
The Journal of Engineering

The 14th IET International Conference on AC and DC Power
Transmission (ACDC 2018)

Improved sensitivity analysis method and
decision error discussion for limiting short-
circuit current of power grid

eISSN 2051-3305
Received on 23rd August 2018
Accepted on 19th September 2018
E-First on 6th December 2018
doi: 10.1049/joe.2018.8522
www.ietdl.org

Shixiong Qi1 , Xiuli Wang1, Shijun Tian1, Ruogu Wang2

1State Key Laboratory on Electrical Insulation and Power Equipment, Xian Jiaotong University, Xi'an, People's Republic of China
2State Grid Shaanxi Electric Power Research Institute, Xi'an, People's Republic of China

 E-mail: qishixiong@stu.xjtu.edu.cn

Abstract: This study mainly focuses on the method of limiting short-circuit current of a power grid by partial transmission
switching. The restrictive effect of short-circuit current and the integrality of the power grid should be considered before the
choosing the transmission lines. By analysing the relationship between transmission switching and self-impedance of bus with
increasing short-circuit current magnitude, a sensitivity matrix can be derived. Based on sensitivity analysis, a set of the least
transmission switching is chosen, which can limit short-circuit current to the maximum. This study improves the method of
transmission lines selection by sensitivity analysis. The improved sensitivity analysis method directly selects a set of
transmission switching lines by the maximum value of weighted sensitivity coefficient instead of selecting lines one by one. It
requires less calculation and has a high-computation speed, but there are engineering errors. This work also studies the error
influencing the decision of lines selection in different power grid scales. The effectiveness of the improved sensitivity analysis
method is verified by several case studies. The cases of different power system scales are utilised for discussing the impact of
error on decision of lines selection and for drawing the scope of the improved sensitivity analysis method.

1 Introduction
With the continuous expansion of the power grids, the closer
interconnection between power networks [1] and the increased
number of generators [2] will lead to a larger short-circuit current
(SCC) value [3]. The rising SCC has affected the security of power
grids operation. There are mainly two strategies to limit the short-
circuit current level of a power grid, which are transmission
switching to change the grid structure [4] and power equipment
upgrade [5]. Due to the economics of power grid planning,
transmission switching is a widely used method. Transmission
switching to change the grid structure appropriately reduces the
electrical connection of the power network [6].

Optimal transmission switching (OTS) [7] has recently drawn
much attention, which is a means of changing the topology of the
power grid for control purposes by switching certain transmission
lines or transformers during power grid operation [8]. The
controllability of the power grid can be fully utilised by the OTS,
so that the power grid can flexibly respond to various situations of
the system operation [9], such as unit commitment operation, load
fluctuation and power system faults. Therefore, OTS can improve
system economics, security and self-healing capabilities, and these
advantages are exactly what the modern smart grid requires [10].
OTS is modelled as a mixed integer programming (MIP) problem,
in which the operating status of each line is represented by the
discrete variable (0–1). For increasing the performance of OTS,
many strategies have been proposed [11, 12].

Actually, transmission switching method mitigates the SCC by
adding constraints about the SCC based on the OTS model [13].
However, in many power systems, the operators choose the
switching lines to limit the SCC using trail and experience. This is
an inefficient and imprecise method of finding a switching
solution. An impedance-sensitivity-based method is introduced to
find a desirable switching solution [14]. The optimisation theory
takes into account the OTS with SCC limitation constraints [15].

In [15], a set of transmission lines can be calculated by the
optimality of the solution. However, there are accumulated
engineering errors in the solution. When one transmission line is
switched off, the admittance matrix of the whole power grid is
changed, so the next choice of transmission switching depends on
the new admittance matrix. If a set of transmission switching

depends on the admittance matrix of the original power grid, the
mutual influence between the transmission lines is neglected. It led
to errors in the calculation of the SCC.

This paper studies this problem further and improves the
method of transmission switching selection by sensitivity analysis.
It is worth emphasising whether the errors of the SCC (decision
error) affect the decision of transmission switching or not. The set
of lines selection method has simplified the solution process,
requires less calculation and has high-computational speed. Single
and multiple lines selection method avoids engineering errors and
make accurate lines selection. The major advantages of this paper
are as follows:

This paper focuses on studying the error of SCC influencing the
decision of transmission switching selection in different power grid
scales.

An improved sensitivity analysis method is proposed, which
combines the advantages of the set of lines selection method and
single and multiple lines selection method. In the premise of
ensuring the correct decision of transmission switching selection,
the most efficient method is chosen in different power grid scales.

2 Methodology
2.1 Adding branch method

The per-unit value of the SCC can be calculated by the impedance
matrix. However, the admittance matrix of the power grid is easy
to obtained, whereas the impedance matrix is obtained by inversion
of the admittance matrix. It requires huge calculation especially in
the case of a large-scale power grid, so the adding branch method
is utilised for obtaining new impedance matrix when one line is
switched off. The equivalent model of the adding branch method is
shown in Fig. 1. Negative impedance of equal magnitude is added
across the selected transmission line. 

The impedance matrix and current vector of the original grid
are ZN and I. After adding the negative impedance, I′ is expressed
as follows:

I′ = [İ1 İ2 ⋯ İ i − İ i j ⋯ İ j + İ i j⋯İm]T = I − αİ i j (1)
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where α is a feature vector, the elements of the selected
transmission line are 1 or −1 and the others are zero. The
relationship between the original impedance matrix ZN and new
impedance matrix Z′N is expressed as follows:

ZN = ZN − 1
ZLL

ZLZL
T (2)

where ZL = ZNα and ZLL = αTZN − zi j.
On this basis, the self-impedance of bus where the SCC exceeds

the limits can be expressed as follows:

Z f f′ − Z f f = − Z f i − Z f j
2

ZLL
(3)

ZLL = AM
T ZN − zi j = Z j j + Zii − 2Zi j − zi j (4)

where Zff, Z f f′ , and Zjj and Zii are self-impedances of the SCC bus
and buses of the selected transmission line, respectively. Zfi, Zfj and
Zij are mutual impedances between buses. zij is the impedance of
transmission switching. The new self-impedance of the SCC bus
can be calculated by (3).

2.2 Sensitivity analysis of the SCC

Sensitivity analysis of the SCC studies the influence of the change
of power grid structure on the SCC. Specifically, one transmission
line is switched off, limiting the magnitude of SCC.

The per-unit value of the SCC of three-phase fault is calculated
as

I f
∗ = 1

Z f f
(5)

Based on the adding branch method, the sensitivity of the SCC can
be computed as follows:

ΔI f
∗ = Z f i − Z f j

2

Z j j + Zii − 2Zi j − zi j Z f f
2 − Z f f Z f i − Z f j

2 (6)

sk f = ΔI f
∗SB

3UB
(7)

where ΔI f
∗  is changed quantity of the per-unit value of the SCC of

three-phase fault. SB and UB are the base values of power and
voltage, respectively. skfis the sensitivity coefficient of the
transmission line k impacting the SCC of all buses.

The sensitivity of all transmission lines can be analysed and the
sensitivity matrix can be derived. Actually, there are many
overstandard buses in the power grid. Therefore, the weighted
sensitivity coefficient characterises the effect of transmission line k
limiting the SCC of all buses with the increase of SCC, and it can
be computed as follows:

sk = ∑
f ∈ Γ

sk f
I f

∗

Icb
∗ − 1 (8)

where Γ is a set of buses with increasing SCC. sk is the weighted
sensitivity coefficient of the transmission line k. Icb

∗  is the per-unit
value of the breaking current of circuit interrupter. The sensitivity
analysis is transmission switching selection by finding a set of
maximum values of the weighted sensitivity coefficient.

2.3 OTS with SCC limitation constraints

OTS with SCC limitation constraints is an effective method of
transmission switching selection. In [7], the typical OTS is shown
as follows:

min ∑
g

cgPg + ∑
k

skπk (9)

st Bk(δi − δj) − Pi jk + πkΩk ≥ 0 ∀k (10)

Bk(δi − δj) − Pi jk − πkΩk ≤ 0 ∀k (11)

∑
∀k j = n

Pi jk − ∑
∀k i = n

Pi jk + ∑
g ∈ n

Pg = PDn ∀n (12)

δn
min ≤ δn ≤ δn

max ∀n (13)

Pi jk
minπk ≤ Pi jk ≤ Pi jk

maxπk ∀k (14)

Pg
min ≤ Pg ≤ Pg

max ∀g (15)

∑
k

(1 − πk) ≤ Π (16)

Here, πk is a state variable of transmission line k. πk = 1 means that
transmission line k is working, while πk = 0 means that
transmission line k is switched off. The objective function (9)
minimises the total cost of generation and the least transmission
switching. Moreover, (10) and (11) are the power flow constraints,
where Ωk is a large number that should be more than or equal to
Bk(θi

max − θ j
min). These two constraints are enforced to be strictly

satisfied. Power balance at each bus is enforced by (12), and the
voltage phase angle, power flow on transmission lines and
generator outputs are enforced by (13)–(15), respectively. Π is the
maximum number of transmission switching, and constraint (16)
limits the number of transmission switching.

3 Solution strategy
In this section, two methods are compared and the improved
sensitivity analysis method is proposed, which combines the
advantages of the set of lines selection method and single and
multiple lines selection method.

3.1 Method 1: the set of lines selection method

The set of lines selection method is a direct method of selecting a
group of lines once. The characteristic of this method is that all
transmission switching lines can be selected at a time by solving
OTS. However, there are engineering errors in this computational
process, because each transmission line affects the impedance
matrix of the whole power grid. When one transmission line is
switched off, the structure of power grid is changed, so the next
selection of switching line depends on the new admittance matrix.
If not, the interaction between the transmission lines is neglected. It
leads to the errors in the calculation of the SCC.

Fig. 1  Equivalent model of transmission switching
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The advantages of Method 1 are that it is a simplified solution
process and requires less calculations. The framework of Method 1
is shown in Fig. 2.

3.2 Method 2: single and multiple lines selection method

The characteristics of this method are that only one transmission
line is selected at a time. Then, the structure of the power grid is
modified to reform the impedance matrix. Finally, the next
transmission line is chosen by analysing the new network.

The advantages of Method 2 include avoiding engineering error
and selecting accurate lines. However, this method needs to solve
the optimal power flow many times for selecting transmission
lines, so it requires a larger amount of calculation. The framework
of Method 2 is shown in Fig. 3. 

3.3 Decision error discussion between two methods

The proposed method in [15] is similar to Method 1. Actually,
Method 1 cannot make optimal decision of transmission switching
lines in different power grid scales. This problem is caused by
accumulated engineering error. The paper focuses on the error of
SCC in different power grid scales, and then, whether this error
affects the decision of transmission switching or not; hence, it is
called a decision error in this paper. On this basis, a selection is
made to identify which method is suitable for a large-scale grid and
which method is suitable for a small-scale grid by several cases.

4 Cases studies
In this section, the IEEE 14-bus system and IEEE 57-bus system as
cases of this paper represent small-scale systems and large-scale
systems, respectively. By solving two cases, the decision error will
be discussed and the suitable method will be chosen in different
situations. Then, in order to demonstrate the practical application
of this method, the SCC limitation of Northwest China Power Grid
will be solved.

4.1 Limitation of SCC in the IEEE 14-bus system

To illustrate the problem easily, this paper modifies the IEEE 14-
bus system, as shown in Fig. 4. 

In this paper, the parameters of the IEEE 14-bus system are
shown as follows: SB = 100 MVA, UB = 220 kV and the maximal
breaking current of circuit interrupter is 14 kA, and the per-unit
value of sub-transient reactance (Xd′′) of generators converts to
system and is presented in Table 1. 

First, some important weighted sensitivity coefficients of the
transmission line in the two methods are presented in Table 2. The
sk indicates the integrated limitation effect of the line k on SCC.
Hence, if sk differs between the two methods, the transmission
switching decision will commit mistakes. 

As shown in Table 2, in Method 1, the bold values show
weighted sensitivity coefficients, which are calculated from the
original grid, so the second transmission switching is line 6.
However, in Method 2, after the first transmission switching,
weighted sensitivity coefficients are recalculated from the
corrective grid, so the second transmission switching is line 3. This
is a deviation of the decision caused by the accumulated error.

Second, the SCC limitation effectiveness of the two methods is
different from each other, as shown in Fig. 5. 

As shown in Fig. 5, there are two buses with overstandard SCC
in the IEEE 14-bus system, which are bus 2 and bus 3 (red callout).
Moreover, the decision of Method 1 is that line 1 and line 3 are
switched off, while the decision of Method 2 is that line 1 and line

Fig. 2  Framework for sensitivity analyses of Method 1
 

Fig. 3  Framework for sensitivity analyses of Method 2
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6 are switched off. By comparison, the limitation of Method 2 is
better than that of Method 1. Therefore, the decision of Method 2 is
accurate and optimal.

Finally, this paper concludes that the error of method will
disturb the decision of transmission switching in small-scale
systems. The reason is that each line has a serious impact on the
whole grid in smaller systems.

4.2 Limitation of SCC in the IEEE 57-bus system

In this paper, the parameters of the IEEE 57-bus system are shown
as follows: SB = 100 MVA, UB = 220 kV and the maximal breaking

current of circuit interrupter is 63 kA, and the per-unit value of
sub-transient reactance (Xd′′) of generators converts to system and
is presented in Table 3. 

The framework of the IEEE 57-bus system is shown in Fig. 6,
and some important weighted sensitivity coefficients of the
transmission lines in the two methods are presented in Table 4.
Although sk is varying in the modified grid, the decision of
transmission switching is the same in the two methods. 

Because of the same decision, the SCC limitation effect of the
two methods is the same, as shown in Fig. 7. 

As shown in Fig. 7, the limitation effect is observable and the
same decision is that line 1, line 2 and line 8 are switched off.

Fig. 4  Diagram of the IEEE 14-bus system
 

Table 1 Sub-transient reactance (Xd′′) of generators of the IEEE 14-bus system
Generators Gen. 1 Gen. 2 Gen. 3 Gen. 6
Xd′′ 0.0281 0.0297 0.0206 0.0206

 

Table 2 Weighted sensitivity coefficients of the IEEE 14-bus system
Branch Method 1 Method 2-I Method 2-II
1 0.0405 0.0405 0
2 0.0015 0.0015 0.0452
3 0.0249 0.0249 0.065
4 0.0099 0.0099 0.0512
5 0.0083 0.0083 0.0503
6 0.025 0.025 0.0643
7 0.0055 0.0055 0.0461
11 0.0012 0.0012 0.0416

 

Fig. 5  SCC of the IEEE 14-bus system
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This paper concludes that the error of method would not disturb
the decision of transmission switching in large-scale systems. The
reason is that each line has a minor impact on the whole grid in
larger systems. Therefore, Method 1 should be used to solve large-
scale systems.

4.3 Limitation of SCC in Northwest China Power Grid

Northwest China Power Grid has multiple voltage levels, but this
paper is only concerned about the SCC limitation of 220 kV
voltage level.

The SCC limitation effect is shown in Fig. 8. 
As shown in Fig. 8, transmission switching disassembles the

electromagnetic ring grid and the SCC limitation effect is
observable.

5 Conclusions
This paper focuses on studying the error of SCC influencing the
decision of transmission switching selection in different power grid
scales. The set of lines selection method and single and multiple
lines selection method are compared and the improved sensitivity
analysis method is proposed, which combines the advantages of the

two methods. The set of lines selection method is suitable for the
large-scale grid, while single and multiple lines selection method is
suitable for the small-scale grid. Essentially, the proportion of
transmission switching in the grid determines whether the error
affects the decision or not. The effectiveness of the model and
solution method is validated in cases.
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