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Abstract: With the expansion of urban power grid, short-circuit current issue becomes more important. This study proposes an
effective approach to optimise short-circuit current limiting measure configuration. Before applying short-circuit current limiting
measures, the Ward equivalence is utilised to reduce power grid's scale so as to reduce the computational work in short-circuit
current limiting measure configuration optimisation. In order to balance the current-limiting performance and the economic costs
of short-circuit current limiting measures, a multi-objective model for optimising short-circuit current limiting measure
configuration is proposed. A quantum genetic algorithm-based solving method for the optimisation model is proposed. Finally,

the proposed approach is verified by the simulations on an actual power grid.

1 Introduction

Electricity is the most widely used secondary energy. In order to
meet the demand of electric power, the power system, an important
infrastructure of the national economy, is responsible for safe,
economical, and reliable delivery of electricity to users. With social
and economic development, the need of electric power increases,
the physical scale of electric network expands and the power load
density grows. These changes enhance the electrical connections
between the various components of the power grid, which
increases short-circuit current. At present, large short-circuit
current has become the main factor to threat power grid's safe and
economic operation. Therefore, short-circuit current limiting
measure configuration optimisation is one of the hottest topics [1—
3].

The short-circuit current limiting measures such as line
breaking, line operating outside of substation, installing current
limiting reactor, and using high-impedance transformer are the
effective measures to reduce short-circuit current [4—6]. Chen et al.
[7] regard the short-circuit current limiting measure configuration
optimisation as a mixed-integer programming problem. However,
due to the large physical scale of power grid, the current limiting
measure configuration optimisation is a large-scale non-
continuous, non-convex, and non-linear optimisation problem.
Especially, after considering power grid's operating constraints, the
configuration optimisation model will be more complex and
difficult to solve. However, in the actual power grid, short-circuit
current violation mostly happens in a few areas. In this case, the
number of variables and constraints of the optimisation problem
can be reduced by implementing equivalence to the part of power
gird which is irrelevant to short-circuit current violation.

In addition, different short-circuit current limiting measures
have different application scopes, current-limiting performances,
and economic costs. Therefore, it is reasonable to balance the
current-limiting performances and economic costs in short-circuit
current limiting measure configuration optimisation.

This paper firstly simplifies the power grid based on the Ward
equivalence method. Then the economic cost and current limiting-
performance of various current limiting measures are analysed.
Based on the analysis, a multi-objective optimisation model for
short-circuit current limit measure configuration is proposed. In
addition, a quantum genetic algorithm (QGA)-based method is
proposed to solve the model. Finally, the proposed model is
validated by the simulations on an actual power grid.
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2 Basic short-circuit current

calculation

principles of

Taking a n-node power grid, shown in Fig. 1, as an example, the
short-circuit impedance of node & is Z when a short circuit occurs
at this node. According to the circuit theory, every single node of
power grid and the short-circuit mode can form a two-port
network. Therefore, according to the principle of superposition, the
relationship between nodal voltage and current injection can be
expressed as follows:

U=Zi+U €))
where U=[U, Uz Uk U,,]T
I=(i, I, - I -~ LI
U= 0 . U - U
Zn le Zlk Zln
Zﬂ Zzz sz Zzn
Z= :
Zn Zp Ziy, Zin
an an an Znn

where U?, US, oo UZ are the open-circuit voltages of all nodes
before short circuit occurs. The open-circuit voltages can be
obtained by power flow calculation. In actual short-circuit current
calculation, the open-circuit voltage is usually set as 1.0. The
elements of the impedance matrix Z are the self-impedance of each
node and the mutual impedance between various nodes.

When a three-phase short-circuit occurs at node £, the boundary
condition is

Up=1Z;
jk= _]f (2)
[;=0 (j=12,...,mj#k

Considering (1) and (2), short-circuit current can be calculated by
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Fig. 1 Sketch of a short circuit occurred in power network
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Fig. 2 Sketches of two-area power grid before and after equivalence
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Fig. 4 Sketch of line series operating outside of substation
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According to (3), when the short-circuit impedance Z; is given, it

only needs to know the open-circuit voltage, Ui, and the self-
impedance, Zy;, in order to obtain the three-phase short-circuit
current at the node .

3 Ward equivalence of power grid

As short-circuit current is relevant to all power grid operating
variables, the problem of short-circuit limiting measure
configuration optimisation is quit complex. However, in the actual
large-scale power grid, short-circuit current violation only happens
in a few areas. Therefore, a feasible approach to simple the
optimisation problem is using Ward equivalence [8—10] to reduce
the scale of power grid.

A two-zone interconnection power grid before and after the
Ward equivalent is given in Fig. 2. The power grid includes two
parts: the internal network and the outer network. The internal
network is largely related to short-circuit current. Therefore, this
part needs to be considered in short-circuit current limiting
measures optimisation. Oppositely, the outer network is rarely
related to short-circuit current and can be ignored in short-circuit
current limiting measures optimisation.
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The internal and outer networks are interconnected through the
inner boundary nodes, B;...B;, and the outer boundary nodes, B,,...
B, . After Ward equivalence, the effect of the external network on
short-circuit current is reflected on the injection currents and active
powers of the boundary nodes.

Using Y} to represent the initial admittance matrix

corresponding to the internal nodes and using Yz to represent the
initial admittance matrix corresponding to the external nodes, so

the power network to be analysed before equivalence can be
represented by the following equations:
Y'u Y

7 ’
YEI YEE

]/1
I'g

Vi

nl= @

According to (4), there are Y,V;+YjpVg=1; and
YeVi+ YeeVe = I, Therefore, after Ward equivalence, the
network can be expressed as the following linear equation:

YiiVy =1y 5)

In the above formula, Y;; = Y}, — Y;g[Ygg] 'Yy is the equivalent
nodal admittance matrix, and I}’ = I} — Yjg[Yge]™' I =1} + I} is
the equivalent injection current vector.

4 Network analysis of current limiting

Assume there are n nodes in the equivalent grid. In this section, the
change of self-impedance caused by short-circuit current limiting
measure is analysed.

4.1 Line breaking

As shown in Fig. 3, the impedance of the connected line between
node a and node b is Z,;. The operation of breaking the line Z,,
can be represented by adding a line with the impedance of —Z,;,
between node a and node b in the original network [11].

After the connection between node a and node b is removed,
the self-impedance of node £ is

(Zva = Zi) Zak — Zipy)

Zu=Zy— Dy =2y~ —5— Zon—Zo (©)
aa a

The self-impedance Zj; of node k can be quickly calculated. Then
the short-circuit current of node & can be calculated according to

Q).

4.2 Line series operating outside of substation

Line series operating outside of substation can also be represented
by additional line. As shown in Fig. 4, the line ce and the line de
are connected at the same node e.

The lines ce and de series operation outside of substation can be
represent as adding a line with the impedance Z., of between the
node c and the node e and adding a line with the impedance of Z;,
between the node d and the node e, and then adding a line with the
impedance of Z., + Z., between the node ¢ and the node e.

After implementing line series operating outside of substation,
the short-circuit impedance of node & can be calculated:

i. Adding a line with the impedance of —Z_, between the node ¢
and the node e, and then calculating Z;

ii. On the basis of step (i), adding a line with the impedance of
—Z4. between the node d and the node e, and the calculating
7

iii. On the basis of step (ii), adding a line with the impedance of
Zee+Zg. between the node ¢ and the node d, and the

calculating Zf}.
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Fig. 5 The case of installing current limiting reactor
(a) Original circuit of adding current limiting reactor, () Equivalence circuit of adding
current limiting reactor
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Fig. 6 The case of using high-impedance transformer
(a) Original circuit of high-impedance transformer, () Equivalence circuit of high-
impedance transformer

7§ is the short-circuit impedance of node k after implementing
line series operating outside of substation. Therefore,

Zj =70 ™)

With (7), the self-impedance change of node &, Zy;, can be quickly
calculated, and then according to (3) the short-circuit current can
be obtained.

4.3 Installing current limiting reactor

As shown in Fig. 5a, a current limiting reactor with an impedance
value of Zg,  is installed between the node fand the node g. The
circuit of the current limiting reactor can be represented by an
equivalent circuit in parallel in Fig. 5b. The relationship between
the impedance Zj, i of the parallel line and the impedance value
Zj, o of the series limiting reactor is [12]:

ZsZyg+ Zg i)

8
Zfg cir ®

Z_;’gﬁolr =

Similar to the line breaking, the current limiting reactor
between the node f'and the node g can also be equivalent as a line
between the node f and the node g. Therefore, after the current
limiting reactor installed between the node f'and node g, the short-
circuit impedance of node £ is

(Ziy = Zig)(Z g — Zgi)
Zip+Zgg+Z yg o

Ziw = Zix — Ay = Zyy — )

With (7), the self-impedance change of node k, Zy;, after current
limiting reactor is installed, can be quickly calculated, and then
according to (3) the short-circuit current can be obtained.

4.4 Using high-impedance transformer

High-impedance transformer can be realised by installing built-in
reactor. The equivalent circuit of high-impedance transformer is
shown in Fig. 6a. In this figure, Z;; is the short-circuit impedance
of the original transformer, Z;, . is the impedance value of the
built-in reactor, and K is the change ratio. The high-impedance
transformer with built-in reactor can be modeled by a parallel
equivalent circuit in Fig. 6b. The relationship between the
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impedance Zj; 4, of the parallel line and the impedance value Zj; ¢,
of the series limiting reactor is

Zyi(Zyi + Zii_ra)
Zhiﬁtra

(10

!
Zhi?lra =

Similar to the line breaking, the use of a high-impedance
between the node /# and the node i can also be equivalent to a line
between the node # and the node i. Therefore, the short-circuit
impedance of node k after using high-impedance transformer is

(Zin — Z1i) (L — Zir)

Zix = Zk — AZyy = Zyy — I ¥ Zi+ Zion

(11)

With (11), the self-impedance change of node k, Zj;, after using
high-impedance transformer, can be quickly calculated, and then
according to (3) the short-circuit current can be obtained.

5 Optimisation model of short-circuit current
limiting measure configuration

In this section, an optimisation mode of short-circuit current
limiting measure configuration is proposed. Assuming there are N
lines can be disconnected, M lines can be operated outside of
substation, H current limiting reactor can be installed, and G high-
impedance transformer can be used.

5.1 Analysis on current-limiting performance of short-circuit
current limiting measures

The main purpose of current limiting measures is to reduce the
short-circuit current of the power grid, the objective function of the
optimisation model of short-circuit current limiting measure
configuration must reflect the decrease of short-circuit current. In
this paper, the short-circuit current change before and after
applying the current limiting measures is used to reflect short-
circuit current reduction:

B= Al =1~ 1 (12)

where y means whether or not a current limit measures is used. If
used, then y is 1; otherwise y is 0; 1]f is the short-circuit current
before using the current limiting measures; ]j» is the short-circuit
current after using current limit measures. The short-circuit
currents f}- and i; can be obtained according to the method

mentioned in the previous section. Therefore, for the various
current limiting measures described above, the current reduction
effects can be specifically described as

» For line breaking, short-circuit current reduction effect is

Bi= pAlyy =y —17)) (13)

where y; is whether to break the line. If the measure is
implemented, y; is 1; otherwise 0.

» For line series operating outside of substation, short-circuit
current reduction effect is

B, = Iy =yl }_11 -1 jf_n) (14)

where, y; is whether to implementing line series operating
outside of substation. If the measure is implemented, yy is 1;
otherwise 0.

* For installing current limiting reactor, short-circuit current
reduction effect is

. . 5
B; = ){cerIf_clr = )(clr(lf_clr - If_clr) (15)
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where, y., is whether to install a current limiting reactor. If the
measure is implemented, y, is 1; otherwise 0.

* For using high-impedance transformer, short-circuit current
reduction effect is

. | 5
B, = )(lraAIf,Lra = )ﬁra([fftra - Ifftra) (16)

where, y, is whether to use high-impedance transformer. If the
measure is implemented, y,, is 1; otherwise 0.

5.2 Analysis on economic cost of short-circuit current limiting
measures

* Line breaking: The economic costs of opening and closing a line
are the same, and the cost is only associated with the number of
opening/closing action. Therefore, the cost can be expressed as

Ci = A 17)

where A; is a constant. If only considering the cost of opening/
closing action, 4 is a very small value, which mainly depends
on the labour cost and power losses.

» Line series operating outside of substation: Line series operating
outside of substation is realised by opening/closing action, so it
has no difference to line breaking operation in essence.
Therefore, similar to line breaking, the cost can be expressed as

G = n4; (18)

where 4 is a constant.

o Installing current limiting reactor: Cost of installing current
limiting reactor mainly depends on the impedance value. The
greater the impedance value is, the higher the cost is [12]. The
cost of installing current limiting reactor can be simply
calculated by

G = yalAs + B:Zy,) (19)

where A3 and Bj are the cost factors associated with the voltage
level.

» Using high-impedance transformer: The investment cost of
high-impedance transformer is associated with the impedance
value of the built-in reactor. The greater the resistance is, the
higher the cost is. Therefore, the investment cost can be
calculated by

4= )(tra(A4 + B4era) (20)

where, A4 and B, are the cost factors associated with the voltage
level.

5.3 Multi-objective optimisation model for current limiting
measures

According to the current-limiting performances and economic costs
analysis of short-circuit limiting measures, a multi-objective
optimisation model of current limiting measure configuration is
proposed:

Objective function:

4
f(P,0) = max Y (@P;— fC) @1

i=1

Constraint conditions:

N .
Yr<n (22)
i=1
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M .
Y a<n (23)
=

Zhy e < Zsgan i€ (1,2, H) (24)

Zj‘"g_lra S Zj’g_trav l € (1, 2, LRES] G) (25)

where a and f are the weight coefficients, }, is the number of lines
can be disconnected, jy; is the number of lines allowed to be series

operated outside of substation, Z__ifgiclr is the largest possible

limiting reactor to be installed, and Z_;gim is the largest possible
built-in reactor in transformer.

6 Solving method based on QGA

QGA is a probability optimisation method based on quantum
computing principle and traditional genetic algorithm. Unlike
traditional genetic algorithms, QGA 1is based on quantum
computing, uses quantum bit coding to represent chromosomes,
and updates generations by using quantum gate functions.

In addition, QGA has the ability of deep learning and excellent
convergence speed. Therefore, QGA is promising in solving the
proposed current limiting measure configuration operation model.

e [nitial population: Assuming there are N lines can be
disconnected, M lines can be series operated outside of
substation, A short-circuit current limiting reactors and high-
impedance transformers can be installed. The initialisation
population of line breaking, line series operating outside of
substation, installing current limiting reactor, and using high-
impedance transformer is represented by X(w)= {xi(w), xo(w),
X3(W), X4(W)}. Where XI(W) = Xl](w)s xlz(w)s ceey XIN(W)7
(W) = 201w, W), .. il (W)

(W) = Zarw). (W), - e (W)

X4W) = ZaW)s ZoaW), ..., 26(w); and xj(w) represents the jth
chromosome of the wth generation. The initial probability
amplitude values, (a;;, B;), in all population are set as (1/\/2
1/4/2).

e Individual measurement: Through individual measurement, a set
of solutions, R(w) = {ri(w), x(w), i(w),7i(w)}, can be
obtained. In details, y/(w) is the value of the jth chromosome in
the wth generation. Each bit of y}(w) is 0 or 1, which is obtained
according to the probability amplitudes \a[i\z and \ﬁ4-1-|2. The
measuring process is: randomly generating a number between 0
and 1, if it is greater than the probability amplitude of the
square, then the measurement value is 1; otherwise 0.

 Individual evaluation: The fitness function is used to evaluate
each individual in R(w), and if the satisfactory solution or the
end condition is reached, the iteration is terminated; otherwise,
iteration continues.

* Population updating: In this paper, quantum gate U(w) is used
to update X(w) [13, 14]. The short-circuit current limiting

measure configuration optimisation based on QGA is shown in
Fig. 7.

7 Numerical example

For the sake of validating the proposed method, short-circuit
limiting measures are applied to an actual regional power grid. The
actual regional power grid is firstly simplified by Ward equivalent
method (as shown in Fig. 8). There are 19 nodes in the equivalent
power grid. Due to the access of 750 kV network and large
capacity generators (such as G1 and G4 etc.), the short-circuit
current of node GA220 is 51.3 kA which exceeds circuit breaker's
capacity (rated breaking current is 50 kA).

The short-circuit current limiting measures, line breaking, line
series operating outside of substation, installing current limiting
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Fig. 7 Flowchart of short-circuit limiting measure configuration optimisation based on QGA
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Fig. 8 Equivalent power gird after Ward equivalence

Table 1 Coefficients of the costs of short-circuit limiting
measures

The cost Line open Line out of Current High-
factor circuit  the string  limiting impedance
reactor transformer

A 60 120 650 100
B — — 20 50

5 95

g

= 85

2

9

575

G

[S)=)

S ai65

=

&

3

£ 55

z T

T - L

o 60 80 100 120 140 160 180 200 220 240 260

£ Current limiting measures cost

Fig. 9 Relations between limiting measure costs and short circuit

reactor, and using high-impedance transformer, are considered. In
equivalent power grid, Line 7 can be disconnected; Line 1 and Line
8, Line 2 and Line 9 can be series operated outside of substation;
Line 1, Line 2, Line 7, Line 8, and Line 9 can be installed with
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34

current limiting reactor; high-impedance transformer can be used
in Substation GA.

The cost coefficients corresponding to the current limiting
measures are given in Table 1. The number of population of the
QGA is 100, the weight coefficients ¢ and f in the objective
function are 0.01 and 0.99.

After around 40 time's iteration, the proposed algorithm
converged, and the best short-circuit current limiting measures are
Line 1 and Line 8 series operated outside of substation. The
relationship between the economic costs of measures and the
systems’ maximum short-circuit current during iteration is shown
in Fig. 9. As can be seen from Fig. 9, the economic cost and the
systems’ maximum short-circuit current have an inversely
proportional relationship, i.e. the more the cost is, the better the
current-limiting performance is obtained.

If Ward equivalent method is not used to simplify the power
grid, the optimisation of short-circuit current limiting measures is
much complex, and even the global solution cannot be obtained.
Fifty times simulation has been implemented and the results are
given in Table 2. As can be seen from the Table 2, without
applying the Ward equivalent, the algorithm is easy to fall into
local convergence.

8 Conclusions

This paper proposes an effective approach to optimise
configuration of short-circuit current limiting measures based on
Ward equivalence and QGA. Ward equivalence is utilised to reduce
power grid's scale so as to reduce the computational work in short-
circuit current limiting measure configuration optimisation. In
order to balance the economic cost of measures and current-
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Table 2 Optimisation of the 50 simulation results of the power grid without Ward equivalent time limit flow

Current limiting measures Current limit  Short-circuit  The objective 50 times Frequency range of

cost current function value occurrences in the convergence
decreases, kA simulation

Lines 1 and 8, Lines 2 and 9 string running 240 8.54 6.0546 35 120-150

GA substation uses 14 high-impedance 800 4.01 -4.0301 9 110-140

transformer

the impedance of Lines 1 and 2 in series is 1 1340 4.92 -8.5292 4 110-130

Q reactor

the impedance of Lines 8 and 9 in series is 4 1460 3.82 -10.8182 2 100-130

Q reactor

limiting performance, a multi-objective optimisation model for
short-circuit current limiting measure configuration is proposed. A
QGA-based solving method is proposed, which is effective to
obtain the best configuration. Finally, the proposed approach is
verified by the simulations on an actual power grid.
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