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Multi-objective Robust Optimal Secure Operation 
Model of Large-scale Power Grid with Multiple 
Back-to-back Voltage Source Converter Based 

Systems Considering Short-circuit Current 
Limitation

Weikun Liang, Shunjiang Lin, Yuerong Yang, Ziqing Yang, and Mingbo Liu

Abstract——With the load growth and the power grid expan‐
sion, the problem of short-circuit current (SCC) exceeding the 
secure limit in large-scale power grids has become more seri‐
ous, which poses great challenge to the optimal secure opera‐
tion. Aiming at the SCC limitations, we use multiple back-to-
back voltage source converter based (B2B VSC) systems to sep‐
arate a large-scale AC power grid into two asynchronous power 
grids. A multi-objective robust optimal　secure operation model 
of large-scale power grid with multiple B2B VSC systems con‐
sidering the SCC limitation is established based on the AC pow‐
er flow equations. The decision variables include the on/off 
states of synchronous generators, power output，， terminal volt‐
age, transmission switching, bus sectionalization, and modula‐
tion ratios of B2B VSC systems. The influence of inner current 
sources of renewable energy generators on the system SCC is al‐
so considered. To improve the computational efficiency, a mixed-
integer convex programming (MICP) framework based on con‐
vex relaxation methods including the inscribed N-sided approxi‐
mation for the nonlinear SCC limitation constraints is pro‐
posed. Moreover, combined with the column-and-constraint gen‐
eration (C&CG) algorithm, a method to directly solve the com‐
promise optimal solution (COS) of the multi-objective robust 
optimal secure operation model is proposed. Finally, the effec‐
tiveness and computational efficiency of the proposed solution 
method is demonstrated by an actual 4407-bus provincial pow‐
er grid and the modified IEEE 39-bus power grid, which can re‐
duce the consumed CPU time of solving the COS by more than 
90% and obtain a better COS.

Index Terms——Large-scale power grid, optimal secure opera‐
tion, short-circuit current(SCC) limitation, back-to-back, volt‐
age source converter, convex relaxation, multi-objective robust 
optimization.

NOMENCLATURE

A. Sets and Indices

ΩG, ΩRE, ΩL Sets of buses with synchronous generators, re‐
newable energy stations (RESs), and loads

Ωij Set of branches in independent circuit

Ωk Set of branches for transmission switching or 
bus sectionalization

Ω Box uncertainty set of RES output

i, j, f Indices of AC buses in power grid

k Index of branches

n Number of AC buses in power grid

nc Number of three-phase short-circuit faults of 
critical buses required to be considered

X Feasible region of multi-objective robust opti‐
mization model

0 Initial value

max, min Upper and lower bounds

B. Variables

ς l =[ςlk ] Vector of binary variables, ςlk = 1 if switching 
line k is open; otherwise, ςlk = 0

ςg =[ςgi ] Vector of binary variables, ςgi = 1 if generator 
at bus i is shut-down; otherwise, ςgi = 0

φci Power factor angle of voltage source convert‐
er (VSC) station connected to bus i

θij Voltage phase difference between buses i and j

δi Phase difference between Vi and Vci

ςX, ςR Binary variables equal to 1 if Xff and Rff are 
positive, respectively

ξijb Binary variable, ξijb = 1 if modulation ratio is 
at the bth discrete gear value; otherwise, ξijb = 0

ΔYv =[ΔYvij ] Change matrix of admittance considering 
back-to-back voltage source converter based 
(B2B VSC) systems

d+, d- Normalized distances from the optimal solu‐
tion to utopia and nadir points
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d0 Normalized distance between utopia and nadir 
points

Mi Modulation ratio of VSC station connected to 
bus i

PGi, QGi Active and reactive power of generator at bus i
PREi, QREi Active and reactive power of RES at bus i
PLi, QLi Active and reactive load power of bus i
Pvdi, Qvdi Active and reactive power absorbed by VSC 

station connected to bus i from AC system
Svdi Apparent power absorbed by VSC station con‐

nected to bus i from AC system
Uvi, Ivi DC voltage and current of VSC station con‐

nected to bus i
Vci Input AC voltage of VSC station connected to 

bus i
Vf 0 Voltage of bus f before occurrence of short-cir‐

cuit fault
Vi, Ii Voltage and injected current of bus i
x, v Decision variable vector and uncertain vari‐

able vector
Xff, Rff Imaginary and real parts of self-impedance of 

bus f
Xfi, Rfi Imaginary and real parts of mutual impedance 

between buses f and i
Zff, Zfi Self-impedance of bus f and mutual imped‐

ance between buses f and i
C. Parameters
α Margin of checking-adding-checking again-

adding again method
αd, αu Downward and upward fluctuation propor‐

tions of box uncertainty set
μi DC voltage utilization ratio, generally equal to 

0.866
ai0, ai1, ai2 Coefficients of quadratic cost function of gen‐

erator at bus i
ck, cgi Cost coefficients of switching line k and shut‐

down generator at bus i
cwi Cost coefficient of curtailment of RES at bus i
Ef Unit vector
Gij, Bij Mutual conductance and susceptance between 

buses i and j
Ifmax Upper limit of short-circuit capacity for circuit 

breaker
IRE Preset value of equivalent constant current 

source of RES
M A big positive number
Mijb0 The bth discrete gear value of Mij

PREi,pre Predicted power of RES at bus i
ViN Rated voltage of bus i
Vfmin, Vfmax Lower and upper bounds of Vf0

xgi Subtransient reactance of generator at bus i
Y Admittance matrix after short-circuit fault
yi Admittance of VSC station connected to bus i
yij Equivalent admittance between buses i and j

I. INTRODUCTION 

IN recent years, with the rapid growth of electric power 
load demands, the installed generation capacity continu‐

ously increases and the network connection becomes closer, 
the short-circuit current (SCC) levels in the dense-load areas 
of large-scale power grids is continuously increasing, and 
the problem of SCC exceeding the secure limit is becoming 
more serious [1], [2]. According to statistics [3], Guangdong 
power grid is the largest and most complex provincial power 
grid in China and it has the largest receiving loads as a re‐
ceiving-end power grid, with a maximum power load of 138 
million kW in 2022. In addition, the power load demand of 
the entire Guangdong province is highly concentrated in the 
Pearl River Delta region, and the SCC level in the dense-
load areas has gradually approached or even exceeded the al‐
lowable breaking capacity of circuit breakers, seriously 
threatening the secure operation of power system. To limit 
the SCC level, three back-to-back voltage source converter 
based (B2B VSC) systems have been installed to separate 
this large-scale AC power grid into two asynchronous power 
grids [4]. Therefore, it becomes imperative to ascertain the 
most effective methodology to analyze the effect of the three 
B2B VSC systems on limiting the SCC level and regulate 
their operation, with the objective of determining the system 
operation mode that meets the required SCC limitation.

Several studies have focused on the SCC limitation prob‐
lem in the optimal operation of power grids [5]- [8]. In [5], 
an optimal transmission switching (TS) linearization model 
with SCC limitation and N - 1 reliability is proposed. In [6], 
a co-optimization model of unit commitment (UC) and TS 
with SCC limitation is proposed. In [7], a day-ahead schedul‐
ing model considering UC and TS is proposed to avoid the 
excessive SCC problem caused by wind farm integration. In 
[8], an SCC-constrained optimal model for topology adjust‐
ment in long-term operation is proposed, including TS, bus 
sectionalization (BS), lines operating out of breaker bay, and 
UC. In addition, the SCC limitation problem has also been 
studied in the optimal operation of transmission expansion 
planning [9] - [11]. In [9] and [10], a linear DC power flow 
model is proposed for transmission network expansion plan‐
ning with embedded SCC constraints. In [11], an SCC-con‐
strained planning model is proposed to determine the opti‐
mal locations and sizes of fault current limiters while consid‐
ering the TS. However, [5]-[11] all use the DC power flow 
model to describe the power system operational characteris‐
tics, ignoring the influences of generator output, bus voltage 
amplitude, and line resistance on the SCC level. In [12] and 
[13], an SCC-constrained expansion planning model ob‐
tained by successive linearization technique is proposed, in 
which the linearized AC power flow model is used to consid‐
er the influence of bus voltage amplitude and line resistance 
on the SCC level. However, the optimal solution of the lin‐
earized AC power flow model still has errors compared with 
that of the accurate nonlinear AC power flow model, result‐
ing in the problem of SCC exceeding the secure limit during 
the actual power grid operation. For the optimal operation of 
large-scale power grid considering accurate nonlinear AC 
power flow model, there is much greater complexity for 
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solving the large-scale mixed-integer nonlinear programming 
(MINLP) model due to the large number of integer variables 
and nonlinear constraints involved. It imposes significant 
challenges to solving this model reliably and efficiently.

To limit the SCC level, the optimal operation modes in‐
clude BS [8], [10], TS [5]-[9], [11], UC [6]-[8], and bundled 
conductors of lines [12]. In recent years, some new modes 
have attracted extensive attention to limit the SCC level. To 
limit the SCC level of the large-scale power grid, B2B VSC 
systems have gradually been constructed in the dense-load 
areas, dividing the large-scale power grid into two small-
scale asynchronous power grids. Moreover, compared with 
AC transmission lines, B2B VSC systems have higher opera‐
tional flexibility, which can easily adjust the transmission 
power and bus voltage. However, there has been no litera‐
ture on using B2B VSC systems to limit the SCC level in 
the optimal operation of power system till now. It needs fur‐
ther research on coordinately regulating the B2B VSC sys‐
tems and other modes to limit the SCC level in the optimal 
operation.

In addition, in the optimal operation models of the above 
publications [5]-[13], only the single-objective function is con‐
sidered and the uncertainty of renewable energy station (RES) 
output is not considered. However, in the actual power grid op‐
eration, multiple indicators such as total operation cost, bus 
voltage deviation, and power loss of the power grid are re‐
quired to be considered. If only one single objective such as to‐
tal operation cost is considered, it will result in large voltage 
deviations and power loss of the obtained optimal operation re‐
sults. Thus, it is necessary to consider the optimal operation 
problem with multiple objectives simultaneously. However, 
the uncertainty of RES output increases the complexity of 
solving the multi-objective optimal operation model. The com‐
monly-used methods to address the multi-objective optimiza‐
tion problems and RES output uncertainty simultaneously are 
multi-objective stochastic optimization [14], [15], multi-objec‐
tive robust optimization [16] - [18], and multi-objective distri‐
butionally robust optimization [19], [20], which are applied in 
the resilience improvement planning of distribution networks 
[14], active management strategy of distribution networks 
[15], optimal operation of integrated energy microgrids [16], 
voltage/var control of distribution networks [17], charging and 
discharging scheduling of electric vehicles [18], voltage risk 
management for unbalanced distribution systems [19], and hy‐
drogen-involved renewable energy system planning [20]. The 
above studies use the weighted sum or ε -constraint methods to 
address the multi-objective optimization problems, which re‐
quires first obtaining massive discrete Pareto optimal solutions 
(POSs), and then selecting a compromise optimal solution 
(COS) from the POSs as the optimal decision-making scheme. 
When weighted-sum or ε -constraint methods are applied to 
solve the multi-objective stochastic or robust optimization 
problem of large-scale power grid, the required computational 
burden and time for solving massive discrete POSs increase 
rapidly.

To address the above problems, a multi-objective robust 
optimal secure operation model for large-scale power grid 
with multiple B2B VSC systems considering SCC limitation 

is proposed based on nonlinear AC power flow equations. 
The main contributions of this paper are threefold.

1) An SCC calculation model for power grid with B2B 
VSC systems is proposed. The optimal operation modes in‐
clude TS, BS, UC, and regulation of the power output, termi‐
nal voltage of generators, and modulation ratios of B2B 
VSC systems.

2) To achieve the reliable and efficient solution, the con‐
vex relaxation method, including the inscribed N-sided ap‐
proximation to relax the nonlinear SCC limitation constraint, 
is proposed to transform the original MINLP model into a 
mixed-integer convex programming (MICP) model. In addi‐
tion, an improved checking-adding-checking again-adding 
again method is proposed to reduce the scale of the pro‐
posed multi-objective robust optimization model when the 
convex relaxation method is applied.

3) A method to directly solve the COS combined with the 
column-and-constraint generation (C&CG) algorithm is pre‐
sented to solve the proposed multi-objective robust optimiza‐
tion model, which can improve the computational efficiency 
and obtain a robust COS with a higher comprehensive opti‐
mization degree.

The rest of this paper is organized as follows. An SCC cal‐
culation model for power grid with B2B VSC systems is pro‐
posed in Section II. The multi-objective robust optimal se‐
cure operation model considering the SCC limitation is estab‐
lished in Section III. The convex relaxation method for trans‐
forming the original MINLP model into an MICP model to 
improve the computational efficiency is discussed in Section 
IV. The solution method is proposed in Section V. Section 
VI introduces the case studies in an actual large-scale provin‐
cial power grid and the modified IEEE 39-bus power grid. 
Conclusions are presented in Section VII.

II. SCC CALCULATION MODEL FOR POWER GRID WITH B2B 
VSC SYSTEMS 

A. Expression of SCC Constraint

The SCC calculation model only considers the most se‐
vere three-phase short-circuit faults. After a metallic three-
phase short-circuit fault occurs at bus f, the SCC provided 
by synchronous generators and the injected power source 
from external power grids, denoted as If, is calculated as:

If =Vf0 /Zff (1)

There are usually massive RESs in large-scale power 
grids, and it is necessary to consider the SCC provided by 
RESs. When a short-circuit fault occurs, the RES containing 
inverter-based generators can be considered as a constant 
current source, usually with a preset current value of 1.0 p.u. 
[21]. According to the superposition theorem, the SCC of a 
large-scale power grid with RESs is composed of two parts: 
① If in (1); and ② the SCC provided by equivalent current 
sources of RESs, denoted as IRfi, which is expressed as:

IRfi = IREZfi /Zff (2)

Compared with If, IRfi is relatively small. The SCC con‐
straint is written as:
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If + ∑
iÎΩRE

IRfi =Vf0 /Zff + ∑
iÎΩRE

IREZfi /Zff £ If max (3)

In the majority of existing literature, to simplify the com‐
putational complexity, the DC power flow model is used to 
describe the SCC constraint. The power grid is approximate‐
ly regarded as a purely inductive grid, and the bus voltage is 
regarded as 1.0 p. u., without considering the influence of 
RESs on the SCC. However, the DC power flow model has 
the disadvantage of low accuracy, which may result in the 
problem of SCC exceeding the secure limit during the actual 
power grid operation. Therefore, considering AC power flow 
equations and the influences of synchonous generator output, 
bus voltage amplitude, line impedance, and RESs on the sys‐
tem SCC, the more accurate SCC constraints are written as:

Vf0 + ∑
iÎΩRE

IREZfi £ If max Zff (4)

Zff = R2
ff +X 2

ff (5)

Zfi = R2
fi +X 2

fi (6)

To avoid the approximation error of nonlinear terms gener‐
ated in the inversion calculation of admittance matrix, the 
form of the product of admittance matrix and impedance ma‐
trix is adopted. When a short-circuit fault occurs at bus f, 
the product of admittance matrix Y and the f th column vec‐
tor in the impedance matrix Z f is written as:

YZ f =Ef (7)

B. SCC Calculation for TS, BS, and UC

When TS, BS, and are considered, assuming that all lines 
and units are in operation in the initial state, the admittance 
matrix Y can be written as the sum of initial admittance ma‐
trix Y0 and increment matrix DY of TS, BS, and UC, and (7) 
is rewritten as:

(Y0 +DY )Z f =Ef (8)

When the transmission line k (associated with buses i and 
j) is open, it only affects four elements in the admittance ma‐
trix Y, i. e., the self-admittances and mutual admittances of 
buses i and j. Thus, only four elements in the increment ma‐
trix of TS DY l are non-zero, as expressed in (9), while other 
elements are all 0.

ì
í
î

ïïDYlii =DYljj =-yij

DYlij =DYlji = yij

(9)

For the BS, the sectionalization bus is divided into two 
buses connected with an infinitesimal reactance. Thus, the 
expression of the increment matrix of BS is consistent with 
that of TS, as given in (9).

When generator at bus i is shut down, it only affects one 
element in the admittance matrix Y, i. e., the self-admittance 
of bus i. Thus, only one element in the increment admittance 
matrix of UC DYg is non-zero, as expressed in (10), while 
other elements are all 0.

DYg (ii)= 1/xgi (10)

Therefore, considering TS, BS, and UC, the impedance 
vector Zf can be calculated based on:

(Y0 + ς lDY l + ςgDYg )Z f =Ef (11)

C. SCC Calculation for B2B VSC Systems

In an actual large-scale power grid, to limit the SCC lev‐
el, multiple B2B VSC systems are constructed in the dense-
load areas, dividing the large-scale power grid into two 
small-scale asynchronous power grids, as shown in Fig. 1.

Since the SCC constraints (4) - (6) only need to make the 
root-mean-square value of the fundamental component of 
SCC meet the secure limit, the operation model of the B2B 
VSC system can be described as a steady-state model accord‐
ing to the sinusoidal steady-state circuit theory. The equiva‐
lent circuit of a B2B VSC system installed on the AC line i-
j' is shown in Fig. 2, and the bus j is added to represent one 
end of the B2B VSC system. 

The transmission loss and voltage drop of the DC line in 
the B2B VSC system are ignored because the DC line is 
very short, i.e., Uvi=Uvj. The relationship between Vci and Vcj 
is shown in (12), and the state variable relationships of bus‐
es i and j connecting two ends of the B2B VSC system are 
shown in (13) and (14) [22].

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

Vci =
μiMi

2
Uvi

Vcj =
μjMj

2
Uvj

(12)

ì
í
î

Ii = (Vi -Vci )yi

Ij = (Vj -Vcj )yj
(13)

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïïï

ï

ï

ï

Pvdi =-Pvdj

Uvj =Uvi

Ivj =-Ivi

Pvdi =Vci Ii cos φci

Pvdj =Vcj Ij cos φcj

(14)

AC power grid A 
Multiple B2B
VSC systems  AC power grid B 

Large-scale power grid 

Fig. 1.　Structure diagram of a large-scale power grid with multiple B2B 
VSC systems.

j 2
Bij' j 2

Bij'

Ivi Ivj

Uvi Uvj

i

Vi

j

Vj

j'

Vj'

Ii Ijyi
yj

Vci Vcj

Pvdi+jQvdi Pvdj+jQvdj

B2B VSC
system 

Rij'+jXij'

Fig. 2.　Equivalent circuit of B2B VSC system installed on AC line i-j'.
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To limit the SCC level of large-scale power grids, a novel 
SCC limitation mode using multiple B2B VSC systems to 
separate a large-scale AC power grid into two asynchronous 
power grids is proposed. The SCC calculation for B2B VSC 
system is equivalent to calculating the equivalent admittance 
of buses i and j connecting two ends of the B2B VSC sys‐
tem, as given in (15)-(19), and the detailed process is shown 
in Supplementary Material A. Among them, the ratio of the 
modulation ratios of two VSC stations connected to buses i 
and j is introduced as Mij=Mi /Mj.

P 2
vdi +Q2

vdi = S 2
vdi (15)

Yvii = |Ii /Vi Vj = 0
=M 2

ij Svdi yi yj /(Svdi yj +M 2
ij Svdj yi ) (16)

Yvjj = |Ij /Vj
Vi = 0

=M 2
ij Svdj yi yj /(Svdi yj +M 2

ij Svdj yi ) (17)

Yvij = |Ii /Vj
Vi = 0

=-MijSvdi yi yj /(Svdi yj +M 2
ij Svdj yi ) (18)

Yvji = |Ij /Vi
Vj = 0

=-MijSvdj yi yj /(Svdi yj +M 2
ij Svdj yi ) (19)

It can be observed that integrating a B2B VSC system in‐
to power grid to limit the SCC level is equivalent to connect‐
ing an adjustable impedance between buses i and j, and can 
change the currents Ii and Ij to make them unequal, increase 
the self-impedance of the short-circuit point, and reduce the 
SCC level. The above SCC limitation mode can be adjusted 
by the modulation ratios Mi and Mj, the absorbed active pow‐
er Pvdi and Pvdj, and the absorbed reactive power Qvdi and 
Qvdj. Specifically, when Mij = 1 and cos φci = cos φcj, it can be 
demonstrated that yi and yj are directly connected in series. 
When Mij tends to be 0 or infinity, the mutual admittances 
Yij and Yji tend to be 0, and the impedance between buses i 
and j tends to be infinity, which can be demonstrated that 
the two buses are disconnected but the active power can still 
be transmitted by the AC line normally. Therefore, integrat‐
ing multiple B2B VSC systems to separate a large-scale 
power grid into two asynchronous power grids can effective‐
ly reduce the SCC level.

In the increment matrix DYv, only the four elements asso‐
ciated with self-admittances and mutual admittances are non-
zero, as given in (16)-(19), and other elements are all zero. 
In summary, the calculation of impedance vector Zf consider‐
ing the TS, BS, UC, and regulation of modulation ratios of 
B2B VSC systems can be calculated based on (20).

(Y0 + ς lDY l + ςgDYg +DYv )Z f =Ef (20)

From (20), the self-impedance Zff and mutual impedance 
Zfi in (4) can be changed by TS, BS, UC, and regulation of 
the modulation ratios. In addition, Vf0 in (4) can be changed 
by regulating the power output and terminal voltage of gen‐
erators. Therefore, these modes can coordinately adjust the 
SCC level to satisfy the secure limit.

III. MULTI-OBJECTIVE ROBUST OPTIMAL SECURE 
OPERATION MODEL 

A. Objective Functions

To consider the multiple objectives and the uncertainty of 

RES output, a multi-objective robust optimal secure opera‐
tion model of large-scale power grid with multiple B2B 
VSC systems considering the SCC limitation is established. 
The objective functions include the total operation cost, total 
bus voltage deviation, and total power loss of the power grid.

Objective function 1: this objective is to minimize the to‐
tal operation cost of the power grid, including the switching 
line cost, generator fuel and shut-down costs, and the power 
curtailment cost of RESs.

min
x

max
v

f1 = ∑
kÎΩk

ckςlk + ∑
iÎΩG

[ai2 P 2
Gi + ai1 PGi + ai0 (1 - ςgi )]+

                          ∑
iÎΩG

cgiςgi + ∑
iÎΩRE

cwi (PREimax -PREi )     (21)

Objective function 2: this objective is to minimize the to‐
tal bus voltage deviation of the power grid, aiming to make 
the load bus voltage closer to the rated value, which contrib‐
utes to the long-term secure operation of loads.

min
x

max
v

f2 =∑
i = 1

n

(Vi -ViN )2 (22)

Objective function 3: this objective is to minimize the to‐
tal power loss of power grid, aiming to reduce the energy 
loss and improve the energy utilization efficiency.

min
x

max
v

f3 = ∑
iÎΩG

PGi + ∑
iÎΩRE

PREi - ∑
iÎΩL

PLi (23)

According to (21)-(23), the decision variable vector x in‐
cludes TS, BS, UC, modulation ratios Mi and Mj, and power 
output and terminal voltage of generators, and the uncertain 
variable vector v includes PREimax.

B. AC Power Flow Constraints

AC power flow constraints include the power balance 
equations of AC buses and the power output limit con‐
straints of generators, as given in (24) and (25), respectively.

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

PGi +PREi -PLi -Pvdi -Vi ∑
j = 1j ¹ i

n

Vj (Gij cos θij +Bij sin θij ) = 0

QGi +QREi -QLi -Qvdi -Vi ∑
j = 1j ¹ i

n

Vj (Gij sin θij -Bij cos θij ) = 0

    (24)

ì
í
î

ïï(1 - ςgi )PGimin £PGi £(1 - ςgi )PGimax

(1 - ςgi )QGimin £QGi £(1 - ςgi )QGimax

(25)

C. Operation Constraints of B2B VSC System 

According to the equivalent circuit model of B2B VSC sys‐
tem, as shown in Fig. 2, its operation constraints are given as:

ì

í

î

ïïïï

ïïïï

Pvdi =Uvi Ivi

Uvi =Uvj

Pvdi =-Pvdj

(26)

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

Pvdi -
μiMi

2
ViUvi yi sin δi = 0

Qvdi +
μiMi

2
ViUvi yi cos δi -V 2

i yi = 0
(27)
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D. SCC Constraints

The SCC levels of all critical buses are required to be low‐
er than the secure limit. For the three-phase short-circuit 
fault at one bus, the SCC calculation and limitation con‐
straints are given in (4)-(6), (9)-(10), and (15)-(20).

E. Upper and Lower Limit Constraints of Variables

The upper and lower limit constraints in the proposed 
multi-objective robust optimization model are given as:

ϕmin £ϕ £ϕmax (28)

where ϕ =[ViMiPvdiQvdiUviIviPREiQREi ].
To ensure the normal and secure operation of the voltage 

source converter (VSC) itself, the lower and upper limits of 
Mi are set to be 0.5 and 1.0, respectively [23], [24].

F. Uncertainty Set Constraints

A box uncertainty set is used to describe the uncertainty 
of RES output as:

(1 - αd )PREipre £PREi max £(1 + αu )PREipre (29)

Therefore, the multi-objective robust optimal secure opera‐
tion model includes (4)-(6), (9)-(10), and (15)-(29), which is 
a bi-layer MINLP model. This model will have high compu‐
tational complexity and low computational efficiency when 
applied to the large-scale power grid. To achieve the reliable 
and efficient solution, several convex relaxation methods in‐
cluding the inscribed N-sided approximation are proposed to 
transform the large-scale MINLP model into an MICP model.

IV. CONVEX RELAXATION FOR LARGE-SCALE MINLP 
MODEL 

A. Convex Relaxation of AC Power Flow Equations

By introducing variables satisfying (30), the AC power 
flow constraints in (24) after using second-order cone (SOC) 
relaxation are transformed into (31) [22].

ì

í

î

ïïïï

ïïïï

Tij =ViVj cos θij

Hij =ViVj sin θij

Ui =V 2
i

(30)

ì

í

î
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ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

PGi +PREi -PLi -Pvdi -UiGii - ∑
j = 1j ¹ i

n

(TijGij +Hij Bij ) = 0

QGi +QREi -QLi -Qvdi +Ui Bii - ∑
j = 1j ¹ i

n

(HijGij - Tij Bij ) = 0

 2Tij 2Hij Ui -Uj 2
- (Ui +Uj )£ 0

Tij - Tji = 0

Hij +Hji = 0

∑
ijÎΩij( )arctan(H 0

ij /T 0
ij )+

T 0
ij Hij -H 0

ij Tij

(T 0
ij )2 + (H 0

ij )2
= 0

(31)

B. Convex Relaxation of SCC Calculation Model

1)　Convex Relaxation of SCC Constraints
For the SCC constraints (4)-(6), the optimization direction 

is to maximize Zff and minimize Zfi. The expression of Zfi in 
(6) can directly use SOC relaxation, as given in (32), and 

this relaxation is accurate. However, the expression of Zff in 
(5) cannot use SOC relaxation. Substituting (5) into (4) and 
squaring both sides of the inequality, we can obtain (33).

Z 2
fi ³R2

fi +X 2
fi (32)

( )Vf0 + ∑
iÎΩRE

IREi Zfi

2

£ I 2
f max (R2

ff +X 2
ff ) (33)

Formula (33) is a non-convex quadratic inequality con‐
straint, which is written in a standard form as (34), and its 
feasible region in the first quadrant is Region 1 in Fig. 3(a), 
and the relaxed region is Region 2. The commonly-used ap‐
proximate linearization method for non-convex quadratic in‐
equality constraints is the inscribed quadrilateral approxima‐
tion, and its expression is expressed as (35). The feasible re‐
gion of inscribed quadrilateral approximation is Regions 1 
and 2 in Fig. 3(a), and the relaxed region is Region 2.

x2
1 + x2

2 ³ y2    y > 0 (34)

±x1 ± x2 ³ y    y > 0 (35)

For the actual high-voltage power grid, the reactance Xff 
will be much greater than the resistance Rff, that is, the effec‐
tive feasible region of the original non-convex constraint 
(34) will be concentrated in the area close to the abscissa ax‐
is (taking Xff as x1 and Rff as x2), as shown in Fig. 3(b).

An inscribed N-sided approximation method is proposed 
to reduce the relaxed region and improve the approximation 
accuracy, where N is a large positive number, and only one 
side of the N-sided shape close to the abscissa axis is re‐

0

y

-y

-y

y

x2

x1

-y

0-y y x1

y
x2Region 1

Region 2

Region 1
Region 2

 

 

(a)

(b)

Fig. 3.　Feasible and relaxed regions of original non-convex constraint (34) 
and inscribed quadrilateral approximation. (a) Original non-convex con‐
straint (34). (b) Inscribed quadrilateral approximation.
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quired to approximate the original non-convex constraint 
(34), as shown in Fig. 4. The feasible region of inscribed N-
sided approximation method is Regions 1 and 3, and the re‐
laxed region is Region 3. It can be observed that the relaxed 
region of the inscribed N-sided approximation method is sig‐
nificantly reduced compared with that of the inscribed quad‐
rilateral approximation. According to Xff >> Rff, we make x1 =
kx2, k = 1/tan(2π/N), and N > 8. For example, when N = 32, k =
5.027. Then, the coordinate values of the intersection point h 

in Fig. 4 is calculated as (k/ k 2 + 1 × y, 1/ k 2 + 1 × y), and 
the inscribed N-sided approximation method is expressed 
as (36).

ì
í
î

ïï
ïï
±x1 ± ( k 2 + 1 - k)x2 ³ y    y > 0

±x1 ³±kx2

(36)

The binary variables Rff +, Rff -, Xff +, and Xff - are introduced 
to indicate the positive or negative sign of Rff and Xff, and 
the SCC constraint (33) is linearized as:
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Vf0 + ∑
iÎΩRE

IREi Zfi £ If max [X ′ff + ( k 2 + 1 - k)R′ff ]

X ′ff ³ kR′ff
Rff =Rff + +Rff -

Xff =Xff + +Xff -

R′ff =Rff + -Rff -

X ′ff =Xff + -Xff -

0 £Rff + £ ςRM

-(1 - ςR )M £Rff - £ 0

0 £Xff + £ ςXM

-(1 - ςX )M £Xff - £ 0

       (37)

In addition, for the non-convex quadratic equality Uf = V 2
f0 

introduced by the SOC relaxation of AC power flow equa‐
tions, the convex envelope relaxation method is used to trans‐
form it into convex inequality constraints as [25]:

ì
í
î

ïï

ïï

V 2
f0 -Uf £ 0

Uf -V 2
f min - (Vf max +Vf min )(Vf0 -Vf min )£ 0

(38)

2)　Convex Relaxation of SCC Calculation Constraints
The SCC calculation constraints of a power grid with 

B2B VSC systems in (15)-(20) are all non-convex. For (15), 
the SOC relaxation method can be directly used as:

P 2
vdi +Q2

vdi £ S 2
vdi (39)

For the multiplication terms of binary variables and contin‐
uous variables in (20), W l = ς l Z f and Wg = ςg Z f are intro‐
duced, and then they can be linearized by big-M method as:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

-Mς l £Wk £Mς l

-M (1 - ς l )+Z f £W l £M (1 - ς l )+Z f

-Mςg £Wg £Mςg

-M (1 - ςg )+Z f £Wg £M (1 - ςg )+Z f

(40)

For the multiplication term ΔYv Z f in (20), only four non-
zero elements Yvii, Yvij, Yvji, and Yvjj in ΔYv are multiplied 
by the corresponding elements in Z f. Four variables are intro‐
duced as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

Wvii = YviiZif

Wvij = YvijZjf

Wvji = YvjiZif

Wvjj = YvjjZjf

(41)

Taking Wvii = YviiZif for convex relaxation derivation as an 
example, the obtained results are shown in (42) and (43), 
and the detailed derivation process is shown in Supplement 
Material A.

ì

í

î

ïïïï

ïïïï

Mij =∑
b

ξijb Mijb0

∑
b

ξijb = 1
(42)

ì
í
î

ïï

ïï

(Svdi yj +WMSij yi +Wvii )
2 + (Svdi yi yj - Zif )

2 £H 2
vii

(Svdi yi yj + Zif )
2 + (Svdi yj +WMSij yi -Wvii )

2 £H 2
vii

(43)

where WMSij =M 2
ij Svdj is an introduced intermediate variable.

The other three equations in (41) are similarly executed 
by convex relaxation method, and then DYv Z f can be ex‐
pressed in the linear form as:

DYv Z f = [0 ... Wvii +Wvij ... Wvji +Wvjj ... 0 ]T

    (44)

Therefore, the non-convex constraints (15)-(20) are trans‐
formed into the convex constraints (39), (40), and (42)-(44).

C. Convex Relaxation of Operation Constraints for B2B 
VSC System 

For the operation constraints of B2B VSC system, by intro‐
ducing Īvi = I 2

vi and Ūvi =U 2
vi, (26) is transformed into (45) after 

SOC relaxation; by introducing Kvi = MiViUvisin δi, Lvi =
MiViUvicos δi, M̄i =M 2

i , and Ψi = M̄iŪvi, (27) is transformed in‐
to (46) by using SOC and convex envelope relaxation methods.

ì

í

î

ïïïï

ïïïï

 2Pvdi Īvi - Ūvi 2
- (Īvi + Ūvi )£ 0

Ūvi = Ūvj

Pvdi =-Pvdj

(45)

-y y0

y

-y

x2

x1

Region 1
Region 3

2π/N

h

Fig. 4.　 Feasible and relaxed regions of inscribed N-sided approximation 
method.
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ì

í

î

ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

Pvdi -
μi

2
yi Kvi = 0  

Qvdi +
μi

2
yi Lvi - Ūvi yi = 0

 2Kvi 2Lvi Ψi - Ūvi yi 2
£Ψi + Ūvi yi

Ūvi min M̄i + M̄i minŪvi - Ūvi min M̄i min -Ψi £ 0

Ūvi max M̄i + M̄i maxŪvi - Ūvi max M̄i max -Ψi £ 0

Ψi - Ūvi min M̄i - M̄i maxŪvi + Ūvi min M̄i max £ 0

Ψi - Ūvi max M̄i - M̄i minŪvi + Ūvi max M̄i min £ 0

(46)

For the SOC constraints in (31), (32), (39), (43), (45), and 
(46), the successive inscribed polygon method proposed in 
[22] can be used to tighten the relaxation gap to meet the re‐
quirements of computational accuracy. Therefore, after the 
convex relaxation, the transformed MICP model includes 
(9), (10), (21) - (23), (25), (28), (29), (31), (32), (37) - (40), 
and (42) - (46). The mature commercial solver GUROBI is 
used to efficiently solve this MICP model for the optimal op‐
eration of large-scale power grids.

V. SOLUTION METHOD 

A. Method to Directly Solve COS Combined with C&CG Al‐
gorithm

A multi-objective robust optimization model with P opti‐
mization objectives is written in the compact form as:

ì
í
î

ïï
ïï

min
x

max
v

( f1 (xv)f2 (xv)...fP (xv))

s.t.  xÎΧvÎΩ
(47)

The commonly-used solution method for multi-objective ro‐
bust optimization model is first to solve massive POSs to form 
the POS set, and then select a COS as the decision result from 
the POS set. However, obtaining the POS set requires massive 
computational time. In order to improve the computational ef‐
ficiency considering various objectives comprehensively and 
ensure the robustness of the obtained optimal operation mode, 
a method to directly solve the COS combined with the C&CG 
algorithm is proposed to solve the multi-objective robust opti‐
mization model. 

The objective function is to minimize the normalized dis‐
tance between the multi-objective optimization solutions and 
the utopia point d+, as well as to maximize the normalized dis‐
tance between the multi-objective optimization solution and 
the nadir point d-, as expressed in (48).
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ï
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ïï
ï
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ï

ï

min
x

max
v

Dd 2 = d 2
+ - d 2

-

s.t.  dp + =
fp (xv)- fp (xp* )

fp max - fp (xp* )
    p = 12...P

      dp - =
fp max - fp (xv)

fp max - fp (xp* )
    p = 12...P

        xÎX  vÎΩ

(48)

where xp*and fpmax are explained at the end of this subsec‐
tion; and the relationship between d+, d- and dp +, dp - is 
shown in (50).

The schematic diagram for directly solving the COS of bi-
objective robust optimization model is shown in Fig. 5.

According to the cosine theorem, inner product formula of 
vectors, and Fig. 5, the objective function in (48) can be de‐
rived into a linear objective function as (49), and (48) can 
be re-written as (50). For the optimization model in (50), the 
constraints include (9)-(10), (21)-(23), (25), (28), (29), (31), 
(32), (37)-(40), (42)-(46). Thus, (50) is also a bi-layer MICP 
model.

d 2
+ - d 2

- = d 2
0 - 2d0d- cos θ = d 2

0 - 2d0 × d- = d 2
0 - 2(1 - d1 + + 1 -

d2 + + ...+1 - dP + )= d 2
0 - 2(d1 - + d2 - + ...+dP - ) (49)
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î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

min
x

max
v

Dd 2 = d 2
0 - 2(d1 - + d2 - + ...+dP - )

s.t.  dp - =
fpmax - fp (xv)

fpmax - fp (xp* )
    p = 12...P

        xÎXvÎΩ

(50)

where d0 =[11...1]; and d- =[1 - d1 +1 - d2 +...1 - dP + ].
In summary, for a multi-objective robust optimization 

model with P optimization objectives as (47), the calculation 
steps of obtaining the COS are as follows. Firstly, by using 
the C&CG algorithm, the single-objective robust optimiza‐
tion model with each objective fp (x, v) is solved, and each 
single-objective optimization solution xp* is obtained, then 
the P×P payment matrix Pay in (51), utopia point, and nadir 
point are obtained. In addition, the maximum value of the pth 
column of the payment matrix is recorded as fpmax. Then, by 
using the C&CG algorithm, the two-layer optimization mod‐
el in (50) is directly solved to obtain a COS without solving 
massive POSs. By using the C&CG algorithm, the two-layer 
optimization model in (50) is decomposed into the main 
problem and sub-problem for alternating iterative solution 
[26]. The constraints of the main problem include (9), (10), 
(25), (28), (31), (32), (37)-(40), (42)-(46), and (50), and the 
constraints of the sub-problem include (25), (28), (29), (31), 
(45), (46), and (50).

Pay =

é

ë

ê

ê

ê

ê
êê
ê

ê

ê

ê ù

û

ú

ú

ú

ú
úú
ú

ú

ú

úf1 (x1* ) f2 (x1* ) ... fP (x1* )

f1 (x2* ) f2 (x2* ) ... fP (x2* )

  
f1 (xP* ) f2 (xP* ) ... fP (xP* )

(51)

d2

0

1

1

Utopia line

Feasible region

Utopia
point 

Optimal
point of f2

PSO 

Nadir point

Optimal
point of f1  

d+

d1

d�

d0

θ

Fig. 5.　Schematic diagram for directly solving COS of bi-objective robust 
optimization model.
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B. Improved Checking-Adding-Checking Again-Adding 
Again Method for Solving SCC-constrained Optimization 
Model

When the proposed multi-objective robust optimization 
model is applied in a large-scale power grid with thousands 
of buses, the dimension of the Zf calculation equation (20) is 
nc × n when considering the SCC constraints of three-phase 
short-circuit faults of all critical buses at the same time, 
which will be more than millions of equations, resulting in 
the great complexity. However, it is noted that the SCC lev‐
els of most short-circuit faults are not exceeding the secure 
limit. Hence, most of the SCC constraints are inactive. Simi‐
lar to the solution method for the optimal generation dis‐
patch problem considering the network security constraints 
for large-scale power grids in [27], the while-loop scheme of 
checking-adding-checking again-adding again method is used 
to address the above problems.

The existing checking-adding-checking again-adding-again 
method usually requires many iterations for obtaining the op‐

timal solution, resulting in low computational efficiency. 
Hence, an improved checking-adding-checking again-adding 
again method is proposed, and the while-loop scheme is as 
follows. First of all, a single-objective robust optimization 
model without SCC constraints is solved by C&CG algo‐
rithm and a solution is obtained. Then, the SCC constraints 
exceeding the secure limit or with the distance margin less 
than α to the secure limit in the previous iteration will be 
added in the coming iteration. The procedure is repeated un‐
til an optimal solution that meets all SCC constraints is ob‐
tained. The flowchart of the while-loop scheme and the 
method to directly solve the COS is shown in Fig. 6. Spe‐
cially, when the margin α= 0, the improved checking-adding-
checking again-adding again method is consistent with the 
existing method in [27]. With this improved method, each it‐
eration only contains a limited number of SCC constraints, 
which can obtain the optimal secure operation results that 
can meet all SCC constraints with fewer iteration and higher 
computational efficiency.

VI. CASE STUDY 

The effectiveness of the proposed solution method is dem‐
onstrated by the case studies with an actual large-scale pro‐
vincial power grid and the modified IEEE 39-bus power 
grid. The used computer is a PC with an 11th Gen 2.50 GHz 
Intel(R) Core (TM) i7-11700 and 32 GB of RAM. The comput‐
ing platform used in the optimization calculation is GAMS 
win64 42.2.0.

A. Actual Large-scale Provincial Power Grid

The Guangdong power grid in China is taken as the case, 
which includes 4407 buses, 5803 branches, 310 synchronous 
generators, 12 wind farms, 9 photovoltaic stations, and 3 
B2B VSC systems, namely the southern channel located at 
SY-DF line (500 kV), the middle channel located at ZC-SD 
line (500 kV), and the northern channel located at CX-LM 
line (500 kV). The Guangdong power grid is separated into 
two asynchronous power grids interconnected through these 

Solve the single-objective robust 
optimization model of min f1

without SCC constraints by C&CG 
algorithm and obtain a solution

Check SCC constraints under the 
obtained solution

Are all SCC
constraints satisfied?  

Y

Start

SCC constraints
not satisfied are added to
the optimization model,
resolve the optimization
model once again, and
obtain a new solution 

 

N

Solve the two-layer optimization model (50) without SCC 
constraints by C&CG algorithm and obtain a solution

Are SCC
constraints all satisfied? 

Y

Add SCC constraints not satisfied
to the optimization model, resolve the
optimization model once again
 and

obtain a new solution

N

End

Solve the single-objective 
robust optimization model

of min f1
Solve the single-
objective robust 

optimization 
model of min f2

Solve the single- 
objective robust 

optimization 
model of min f3

Obtain three single-objective robust optimization solutions and calculate the payment matrix in (51)

Check SCC constraints under the obtained solution

Output the obtained COS, i.e., the optimal
secure operation results

Directly solve the COS of multi-objective
robust optimization model 

Fig. 6.　Flowchart of while-loop scheme and method to directly solve COS.
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three B2B VSC systems, as shown in Fig. 7. The total load 
power is 103.19 GW, the total installed capacities of wind 
farms and photovoltaic stations are 8.55 and 2.20 GW, re‐
spectively, and the penetration rate of renewable energy is 
10.4%. The parameters of three B2B VSC systems are the 
same, with the rated voltage as ±500 kV, rated capacity as 
3200 MVA, and converter reactance as 0.055 Ω. The subtran‐

sient reactance of each synchronous generator is basically be‐
tween 0.18 p.u. and 0.26 p.u.. The parameters of the proposed 
multi-objective robust optimization model are listed in Table I. 
Among them, due to different breaking capacities of the circuit 
breakers installed on transmission lines with different voltage 
levels, Ifmax values for 500 kV and 220 kV buses are 63 kA and 
50 kA, respectively.

The SCCs of three-phase short-circuit faults at all 500 kV 
and 220 kV buses obtained by solving the optimization mod‐
els without SCC constraints is shown in Fig. 8. Among 
them, the SCC levels of 12 buses exceed the upper limit, in‐
cluding eight 500 kV buses and four 220 kV buses, which 
will result in the insecure operation of the system. Thus, 
these SCC constraints should be added in the proposed multi-
objective robust optimization model of power grids. For 
these faults of 12 buses, the SCCs provided by synchronous 
generators and RESs are shown in Table II. The proportion 
of SCC provided by RESs is about 3.5%-5.6% with the pen‐
etration rate of renewable energy being 10.4%. When there 
are more RESs are penetrated into the power grid in the fu‐
ture, the proportion of SCC provided by RESs will be high‐
er. Therefore, for a power grid with high penetration of 

RESs, neglecting the SCC provided by RESs will result in 
the unsecure operation of the power grid.
1)　Analysis of Optimal Operation Result

The three single-objective robust optimization models are 
solved, and the optimal operation results with and without 
B2B VSC systems are shown in Table III. Without B2B 
VSC system, only the TS, BS, UC, and regulation of the 
power output and terminal voltage of generators are used to  
limit SCC. It can be observed from Table III that, the model 
with B2B VSC system can adjust the modulation ratios, ab‐
sorbed active and reactive power of the VSC stations, and 
cooperate with the conventional SCC limitation modes, 
which can reduce the SCC level to meet the secure limit, 
and reduce the numbers of shut-down generators or discon‐
nection lines, being beneficial to the secure operation and re‐
liable power supply. Therefore, the above results indicate 
that using multiple B2B VSC systems to separate this large-
scale power grid into two asynchronous power grids and reg‐
ulating the modulation ratios of these B2B VSC systems 
have obvious effect on limiting the SCC level and improv‐
ing the secure and economic operation of the power grid.

Wind farm

SY

CX
LM

SD

DF LM

SQHH

GK
JZ

GS
JW

NPD
SP

XL
XW

WL

500 kV substation 
220 kV substation 

ZC

B2B VSC system 

Photovoltaic station 
Connection line with other provinces

JZ

ZM

SY

DY

HQ

XZ

JY

XH

TW

Fig. 7.　Basic structure diagram of Guangdong power grid.

TABLE I
PARAMETERS OF PROPOSED MULTI-OBJECTIVE ROBUST 

OPTIMIZATION MODEL

ck (¥)

6×104

cgi (¥)

3×104

cwi (¥/MW)

1000

α (%)

10

αd

0.25

αu

0.25

N

32
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According to the three single-objective optimization solu‐
tions, the payment matrix can be obtained, and then the 
method to directly solve the two-layer optimization model in 
(50) is used to obtain the robust COS, which is shown in Ta‐
ble IV. In addition, the SCCs of three-phase short-circuit 
faults at all 500 kV and 220 kV buses corresponding to the 
obtained robust COS are shown in Fig. 9. 

The optimized adjustment results for modulation ratio of 
B2B VSC systems, and the power output and terminal volt‐
age of some generators with the obtained robust COS is 
shown in Table V and Table VI, respectively. It can be ob‐
served that the SCCs of all buses are lower than the upper 
limit by adjusting TS, BS, UC, modulation ratio, and power 
output and terminal voltage of generators, which indicates 
that the optimal operation results obtained by the proposed 
solution method can satisfy all SCC constraints. Compared 
with the three single-objective robust optimization solutions, 
the obtained robust COS has the smallest distance from the 
utopia point, and the largest distance from the nadir point. 
Hence, it has the highest comprehensive optimization degree.
2)　Analysis of Accuracy of Convex Relaxation

The results before and after convex relaxation are com‐
pared in Table VII. Models 1-3 are detailed as follows.

1) Model 1: the MICP model using inscribed N-sided ap‐
proximation method with different N values (N = 16, 32, 48).

2) Model 2: the MICP model using inscribed quadrilateral 
approximation method.

3) Model 3: the original MINLP model.

TABLE III
RESULTS OF THREE SINGLE-OBJECTIVE ROBUST 

OPTIMIZATION MODELS

Objective

min f1

min f2

min f3

Model

With B2B 
VSC

Without B2B 
VSC

With B2B 
VSC

Without B2B 
VSC

With B2B 
VSC

Without B2B 
VSC

Optimal operation result

Generator YA1 is shut-down

Generator YA1 is shut-down
Generator YA2 is shut-down
Generator SS5 is shut-down

Line DL-WY is open
Line JM-XJ is open

Generator ZJ2 is shut-down
Line JM-XJ is open

Generator ZJ2 is shut-down
Generator ZJ4 is shut-down
Generator LA1 is shut-down

Line DL-WY is open
Line JM-XJ is open
Line LA-SZ is open

Line JM-XJ is open

Generator JH3 is shut-down
Generator PH1 is shut-down

Line DL-WY is open
Line JM-XJ is open
Line LA-RJ is open

Objective 
value

¥34127300

¥34771100

4.5543 p.u.

4.7106 p.u.

2738.01 MW

2826.68 MW

TABLE IV
RESULTS OF OBTAINED ROBUST COS AND THREE SINGLE-OBJECTIVE

 OPTIMIZATION SOLUTIONS

Objective

min f1

min f2

min f3

Robust 
COS

f1 value (¥)

34127300

36714600

35217300

34841000

f2 value (p.u.)

9.2591

4.5543

10.6259

5.8203

f3 value (MW)

3012.94

3470.16

2738.01

2916.20

d+

0.987

1.414

1.085

0.602

d-

1.294

1.000

1.155

1.381
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Fig. 8.　SCCs of three-phase short-circuit faults at all 500 kV and 220 kV 
buses obtained by solving optimization model without SCC constraints. (a) 
500 kV buses. (b) 220 kV buses.

TABLE II
SCCS PROVIDED BY SYNCHRONOUS GENERATORS AND RESS

Rated
voltage (kV)

500

220

Fault bus

GF

GS

GA

JL

SY

SD

WS

XS

XX

ZN

JY

HZ

SCC (kA)

Total

63.02

65.31

65.75

64.29

72.23

65.17

67.29

70.80

55.89

53.55

50.28

52.77

Synchronous generator

60.50

62.06

62.73

61.40

68.17

62.87

63.68

67.25

53.33

50.97

48.33

49.89

RES

2.52

3.25

3.02

2.89

4.06

2.30

3.61

3.55

2.56

2.58

1.95

2.88
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It can be observed that compared with the results of Mod‐
el 2, the maximum relaxation gap of Model 1 is reduced by 
several orders of magnitude, effectively improving the accu‐
racy of convex relaxation for non-convex quadratic inequali‐
ty constraint (34). Moreover, Model 1 can still greatly im‐
prove the computational efficiency compared with Model 3 
in terms of the required CPU time. As N increases, the relax‐
ation gap of Model 1 decreases. However, as N increases, 

the feasible region of (Xff, Rff) constrained by the relaxed 
SCC constraint (33) will decrease, resulting in higher ob‐
tained objective values and lower optimization degrees. 
Therefore, a suitable N value is required and N = 32 is select‐
ed for the later calculation.
3)　Validity Analysis of Improved Checking-Adding-Checking 
Again-Adding Again Method

In order to verify the effectiveness of the improved check‐
ing-adding-checking again-adding-again method, the compar‐
ative results under different given margins α are shown in 
Table VIII. It can be observed that under different α values, 
the obtained optimal solutions to each single-objective ro‐
bust optimization model are the same because they must sat‐
isfy the requirement that the SCCs of short-circuit faults at 
all buses are below the upper limit, and the satisfied con‐
straints are consistent. When the margin α increases, more 
SCC constraints of bus faults are added in each iteration, 
and the required CPU time for each iteration will increase, 
but the required iteration number of the while-loop scheme 
will decrease. When the margin α⩾10%, the required itera‐
tion number reaches the minimum value of 1. Therefore, the 
total CPU time will decrease first and then increase as the 
margin α increases. Compared with the existing checking-
adding-checking again-adding again method (α= 0), a suit‐
able margin value (α= 10%) can reduce the CPU time by 
about 60%-70%.
4)　Robustness Analysis

To verify the robustness of the optimal operation mode 
corresponding to the obtained robust COS, the comparative 
results of solving the proposed multi-objective robust optimi‐
zation model and the multi-objective deterministic optimiza‐
tion model are shown in Table IX. 

The multi-objective deterministic optimization model 
makes decisions based on the predicted values of RES out‐
put. The three objective values of the proposed multi-objec‐
tive robust optimization model are bigger, but they can satis‐
fy all SCC constraints in the worst scenario of the uncertain 
RES output. 

However, for the multi-objective deterministic optimiza‐
tion model, the SCCs of three 500 kV bus faults and two 
220 kV bus faults exceed the upper limit in the worst scenar‐
io of the uncertain RES output, as shown in Fig. 10, which 
will result in the insecure operation of the power grid. There‐
fore, the optimal operation mode obtained by the proposed 
multi-objective robust optimization model can ensure the se‐
cure operation of power grid under the uncertain fluctuations 
of RES output.

TABLE V
ADJUSTMENT RESULTS FOR MODULATION RATIO OF B2B VSC SYSTEMS

Condition

Before 
optimization

With robust 
COS

Mi of B2B VSC system at various buses

SY

1.00

0.64

DF

1.00

0.95

ZC

1.00

0.50

SD

1.00

1.00

CX

1.00

0.72

LM

1.00

0.89

TABLE VI
POWER OUTPUT AND TERMINAL VOLTAGE OF GENERATORS

Condition

Before 
optimization

With 
robust COS

Power output (MW)

Generator 
YX1

36.0

33.6

Generator 
TS1

28.0

29.4

Generator 
WS2

47.0

44.5

Generator 
LY2

30.0

33.0

Generator 
QK1

15.0

16.5

Terminal voltage (p.u.)

Generator 
YX1

1.020

1.006

Generator 
TS1

1.010

1.021

Generator 
WS2

1.020 

1.015

Generator 
LY2

1.000

1.022

Generator 
QK1

1.000

1.009

Upper limit
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Fig. 9.　SCCs of three-phase short-circuit faults at all 500 kV and 220 kV 
buses corresponding to robust COS. (a) 500 kV buses. (b) 220 kV buses.
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5)　Comparison of Different Multi-objective Optimization 
Models Considering Uncertainties of Renewable Energy

For various multi-objective optimization models consider‐
ing the uncertainties of RES output, the comparative results 

of the proposed multi-objective robust optimization model, 
the commonly-used multi-objective scenario-based stochastic 
optimization model [14], and multi-objective adaptive robust 
optimization model [17] are shown in Table X. 

The multi-objective scenario-based stochastic optimization 
model adopts 10 and 20 stochastic scenarios to reflect the 
uncertainty of RES output. The uncertainty budgets are set 
as 0.8 and 1.2 for the RES output in the multi-objective 
adaptive robust optimization model [17]. It can be observed 
that compared with the results of multi-objective scenario-
based stochastic optimization model, the proposed multi-ob‐
jective robust optimization model has much higher computa‐
tional efficiency. As the number of scenarios increases, each 

TABLE VII
COMPARATIVE RESULTS BEFORE AND AFTER CONVEX RELAXATION

Objective

min f1

min f2

min f3

Robust 
COS

Model

Model 1 (N = 16)

Model 1 (N = 32)

Model 1 (N = 48)

Model 2

Model 3

Model 1 (N = 16)

Model 1 (N = 32)

Model 1 (N = 48)

Model 2

Model 3

Model 1 (N = 16)

Model 1 (N = 32)

Model 1 (N = 48)

Model 2

Model 3

Model 1 (N = 16)

Model 1 (N = 32)

Model 1 (N = 48)

Model 2

Model 3

Objective value

¥33748300

¥34127300

¥35085200

¥33291400

¥35016000

4.4601 p.u.

4.5543 p.u.

4.7216 p.u.

4.3085 p.u.

4.7452 p.u.

2699.50 MW

2738.01 MW

2796.82 MW

2644.66 MW

2829.35 MW

¥34463800
5.7344 p.u.

2880.91 MW

¥34841000
5.8203 p.u.

2916.20 MW

¥35774600
6.0095 p.u.

2972.32 MW

¥33816200
5.5783 p.u.

2815.95 MW

¥35734700
6.0354 p.u.
003.19 MW

The maximum 
relaxation gap

2.24×10−3

9.71×10−4

4.53×10−4

6.83×10−2

5.83×10−3

2.55×10−3

1.46×10−3

1.30×10−1

3.55×10−3

1.61×10−3

8.87×10−4

8.28×10−2

6.30×10−3

2.85×10−3

1.71×10−3

1.46×10−1

CPU 
time (s)

1466.1

1512.9

1710.7

1636.3

31127.4

1475.0

1429.2

1323.4

1392.0

30934.5

1300.9

1255.8

1573.3

1309.5

26234.1

1888.2

1725.4

1790.3

1660.5

35949.7

Upper limit
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Fig. 10.　SCCs of three-phase short-circuit faults at all 500 kV and 220 kV 
buses by solving multi-objective deterministic optimization model. (a) 500 
kV buses. (b) 220 kV buses.

TABLE IX
ROBUSTNESS ANALYSIS OF OPTIMAL OPERATION MODE OF COS

Model

Multi-objective 
deterministic 

optimization model

Proposed multi-objective 
robust optimization 

model

f1 (¥)

34841000

33930400

f2 (p.u.)

5.8203

5.7099

f3 (MW)

2916.20

2831.26

Number of bus 
faults with 

SCC 
exceeding limit

0

5

TABLE VIII
COMPARATIVE RESULTS OF IMPROVED CHECKING-ADDING-CHECKING

 AGAIN-ADDING AGAIN METHOD UNDER DIFFERENT MARGINS α

Objective

min f1

min f2

min f3

α (%)

0

5

10

15

0

5

10

15

0

5

10

15

Objective value

¥34127300

¥34127300

¥34127300

¥34127300

4.4543 p.u.

4.4543 p.u.

4.4543 p.u.

4.4543 p.u.

2738.01 MW

2738.01 MW

2738.01 MW

2738.01 MW

Iteration number of 
while-loop scheme

3

2

1

1

4

2

1

1

3

2

1

1

CPU time 
(s)

3371.8

2447.9

1512.9

1890.1

3889.3

2253.0

1429.2

1741.4

2924.1

2101.5

1255.8

1688.9
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objective value of multi-objective scenario-based stochastic 
optimization model becomes closer to that of the proposed 
multi-objective robust optimization model. The multi-objec‐
tive adaptive robust optimization model can reduce the con‐
servatism of the robust optimization results, and each objec‐
tive value of the optimal solution is lower than that of the 
proposed multi-objective robust optimization model, but the 
robustness and security are worse and the CPU time is lon‐
ger. Therefore, both the proposed multi-objective robust opti‐
mization model and multi-objective adaptive robust optimiza‐
tion model can be used to solve the optimal secure operation 
problem considering the uncertainties of RES output, depend‐
ing on the actual engineering requirements of the conserva‐
tism and robustness of the obtained optimal secure operation 
mode.

For the multi-objective robust optimization model, the 
common methods to obtain the COS include weighted-sum 
method and C&CG algorithm (Method 1) as well as ɛ -con‐
straint method and C&CG algorithm (Method 2). The com‐
parative results with the above common methods and the 
proposed solution method are shown in Table XI.

Among them, Method 2 takes the first objective as the 
main objective, while the other two objectives are consid‐
ered as ɛ -constraints. The two ɛ values take 10 discrete 
points within the range of [0, 1], and lots of POSs are ob‐
tained by solving the proposed multi-objective robust optimi‐
zation model corresponding to each combination of two ɛ 
values. Then, the POS with the minimum value of the two-
layer optimization model in (50) is selected as the COS. In 
Method 1, the weight coefficients of each objective are even‐
ly divided into 10 discrete points within [0, 1] to calculate 

POSs, and we select the COS with the minimum value of 
the two-layer optimization model in (50). Methods 1 and 2 
need to obtain lots of discrete POSs. The proposed solution 
method can directly search for the COS in the entire feasible 
region, resulting in a shorter distance between the obtained 
COS and the utopia point, and a longer distance between the 
obtained COS and the nadir point, hence the obtained COS 
has a higher comprehensive optimization degree. In addition, 
compared with Method 1 and Method 2, even if both of 
them have used 8-core parallel computing to calculate the 
discrete POSs, the proposed solution method can still reduce 
the consumed CPU time by more than 90%, hence greatly 
increasing the computational efficiency.

B. Modified IEEE 39-bus Power System

The modified IEEE 39-bus power system divides the stan‐
dard IEEE 39-bus system into two power grids with three 
B2B VSC systems. The three B2B VSC systems are connect‐
ed at the end bus 39 of line 39-9, the end bus 3 of line 3-4, 
and the end bus 17 of line 17-16, respectively. In addition, 
buses 1 and 18 are connected with a wind farm and a photo‐
voltaic station, respectively, as shown in Fig. 11. The predict‐
ed power output of both the wind farm and the photovoltaic 
station is 3 MW, with an uncertain fluctuation range of 
±25%. Ifmax is set to be 5 kA, and other parameters of the 
proposed multi-objective robust optimization model are con‐
sistent with Table I. 

The SCCs of three-phase short-circuit faults at each bus ob‐
tained by solving the optimization model without SCC con‐
straints is shown in Fig. 12. It can be observed that the SCCs 
of buses 34, 36, and 38 exceed the upper limit.
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Fig. 11.　Modified IEEE 39-bus power system.

TABLE XI
COMPARATIVE RESULTS OF VARIOUS METHODS FOR SOLVING PROPOSED 

MULTI-OBJECTIVE ROBUST OPTIMIZATION MODEL

Method

Method 1

Method 2

Proposed
solution
method

f1 (¥)

34970600

35011800

34841000

f2 (p.u.)

5.8637

5.9329

5.8203

f3 (MW)

2931.26

2903.65

2916.20

d+

0.645

0.628

0.602

d-

1.344

1.343

1.381

CPU time (s)

17528.6

25430.2

1725.4

TABLE X
COMPARATIVE RESULTS UNDER VARIOUS MULTI-OBJECTIVE OPTIMIZATION 

MODELS CONSIDERING UNCERTAINTIES OF RES OUTPUT

Model

Multi-objective scenario-based 
stochastic optimization model 

(10 scenarios)

Multi-objective scenario-based 
stochastic optimization model 

(20 scenarios)

Multi-objective adaptive robust 
optimization model

Proposed multi-objective robust 
optimization model

f1 (¥)

34698500

34770400

34782500

34841000

f2 
(p.u.)

5.8168

5.8182

5.8187

5.8203

f3 
(MW)

2899.58

2907.91

2909.12

2916.20

CPU 
time (s)

13489.2

29607.3

2459.5

1725.4
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The three single-objective robust optimization models are 
solved, and the comparative results with and without B2B 
VSC systems are shown in Table XII. The obtained robust 
COS results and three single-objective robust optimization 
solutions are compared in Table XIII.

In addition, the SCCs of three-phase short-circuit faults at 
each bus corresponding to the obtained robust COS is shown 
in Fig. 13. It can be observed that the optimal operation 
mode can satisfy all SCC constraints with B2B VSC system. 
Compared with the model without B2B VSC system, the 
model with B2B VSC system has lower objective values and 
can reduce the number of shutdown generators, which is ben‐
eficial to the secure and economic operation of the system. 
Compared with the three single-objective robust optimization 
solutions, the obtained robust COS has the smallest distance 
from the utopia point, and the largest distance from the nadir 
point, which has the highest comprehensive optimization de‐

gree. The above conclusions are consistent with those of Sec‐
tion IV-A.

VII. CONCLUSION

In order to limit SCC level in large-scale power grid, a 
multi-objective robust optimal secure operation model of 
power grid with B2B VSC systems considering the SCC lim‐
itation is proposed, and the following conclusions are ob‐
tained from the case studies of an actual 4407-bus provincial 
power grid and a modified IEEE 39-bus power system.

1) The multi-objective robust optimal secure operation 
model of power grid with B2B VSC systems can effectively 
limit the SCC level, reduce the numbers of shut-down gener‐
ators and disconnection lines, and improve the secure opera‐
tion and reliable power supply of power grids.

2) The MICP model with the inscribed N-sided approxima‐
tion method to relax the nonlinear SCC limitation constraints 
has high computational efficiency in large-scale power grid, 
while ensuring high computational accuracy. The improved 
checking-adding-checking again-adding again method can re‐
duce the CPU time by about 60%-70%, which is effective in 
addressing the problem that adding the SCC constraints of 
all buses directly is computationally intensive when applied 
to large-scale power grids.

3) The proposed solution method, combining the method 
to directly solve the COS and the C&CG algorithm, can re‐
duce the consumed CPU time by more than 90% and obtain 
a better COS.

In the future power grid, as the penetration rate of RES in‐
creases, the effect of start-up and shut-down of renewable en‐
ergy units, especially the grid-forming control base units, on 
SCC limitation may also be a future research direction.
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