation coefficient of the 34 and 37 nodes to -0.001, and the other nodes are
still -0.01. In the fourth group, the reactive-voltage regulation coefficient of the
excitation system at the 34 and 36 nodes is set to -0.01, and the other nodes are
still at -0.001. The simulation results are shown in Table 2.

Table 2
The L index after adjusting reactive-voltage regulation coefficient
Load node number 27 26 18
All generator nodes f is -0.001 0.98 0.93 0.82
35 and 38 nodes are set to -0.01 0.60 0.56 0.54
30 and 35 nodes are set to -0.01 0.71 0.67 0.48
34 and 37 nodes are set to -0.01 0.82 0.77 0.71
34 and 36 nodes are set to -0.01 0.81 0.78 0.68

Comparing the first set of samples with the other three sets of samples,
reduce the reactive-voltage regulation coefficient of the excitation system of
generator node 35 and generator node 38, the local voltage stability index of load
node 27 and load node 26 is the smallest, and the static state of node 27 and node
26 Voltage stability has been maximized. The generator node 35 and the generator
node 38 are just the key generator nodes selected through the established
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sensitivity matrix. The same principle, comparing the second set of samples with
the other three sets of samples, reducing the reactive-voltage regulation
coefficient of the excitation system of the generator node 30 and the generator
node 35, the local voltage stability index of the load node 18 is the smallest, and
the static voltage stability of this node Has been improved to the greatest extent.
The generator node 30 and the generator node 35 are just the key generator nodes
selected through the established sensitivity matrix.

Therefore, it can be concluded that the sensitivity matrix established in this
paper can correctly reflect the relationship between the reactive-voltage regulation
coefficient of the excitation system of each generator node and the local voltage
stability index of each load node. When the reactive-voltage regulation coefficient
of the excitation system of the key generator node with a large influence on
stability is adjusted, the static voltage stability of the load node can be maximized.

Set the adjustment range of the adjustment coefficient of each generator to
[0, -0.05], to improve the static voltage stability of the power grid as the goal,
optimize the adjustment coefficient of the excitation system of the bus30 to bus39,
The optimized setting results of the reactive-voltage regulation coefficient are
shown in Table 3.

Table 3
The optimal setting of reactive-voltage regulation coefficient
Generator index B Generator index B
30 -0.032 35 -0.04
31 -0.001 36 -0.033
32 -0.01 37 -0.038
33 -0.024 38 -0.035
34 -0.035 39 -0.01

Set the adjustment range of the adjustment coefficient of each generator to
[0, -0.05], and the voltage constraint range of the load node to [0.95p.u,1.05p.u].
With the goal of improving the static voltage stability of the power grid, the
tuning coefficient of the excitation system of the 30-39 node generators in the
power grid is optimized.

It can be seen from Table 3 that generators which are more sensitive to the
static voltage stability of the load node often need to be set a more negative
regulation coefficient. It is beneficial to improve the overall static voltage stability
of the power system.

6. Conclusions

(1) The sensitivity matrix of the local voltage stability index of the load
node to the generator reactive-voltage regulation coefficient after taking into
account the reactive-voltage regulation characteristic is established. According to
this matrix, it is possible to accurately evaluate the influence of the reactive-
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voltage regulation coefficient of the excitation system of each generator node on
the static voltage stability of each load node and provide a basis for the
optimization of the reactive-voltage regulation coefficient of the excitation system
of the multi-machine system.

(2) An optimization model of reactive-voltage regulation coefficients with
the goal of improving grid static voltage stability, reactive-voltage regulation
coefficients of generator as optimization variables, and power and voltage as
constraints is constructed. Based on the particle swarm method, an optimization
model is given. The optimized setting value of the generator reactive-voltage
regulation coefficient reveals the basic law that the generator node closer to the
load needs to be set with a more negative adjustment coefficient.

REFERENCES

[1] W. Jiang, C. S. Wang A, “New Method to Compute the Sensitivity of Loading Margin to
Voltage Collapse with Respect to Parameters”, Proceedings of the CSEE, vol. 26, no.
2, pp. 13-18, 2006.

[2] Y. Tang, W. Zhong, H. D. Sun, et al., “Study on Mechanism of Power System Voltage
Stability”, Pow-er System Technology, vol. 34, no. 4, pp. 24-29, 2010.

[3] S. Qi, S. Chang et. al., Analysis and Design of Power System with Nonlinearity via Active
Disturbance Rejection, UPB Scientific Bulletin, Series C: Electrical Engineering and
Computer Science, vol. 82, no. 2, 2020, pp. 211-222.

[4] D. Q. Zhou, U. D. Annakkage, “Online Monitoring of VVoltage Stability Margin Using an
Acrtificial Neural Net-work”, IEEE Transactions on Power Systems, vol. 25, no. 3, pp.
1566-1574, 2010.

[5] S. J. Lin, K. L. Yuan, M. B. Liu, et al., “Assessment on Influence of AVC System on
Steady State Voltage Stability in Guangdong Power Grid”, Power System Technology,
vol. 36, no. 6., pp. 102-107, 2012.

[6] X. Y. Zhou, J. J. Qiu, H. Zhou, “Effects of High Voltage Side Voltage Control on Power
System Voltage Stabilities”, High Voltage Engineering, vol. 31, no. 11, pp. 83-87,
2005.

[7] J. An, G. Huang, G. Mu, et al., “Optimal HSVC Droop Planning for the Voltage Profile
Improvements in Bulk Power systems”, IEEE Power & Energy Society General
Meeting, July 26-30, 2015.

[8] S. Noguchi, M. Shimomura, “Improvement to an Advanced High Side Voltage Control”,
IEEE Transactions on Power Systems, vol. 21, no. 2, pp. 683-692, 2006.



Analyses of steady-state voltage stability considering reactive-voltage regulation coefficient 317

[9] K. Dmitry, “Design, Installation, and Initial Operating Experience with Line Drop
Compensation at John Day Powerhouse”, IEEE Trans on Power System, vol. 16, no. 2,
pp. 261-265, 2001.

[10] Y. P. Dong, X. R. Xie, B. R. Zhou, et al., “An Integrated High Side Var-Voltage Control
Strategy to Improve Short-Term Voltage Stability of Receiving End Pow-er Systems”,
IEEE Transactions on Power Systems, vol. 31, no. 3, pp. 2105-2115, 2015.

[11] K. Y. Kim, P. Rao, J. Burnworth, “Self-Tuning of the PID Controller for a Digital
Excitation Control System”, IEEE Transactions on Industry Applications, vol. 46, no.
4, pp. 1518-1524, 2010.

[12] L. Cheng, Y. Z. Sun, J. Yu, et al., “Effect of Load Compensation in Excitation Control
on System Stabilities”, Proceedings of the CSEE, vol 27, no. 25, pp. 32-37, 2007.

[13] J. An, G. Mu, T. Y. Zheng, et al., “Optimization Strategy for Generator Excitation
System Adjustment Co-efficient in Improving Voltage Level of Power System”,
Automation of Electric Power Systems, vol. 37, no. 23, pp. 97-101, 2013.

[14] X. Y. Zhou, J. J. Qiu, X. Q. Chen, “Effects of High Side Voltage Control on Stabilities
for One Machine Infinite Bus”, Proceedings of the CSEE, vol. 23, no. 1, pp. 61-63,
2003.

[15] C. Ghinea, M. Eremia et. al., Power System Security of the Power Flow Computation on
Distribution Electric Network Using Renewable Energy Sources, UPB Scientific
Bulletin, Series C: Electrical Engineering and Computer Science, vol. 83, no. 1, 2021,
pp. 287-298.

[16] J. Yu, W. Y. Li, W. Yan, “Risk Assessment of Static Voltage Stability”, Proceedings of
the CSEE, vol. 29, no. 28, pp. 40-46, 2009.

[17] L. Xu, J. P. Lu, Y. Wang, et al., “Research on Nodal Voltage Stability Index of Power
System”, Power System Technology, vol. 34, no. 3, pp. 26-30, 2010.

[18] Z. Y. Xu, Y. C. Ji, W. Y. Niu, et al., “Indices for Evaluating the Unsymmetry and
Singularity of Load Flow Jacobian Matrix and Its Reduced Ones”, Proceedings of the
CSEE, vol. 26, no. 5, pp. 51-57, 2006.

[19] W. P. Qin, C. Ren, X. Q. Han, et al., “Power Sys-tem Voltage Stability Risk Assessment
Considering the Limit of Load Fluctuation”, Proceedings of the CSEE, vol. 35, no. 16,
pp. 4102-4111, 2015.

[20] S. H. Li, Y. J. Cao, G. Y. Liu, et al., “Optimal Allocation Method of Dynamic Var
Compensator Based on the Impedance Modulus Margin Index”, Proceedings of the
CSEE, vol. 34, no. 22, pp. 3791-3798, 2014.

[21] C. A. Sima, M. O. Popescu, et. al., Sensitivity Analysis of Optimal Economic Dispatch,
UPB Scientific Bulletin, Series C: Electrical Engineering and Computer Science, vol.
82, no. 2, 2020, pp. 223-236.

[22] P. Kessel, H. Glavitsch, “Estimating the voltage stability of a power system”, IEEE
Transactions on Power Delivery, vol. 1, no. 3, pp. 346-354, 1986.



318 Yibo Zhou, Yangyong Caokang, Shi Zhang

[23] H. H. Chen, X. J. Li, Y. Z. Yun, “A Strategy to Improve Accuracy of Power System
Local Voltage Stability Index”, Power System Technology, vol. 38, no. 3, pp. 723-730,
2014.

[24] T. Jiang, H. H. Chen, G. Q. Li, et al. A New Algorithm for Partitioned Regulation of
Voltage and Reactive Power in Power System Utilizing Local Voltage Stability Index.
Power System Technology, vol. 36, no. 7, pp. 207-213, 2012.



