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Abstract An approach of transmission network expan-

sion planning with embedded constraints of short circuit

currents and N-1 security is proposed in this paper. The

problem brought on by the strong nonlinearity property of

short circuit currents is solved with a linearization method

based on the DC power flow. The model can be converted

to a mixed-integer linear programming problem, realizing

the optimization of planning model that considers the

constraints of linearized short circuit currents and N-1

security. To compensate the error caused by the assump-

tions of DC power flow, the compensation factor is pro-

posed. With this factor, an iterative algorithm that can

compensate the linearization error is then presented. The

case study based on the IEEE 118-bus system shows that

the proposed model and approach can be utilized to: opti-

mize the construction strategy of transmission lines; ensure

the N-1 security of the network; and effectively limit the

short circuit currents of the system.

Keywords Short circuit current, Embedded constraints of
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1 Introduction

Along with the continuous increase of installed gener-

ation capacity and load levels in power systems, the scale

of the power grid needs expanding and the structure of the

power network needs strengthening. Although transmission

network expansion can improve transmission capacity and

security of power grids, improper transmission network

expansion planning may result in unreasonable structure of

power grids, which leads to a dramatic increase of short

circuit currents in power systems.

Up until now, the excess of short circuit currents has

been quite a common problem in many regions [1–4]. For

instance, in China, the installed generation capacity of

Shanghai power grid and power interchange with external

power grids are growing rapidly during these years,

resulting in a significant increase in short circuit currents of

500 kV buses [5]. In Japan, 500 kV power networks form

the backbone of the transmission system. The short circuit

interrupting capacity is 63 or 50 kA generally. With the

growth of the power grid scale, the capital region around

Tokyo is faced with the problem of excessive short circuit

currents [6]. In Iran, the short circuit currents level will

exceed the capacity of existing circuit breakers as a result

of installing two new generating stations by 2015 [7].

The continuous increase of short circuit currents

threatens the security of power grids. A higher level of

short circuit currents imposes a stricter requirement on

electrical equipment in power systems. If the interrupting

capacity is insufficient to effectively clear faults, the

impact of faults may spread to wider areas, jeopardizing

the security of the whole power system. Thus, how to limit

short circuit currents of power systems in the planning

phase has been an imperative and critical task for system

operators.
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In the past decades, how to reduce short circuit currents of

power grids has been widely investigated [8–12]. Up to date,

there are mainly three kinds of measures in limiting short

circuit currents, i.e., to improve the structure of power grids,

to optimize the operation of power systems and to deploy

current limiting devices. Ref. [13] investigates the influence

of zoning on short circuit currents and proposes the opti-

mization model of the zonal operation in 220 kV power

grids. Ref. [14] presents a decision method of operation

schemes for limiting short circuit currents in regional grids.

The effect of short circuit currents, transient voltage security

and static power flow distribution are considered. In Ref.

[15], the case study based on PSCAD verifies the calculation

method of short circuit faults in an HVDC system. In addi-

tion, the various short circuit current sources with their cor-

responding faults are analyzed. In Ref. [16], a model for

automatically allocating optimal current limiting devices in

power systems is formulated. In this mixed-integer linear

programming (MILP) model, integer variables are utilized to

determine the discrete capacity of reactors. Ref. [17] estab-

lishes a model for configuring ultra-high voltage short circuit

currents limiters with particle swarm optimization (PSO).

The case study based on Guangdong Power Grid verifies the

effectiveness of the proposed model and approach.

In existing literature, while incorporating N-1 con-

straints into transmission expansion models is common

practice [18–22], embedding constraints of short circuit

currents into transmission expansion planning models is

not thoroughly discussed. Since short circuit currents have

strong nonlinear relation with decision variables of candi-

date transmission lines, current power grid planning mod-

els have defects of heavy computational burden and low

solution accuracy. In an actual power grid planning project,

instead of embedding constraints in the grid planning

model, short circuit currents are calculated after deter-

mining the power grid planning result. This is an open-loop

approach in which short circuit currents are checked

manually. Once the short circuit currents are excessive, the

power grid planning result needs modifying according to

artificial experience. The major drawback of this procedure

is low efficiency and loss of optimality. Therefore, current

power grid planning model can merely guarantee N-1

security. A model that can ensure both short circuit cur-

rents constraints and N-1 security needs investigating.

To this end, the major contributions of this paper are as

follows:

1) A new transmission network expansion planning

model with embedded constraints of short circuit currents

and N-1 security is proposed in this paper. In this model, the

constraints of short circuit currents are explicitly incorpo-

rated. Thus, the optimal planning results can not only satisfy

N-1 security of transmission systems, but also limit the short

circuit currents below the safety threshold.

2) By constructing an iterative process in calculating

short circuit currents, the linearization method based on DC

power flow is developed to reduce the nonlinearity brought

on by short circuit currents. Hence, the transmission net-

work expansion planning model is converted to an MILP

problem, which can be efficiently optimized.

3) In order to compensate the error caused by the lin-

earization method, the compensation factor is proposed.

The compensation factor, in respect to accurate short cir-

cuit currents, is updated in each iteration.

The rest of this paper is organized as follows: In

Section 2, the calculation method of short circuit currents

is briefly introduced. In Section 3, the model of trans-

mission network expansion planning with embedded

constraints of short circuit currents and N-1 security is

proposed. In Section 4, the algorithm of optimizing the

planning model is described. In Section 5, the IEEE

118-bus system is utilized to verify the accuracy and

effectiveness of the proposed model and approach. Sec-

tion 6 concludes.

2 Calculation of nodal three-phase short circuit

currents

The most serious faults of power systems, i.e., three-

phase short circuit faults, are considered in this paper. The

relationship between short circuit currents and the inter-

rupting capacity of a breaker is:

Ib ¼ gf I
SC ð1Þ

where Ib is the breaking current of a circuit breaker; ISC is

the maximal short circuit current allowed; and gf is the

coefficient of aperiodic components, reflecting the influ-

ence of the aperiodic short circuit currents.

The faults of power systems can be effectively cleared,

provided that the peak value of short circuit currents is

limited below the interrupting capacity of circuit breakers.

Therefore, nodal three-phase short circuit currents are

selected as the metric. By limiting the short circuit currents

below the safety threshold, the security of power systems is

guaranteed.

Three assumptions are adopted in this paper in calcu-

lating three-phase short circuit currents: 1) Ignore the

excitation circuit and off-nominal transformer tap ratio. 2)

Neglect the influence of load. 3) The electromotive force of

the system remains constant when short circuit faults

happen.

When short circuit fault occurs at node f with transition

impedance zf, there is current injection -If at node f

equivalently. Therefore, according to the superposition

theorem, the voltage of any node i in the network is:
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Ui ¼
X

j

ZijIj � Zif If ð2Þ

where the first term is the voltage of node i before fault occur-

rence, denoted byUi(0); and-ZifIf is the voltage component of

node i merely contributed by the short circuit current.

If the short circuit fault occurs at node i, i.e., i = f, the

voltage of node f will be:

Uf ¼
X

j

ZfjIj � Zff If ¼ Uf 0ð Þ � Zff If ð3Þ

where Zff is the self-impedance of node f.

The boundary condition of the fault is:

Uf � zf If ¼ 0 ð4Þ

If can then be deduced below:

If ¼
Uf 0ð Þ
Zff þ zf

ð5Þ

For metallic short circuit faults, the transition impedance

is 0 and the short circuit current is:

If ¼
Uf 0ð Þ
Zff

ð6Þ

The node voltages can be obtained by solving the power

flow, and the self-impedance of each node can be acquired

by computing the network impedance matrix, thereby

calculating the nodal three-phase short circuit currents.

3 Model of transmission network expansion planning

with embedded constraints of short circuit currents

and N-1 security

Distinguished from previous planning models [23–26],

the objective of the transmission network expansion plan-

ning in this paper is minimizing construction costs while

satisfying N-1 security and limiting the short circuit cur-

rents below the safety threshold in the meantime. Based on

DC power flow, the assumptions of the planning model are

[27]: (1) Neglect the resistance of transmission lines

because the resistance is considerably less than the reac-

tance in high voltage transmission networks. (2) The per

unit values of the node voltages are approximately 1.0 and

the phase angle difference between two nodes is roughly 0.

3.1 Objective function

The objective function is expressed in (7).

min
X

l2An

alCl ð7Þ

where An is the set of candidate transmission lines; Cl is the

construction cost of transmission line l; and al is the 0–1

decision variable determining whether transmission line

will be constructed.

This objective function implies that the transmission

network expansion planning is optimized in such a way

that the power system will satisfy N-1 security, and the

short circuit currents will be limited below the safety

threshold with minimal construction costs.

3.2 Constraints

It is supposed that the output of each generator remains

constant when a single transmission line from An is the

contingency. Therefore, all the scenarios share the same set

of decision variables of candidate lines and continuous

variables of generator outputs while each N-1 scenario has

its own set of continuous variables of voltage phase angles

and line power flows. The constraints of the planning

model are listed as follows.

The constraint of active power outputs of generators is

expressed as:

Pmin
Gi �PGi �Pmax

Gi ; i 2 Ng ð8Þ

where Ng is the set of generators; PGi is the active power

output of generator i; and Pmin
Gi ; P

max
Gi are the minimum and

maximum active power output of generator i,

respectively.

The constraint of phase angles of node voltages is

expressed in (9).

hmin
i � hic � hmax

i ; i 2 N; c 2 AN�1 ð9Þ

where hic is the phase angle of the voltage at node i when

line c is the contingency; hmin
Gi ; h

max
Gi are the minimum and

maximum voltage phase angle at node i, respectively; N is

the set of all the nodes in the power system; and AN-1 is the

N-1 contingency set.

The constraint of the power balance of each node is

expressed as:
X

j

Fjc ¼ PDi � PGi; c 2 AN�1 ð10Þ

where Fic is the active power on line j when line c is the

contingency, and PDi is the load at node i.

The constraint of DC power flow equations of existing

lines is expressed as:

Flc ¼ ð1� dcÞBijðhic � hjcÞ; l 62 An; c 2 AN�1 ð11Þ

where Bij is the mutual admittance between node i and

node j; and dc is a 0–1 variable representing the state of line
c, i.e., dc = 0 indicates line c operates normally, while

dc = 1 indicates line c is the contingency.

The constraint of transmission capacity of existing lines

is expressed as:
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Fmin
l ð1� dcÞ�Flc �Fmax

l ð1� dcÞ; l 62 An; c 2 AN�1

ð12Þ

where Fl
min, Fl

max are the minimum and maximum active

power of line l, respectively.

The constraints of DC power flow equations of candi-

date lines are expressed as:

Bij hic � hjc
� �

� Flc þ ð1� al þ dcÞM� 0;
l 2 An; c 2 AN�1

ð13Þ

Bij hic � hjc
� �

� Flc � ð1� al þ dcÞM� 0;
l 2 An; c 2 AN�1

ð14Þ

where M is a constant that is greater than

Bij(hn
max - hn

min).

The constraint of transmission capacity of candidate

lines is expressed as:

Fmin
l alð1� dcÞ�Flc �Fmax

l alð1� dcÞ; l 2 An; c 2 AN�1

ð15Þ

The constraint of the number of transmission lines that

can be constructed is expressed as:
X

l2An

al �Nl ð16Þ

where Nl is the upper limit of the number of transmission

lines that can be constructed.

The constraint of three-phase short circuit currents is

expressed as:

ISCi ða1; a2 . . . aNA
Þ�KC

i I
SCmax; i 2 N ð17Þ

where Ii
SC(�) is the expression of the short circuit current at

node i; NA is the number of candidate transmission lines;

ISCmax is the safety threshold of short circuit currents of the

system; and Ki
C is the compensation factor of the short

circuit current at node i, used for reducing the error caused

by the linearization. Compensation factors are determined

by the topological structure of the power system, which is

defined below:

KC
i ¼ ISCDCi

ISCACi

ð18Þ

where Ii
SCDC, Ii

SCAC are the short circuit current at node i based

on DC power flow and that based on AC power flow,

respectively, and Ii
SCAC is the accurate short circuit current.

There are errors between accurate short circuit currents

and those based on DC power flow. The errors originate

from two aspects: 1) The voltage of each node is approx-

imately 1.0 based on DC power flow, however, it is actu-

ally not the case in practice. 2) The resistances of

transmission lines are ignored according to the assumptions

of DC power flow. The errors brought on by DC power

flow may lead to a suboptimal planning result. Thus,

compensation factors, which are considered in the model,

are needed to reduce the error caused by DC power flow in

each iteration.

Therefore, (7) is the objective function and (8)–(17) are

the constraints in the planning model.

According to the calculation method of short circuit

currents mentioned in Section 2, the three-phase short cir-

cuit currents are reciprocals of self-impedances. The impe-

dance matrix can be derived from the admittance matrix

after inversion. Although the admittance matrix is the linear

expression of decision variables of candidate transmission

lines, however, self-impedances of the impedance matrix

have strong nonlinearity property with cross-multiplying

terms of decision variables in both denominators and

numerators. Therefore, this calculation method makes the

planning model a complex mixed-integer nonlinear pro-

gramming (MINLP) problem. Since it is a difficult task to

solve the planning model, a specific method for linearizing

short circuit currents will be proposed in Section 4.

4 The algorithm

Since the short circuit currents have strong nonlinearity,

the model needs to be linearized in order to be efficiently

solved, i.e., the MINLP will be transformed to MILP after

linearization. Therefore, the linearization method of short

circuit currents is proposed in this paper. Based on DC

power flow, the voltage of node i is 1.0 per unit and the

three-phase short circuit current at node i is:

ISCi ¼ 1

Zii
ð19Þ

The nonlinearity of the short circuit current is derived

from the reciprocal of self-impedance. If it is possible to

directly deduce the functional relationship between short

circuit currents and the elements in the admittance matrix,

the nonlinearity of short circuit currents expressions will

be significantly reduced. Based on the property that the

admittance matrix and the impedance matrix are inverse

matrices, (20) can be directly derived from (19), as

follows.

ISCi ¼ 1

Zii
¼ 1

Zii
þ 1� ISCi Zii ¼

1

Zii
þ Yii � ISCi ZiiYii

¼ 1

Zii
þ
 
Yi �

X

j 6¼i

Yij

!
� ISCi

 
1�

X

j 6¼i

ZjiYij

!

¼�
X

j6¼i

 
1� ISCi Zji

!
Yij þ Yi þ

 
1

Zii
� ISCi

!

¼�
X

j6¼i

 
1� ISCi Zji

!
Yij þ 1� Yi

ð20Þ
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where Yi is the admittance of node i against the ground, and

Zji is the mutual impedance between node j and node i.

On the premise of DC power flow, the initial voltage of

each node in the power system is 1.0 per unit, i.e.,

Ui(0) = 1.0, i [ N. Thus, the value 1.0 can be interpreted as

the initial voltage of node i, Ui(0). Then the short circuit

current at node i can be denoted by:

ISCi ¼ �
X

j 6¼i

ðUjð0Þ � ISCi ZjiÞYij þ Uið0ÞYi ð21Þ

where Ui(0)Yi is the short circuit current contribution of the

voltage source at node i; Uj(0) - Ii
SCZji is the voltage of

node j after three-phase short circuit faults occur at node i;

(Uj(0) - Ii
SCZji)Yij is the short circuit current contribution

of the voltage source at node j. Therefore, the physical

meaning of (21) is that the short circuit current of node i is

the sum of contributions from the equivalent voltage source

of each node.

Since the short circuit current appears on both the left-

hand-side and right-hand-side of (21), to realize the lin-

earization, the iterative expression of short circuit currents

calculation is used instead:

I
SCðkþ1Þ
i ¼ �

X

j6¼i

ð1� I
SCðkÞ
i Z

ðkÞ
ji ÞYij þ 1 � Yi ð22Þ

where k is the index of iterations. Since decision variables al
determine whether candidate transmission lines will be

constructed, Yij is the linear expression of decision variables

al. Yi, the admittance of node i against the ground, can be

expressed as the linear combination of decision variables al
as well. Therefore, Yij and Yi are linear expressions of

decision variables of candidate transmission lines. ISC(k) and

Z(k) are constants, which are calculated according to the

system topology in the kth iteration. Hence, the linear

expressions of ISC(k?1) are obtained, serving as linear con-

straints embedded in the planning model, as shown in (17).

ISC(k?1) is updated in each iteration until the convergence is

achieved, i.e., ISC(k?1) = ISC(k).

The algorithm of transmission network expansion

planning with embedded constraints of short circuit cur-

rents and N-1 security is shown in Fig. 1.

According to Fig. 1, the algorithm is elaborated as

follows.

1) Initialize the index of iteration k and optimize the

transmission network expansion planning model merely

with embedded N-1 security constraints.

2) Check the short circuit currents of each node under

the planning result of 1). If the currents are already limited

below the safety threshold, the algorithm terminates.

Otherwise, go to 3).

3) Calculate the short circuit currents of each node based

on DCPF and ACPF under the planning result of 1),

denoted by ISCDC(k) and ISCAC(k), respectively.

4) In the light of (18), calculate compensation factors,

denoted by Kc(k).

5) After computing the impedance matrix Z(k), the linear

expressions of short circuit currents ISC(k?1) can be

obtained via (22).

6) Add ISC(k?1) into the planning model and optimize the

transmission network expansion planning model with embed-

ded constraints of short circuit currents and N-1 security.

7) Check whether the present planning result is identical

to the previous one. If they are identical, the algorithm

terminates. Otherwise, k = k ? 1 and go to 3).

In this way, linear constraints of short circuit currents

can be embedded into the transmission network expansion

model.

5 Case study

The testing environment is LENOVO Y410P, 2.40 GHz,

eight core. The program is developed using MATLAB

R2013a. The mathematical optimization solver is CPLEX

12.4 [28].

Fig. 1 Algorithm of transmission network expansion planning with

embedded constraints of short circuit currents and N-1 security
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The case study is based on the IEEE 118-bus system,

with 179 transmission lines and 54 generating units. The

level of short circuit currents of the power system before

expansion planning is shown in Fig. 2, where the safety

threshold of short circuit currents is 30 per unit. According

to the results shown in Fig. 2, the initial power system

satisfies the constraints of short circuit currents. However,

with the increase of load levels, some transmission lines

may be heavy loaded or even overloaded when a single line

is the contingency, i.e., the power system cannot meet the

requirement of N-1 security.

In order to enhance the structure of the power grid, there

are 22 transmission lines in An: 1-3, 23-24, 9-10, 25-26,

35-37, 34-36, 26-30, 21-22, 43-44, 54-56, 47-69, 49-69,

24-70, 71-73, 75-77, 86-87, 110-111, 110-112, 68-116,

12-117, 6-7, and 7-12.

The optimization results of transmission network

expansion planning with embedded N-1 security con-

straints and with embedded constraints of short circuit

currents and N-1 security will be analyzed below. For

convenience, M0 is used to represent the power system

before expansion planning. M1 represents the power sys-

tem after transmission network expansion planning with

embedded N-1 security constraints. M2 represents the

power system after transmission network expansion plan-

ning with embedded constraints of both short circuit cur-

rents and N-1 security.

5.1 Result of transmission network expansion planning

The upper limit of the number of transmission lines that

can be constructed is 14. Run the program and the elapsed

time is 47.54 s. Table 1 shows the results of M1 and M2.

There are 8 newly-built transmission lines in both results.

Where 1 indicates that the transmission line will be

constructed while 0 means that the transmission line will

not be constructed.

The maximum of line power flows in the results of M0

and M2 when a single line is the contingency is compared

in Fig. 3.

It is worth mentioning that there are two power flow dips

in the result of M2, which are the operation conditions

when No.176 line and No.186 line are the contingencies,

respectively. The reason is that two lines are parallel,

leading to the impedances of these two parallel lines con-

siderably smaller than that of lines around. When the

power system operates normally or other lines are the

contingencies, large amount of active power tends to flow

on these two lines. However, when these two lines are the

contingencies, large amount of active power is distributed

on other lines, thereby reducing the maximum of line

power flows.

According to the results shown in Fig. 3, some trans-

mission lines will be overloaded when a single line is the

contingency before expansion planning. After transmis-

sion network planning, 8 more transmission lines will be

constructed, which strengthens the structure of the power

grid and improves the transmission capacity of the power

system, making the system satisfy N-1 security

constraints.
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Fig. 2 Level of short circuit currents of the IEEE 118-bus system

Table 1 Comparison between two results of transmission network

expansion planning

Line No. Result of M1 Result of M2

1–3 0 0

23–24 0 1

9–10 1 1

25–26 0 0

35–37 0 0

34–36 0 0

26–30 0 0

21–22 0 0

43–44 0 0

54–56 1 0

47–69 0 0

49–69 0 0

24–70 0 0

71–73 1 1

75–77 0 0

86–87 1 1

110–111 1 1

110–112 1 1

68–116 1 1

12–117 1 1

6–7 0 0

7–12 0 0
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5.2 Level of short circuit currents

Since the level of short circuit currents is not restricted

in M1, the result of M1 cannot guarantee that the short

circuit currents are limited below the safety threshold.

However, there are constraints of both short circuit currents

and N-1 security in M2, so the short circuit currents cannot

exceed the threshold in the result of M2. The levels of short

circuit currents of the results of M1 and M2 are compared

in Fig. 4.

According to the results shown in Fig. 4, the short cir-

cuit currents of the result of M1 exceed the safety thresh-

old, which further indicates that unreasonable transmission

network expansion planning cannot ensure that short cir-

cuit currents are below the safety threshold.

As one can observe from Fig. 3 and Fig. 4, the result of

M2 can not only ensure N-1 security of the power system,

but also limit the short circuit currents below the safety

threshold, realizing transmission network expansion plan-

ning with embedded constraints of short circuit currents

and N-1 security.

5.3 Summary

According to the case study, the planning result of M2

is superior to that of M1. This verifies that the model and

approach of transmission network expansion planning

with embedded constraints of short circuit currents and

N-1 security proposed in this paper can be utilized to

guarantee N-1 security of the power system and limit the

short circuit currents below the safety threshold as well,

achieving both security and economy of the power system

planning.

6 Conclusion

An approach of transmission network expansion plan-

ning with embedded constraints of short circuit currents

and N-1 security is proposed in this paper. The model,

based on DC power flow, is established for transmission

network expansion planning. By means of an iterative

process, the linearization of short circuit currents is real-

ized. According to the AC power flow, the error of short

circuit currents caused by linearization is reduced by

compensation factors. The case study shows that it can be

achieved via the proposed approach that N-1 security is

satisfied and short circuit currents are limited below the

safety threshold after expansion planning. Hopefully, the

proposed approach could provide new thought for power

system transmission planning.
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