2030

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 6, November 2024

Optimization for Power Distribution and
Maintenance Schedules of Paralleled Transmission

Channels in AC/DC Power System

Jie Liu, Shunjiang Lin, Senior Member, IEEE, Weikun Liang, Yanghua Liu,
and Mingbo Liu, Member, IEEE

Abstract——As transmission power among interconnected re-
gional grids is increasing rapidly, formulating the power distri-
bution and maintenance schedules of multiple paralleled trans-
mission channels are critical to ensure the secure and economic
operation in an AC/DC power system. A coordinated optimiza-
tion for power distribution and maintenance schedules (COPD-
MS) of multiple paralleled transmission channels is proposed,
and the active power losses of the resistances of earth line in
the high-voltage direct current (HVDC) transmission lines are
taken into account when one pole is under maintenance while
the other pole is operating under monopolar ground circuit. To
solve the proposed COPD-MS model efficiently, the generalized
Benders decomposition (GBD) algorithm is used to decompose
the proposed COPD-MS model into master problem of mainte-
nance scheduling and sub-problems of power distribution sched-
uling, and the optimal solution of the original model is obtained
by the alternative iteration between them. Moreover, a recur-
sive acceleration (RA) algorithm is proposed to solve the master
problem, which can directly obtain its solution in the new itera-
tion by using the solution in the last iteration and the newly
added Benders cut. Convex relaxation techniques are applied to
the nonlinear constraints in the sub-problem to ensure the reli-
able convergence. Additionally, since there is no coupling
among the power distributions during each time interval in the
sub-problem, parallel computing technology is used to improve
the computational efficiency. Finally, case studies on the modi-
fied IEEE 39-bus system and an actual 1524-bus large-scale AC/
DC hybrid power system demonstrate the effectiveness of the
proposed COPD-MS model.

Index Terms—AC/DC power system, power distribution
schedule, transmission maintenance schedule, generalized Bend-
ers decomposition (GBD), recursive acceleration (RA).
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NOMENCLATURE

A. Sets and Indices

Q Set of poles of DC transmission line connect-
ed to rectifier station

Q, 2 Sets of poles of DC transmission line connect-
ed to inverter station

Q,, 82, Sets of AC and DC transmission lines in trans-
mission section

Q, Set of branches included in the &" independent
circuit

i,j Indices of buses

k, N, Index and number of AC transmission lines

I, N, Index and number of DC transmission lines

m,Q, Index and set of transmission lines under
maintenance

min, max Indices of the minimum and maximum values

N Number of buses

N, Number of AC buses connected to voltage
source converter based multi-terminal high-
voltage direct current (VSC-MTDC) converter
stations

t, T Index and number of time periods

0 Index of initial value

B. Parameters

n% Allowable deviation of power exchange

€ Convergence accuracy of generalized Benders
decomposition (GBD) algorithm

U, DC voltage utilization ratio

AT Length of each time interval

Cor Electricity price of power grid at time ¢

Coust Maintenance cost of transmission line m at
time ¢

S b Conductance and admittance of AC transmis-
sion line k

o Do Actual conductance and admittance of AC
transmission line k at time ¢

G, B, Mutual conductance and susceptance between

buses i and j
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C. Variables
0
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Pd/,n Idl.l

P di, Qdi. t

P Vi, 1 Q Vi, t

PG,\\, ” Q Gs, t

Converter transformer ratio and commutation
reactance of line-commutated converter based
high-voltage direct current (LCC-HVDC) con-
verter station connected to bus i

The maximum allowable number of mainte-
nance lines

Active and reactive power of generator on bus
i at time ¢

Active and reactive power of load on bus i at
time ¢

Power exchange schedule value of section 7 at
time ¢

Resistance of DC transmission line /
Equivalent earth resistance of DC transmis-
sion line /

Resistance of VSC-MTDC transmission line ij
Allowed earliest start time for maintenance of
transmission line m

Allowed latest start time for maintenance of
transmission line m

Time required for maintenance of transmis-
sion line m

Admittance of VSC-MTDC converter station
connected to bus i

Admittance of VSC-MTDC transmission line
y

Phase angle difference between voltage of bus
i and input voltage of its connected VSC-MT-
DC converter station at time ¢

Voltage phase difference between buses i and j
at time ¢

Converter control angle of LCC-HVDC con-
verter station i at time ¢

Power factor angle of LCC-HVDC converter
station 7 at time ¢

Power loss of AC transmission line & at time ¢
Power loss of DC transmission line / at time ¢
Number of operating poles for DC transmis-
sion line / at time #

DC current of VSC-MTDC transmission line
ij at time ¢

Modulation ratio of VSC-MTDC converter
station 7 at time ¢

Transmission power of AC transmission line k&
at time ¢

Transmission power and current of DC trans-
mission line / at time #

Active and reactive power absorbed by LCC-
HVDC converter station i from AC system at
time ¢

Active and reactive power absorbed by VSC-
MTDC converter station i from AC system at
time ¢

Active and reactive power of swing generator
at time ¢
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P, Transmission power of AC transmission line k&
at time ¢

P, Transmission power of VSC-MTDC transmis-
sion line i/ at time ¢

S s Binary variable that shows whether transmis-
sion line m starts maintenance at time ¢

Unl,, DC voltage and current of VSC-MTDC con-
verter station 7 at time ¢

Ugio 1y, DC voltage and current of LCC-HVDC con-
verter station 7 at time ¢

Vi Voltage of bus i at time ¢

X, Binary variable indicates whether transmis-

sion line m is under maintenance at time ¢

1. INTRODUCTION

N recent years, long-distance, large-capacity, and extra-/ul-

tra-high voltage AC/DC hybrid transmission technique
has developed rapidly in the power system of China [1]-[3].
With the carbon peaking and carbon neutrality target pro-
posed by Chinese government, it is necessary to develop
large-capacity renewable energy stations in the western prov-
inces and transmit electric energy to the load centers in the
eastern provinces through AC/DC transmission channels. Till
2022, the State Grid Corporation of China has established
14 AC and 12 DC transmission channels, while the China
Southern Power Grid has established 8 AC and 11 DC trans-
mission channels. In China Southern Power Grid, more than
30 billion kWh electric energy is transmitted from the power
plants in Yunnan and Guizhou provinces to the load centers
in Guangdong province through the AC/DC transmission
channels in a month. Transmitting such a large amount of
electric energy will result in significant power losses. More-
over, in order to improve the secure operation of the power
system, the transmission lines in the AC/DC transmission
channels require preventive maintenance to eliminate the hid-
den faults [4], [5]. Therefore, the coordinated optimization
for the power transmission and maintenance schedules of
multiple transmission channels in an AC/DC power system
is very important to the secure and economic operation and
can reduce the impact of maintenance on the power transmis-
sion capacity of transmission channels.

The analysis of the secure and economic operation of AC/
DC power systems generally adopts the optimal power flow
(OPF) model [6]-[9]. The objective function in [6] and [7] is
to minimize the generation cost expressed as a polynomial
function with respect to the active power output of genera-
tors. Considering the control strategies of two different volt-
age source converters (VSCs), [8] proposes an OPF model
to minimize the transmission power loss of the AC/DC pow-
er system. In [9], the objective function includes the genera-
tion cost and the system power loss. The above literature [6]-
[9] only considers the active power outputs of generators as
the decision variables. However, considering that the high-
voltage direct current (HVDC) transmission lines can adjust
the transmission power flexibly, in an AC/DC power system,
the active power loss can also be reduced by scheduling the
transmission power of transmission lines between regions ex-
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cept for scheduling the power output of generators within
each region. Currently, some studies have focused on sched-
uling the transmission power of transmission lines in the AC/
DC power system [10]-[13]. Reference [10] establishes a
multi-objective optimization model to obtain the transmis-
sion power of DC transmission lines and reactive power out-
puts of generators, which aims to minimize both the active
power loss and the voltage deviation. Reference [11] propos-
es an integrated optimization approach to exploit the opera-
tional flexibility in high-voltage AC/DC hybrid transmission
grid from the generator side and transmission side. In [12], a
coordinated model is proposed to schedule the tie-line flows
in an AC/DC power system. The objective is to minimize
the dispatch cost considering the wind power uncertainty.
Reference [13] proposes an optimal day-ahead power distri-
bution model for paralleled transmission channels to mini-
mize the total active power loss. However, in [10]-[13], only
the day-ahead power distribution schedules of AC/DC trans-
mission channels are considered, and the influence of preven-
tive maintenance schedules of AC/DC transmission lines on
the power distribution schedules is not taken into account.
Generally, the model for formulating maintenance sched-
ules of transmission lines includes numerous integer vari-
ables, resulting in a mixed-integer programming model with
low computational efficiency. Existing algorithms for solving
the mixed-integer programming model can be classified into
two categories: heuristic algorithms [14]-[18] and the decom-
position algorithms including Lagrangian relaxation decom-
position algorithm [19] and Benders decomposition algo-
rithm [20]-[23]. Reference [14] presents a transmission main-
tenance scheduling model to maximize the maintenance will-
ingness of the transmission owners, and a machine learning
approach is presented to solve this model. The proposed
models in [15]-[17] are formulated for the generation and
transmission maintenance schedules. In [18], the progressive
hedging algorithm is applied to solve the transmission main-
tenance scheduling model. Although heuristic algorithms can
solve the model directly without depending on the model
types, such algorithms require very long computational time,
which makes it difficult to be applied to actual large-scale
power systems. In [19], the co-optimization problem of short-
term generation and transmission maintenance schedules is
decoupled into three separate optimization sub-problems by
Lagrangian relaxation, which include generation maintenance
scheduling, transmission maintenance scheduling, and short-
term security constrained unit commitment (SCUC) prob-
lems. In [20] and [21], the Benders decomposition algorithm
is applied in the integrated generation and transmission main-
tenance scheduling model. Considering N—1 contingencies,
[22] proposes a transmission maintenance scheduling model
and adopts the Benders decomposition algorithm to solve it.
The relaxation induced algorithm is proposed to solve the
master problem to improve the computational efficiency. Ref-
erence [23] proposes a transmission maintenance scheduling
model with maintenance resource constraints. Based on the
Benders decomposition algorithm, an exact branch-and-cut
algorithm is proposed. However, the above literature only fo-
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cuses on the maintenance of AC transmission lines, without
considering the actual situation of the maintenance of
HVDC transmission lines. In actual operation, to complete
the required power transmission schedules, only one pole of
an HVDC transmission line is usually scheduled for mainte-
nance, while the other pole is still operating under monopo-
lar ground circuit. Additionally, the maintenance of VSC-
based multi-terminal HVDC (VSC-MTDC) transmission sys-
tems is not taken into account in the existing publications.
For the maintenance of VSC-MTDC transmission systems,
when two HVDC transmission lines are both connected to
rectifier or inverter stations, one HVDC transmission line is
under maintenance, and the other line still operates.

This paper makes the following two contributions.

1) A coordinated optimization for power distribution and
maintenance schedules (COPD-MS) of multiple paralleled
transmission channels is proposed. The proposed COPD-MS
model considers the active power loss of the resistance of
earth line when one pole of the HVDC transmission line is
under maintenance while the other pole is operating under
monopolar ground circuit. Additionally, it considers the con-
straints when one converter station is under maintenance
while the other converter station of the same type is under
normal operation in VSC-MTDC transmission system.

2) The generalized Benders decomposition (GBD) algo-
rithm is used to decompose the proposed COPD-MS model
into the master problem of maintenance scheduling and the
sub-problems of power distribution scheduling for iterative
solution. For the sub-problems, the convex relaxation tech-
niques and parallel computing technology are adopted to en-
sure the reliable convergence and improve the computational
efficiency. For the master problem, the recursive acceleration
(RA) algorithm is proposed, which can further improve the
computational efficiency.

The rest of this paper is organized as follows. The formu-
lation of the COPD-MS problem in an AC/DC power system
is proposed in Section II. The GBD-RA algorithm for solv-
ing the proposed COPD-MS model efficiently is discussed
in Section III. Case studies on the modified IEEE 39-bus
system and an actual 1524-bus large-scale AC/DC hybrid
power system are provided in Section IV. Section V gives
the conclusion.

II. PROBLEM FORMULATION

In a large-scale AC/DC power system, electric energy is
transmitted from the sending area to the receiving area
through AC, line-commutated converter based HVDC (LCC-
HVDC), and VSC-MTDC transmission channels, as shown
in Fig. 1. Under the condition that the total power transmis-
sion schedules of transmission sections and the active power
output schedules of generators are known, formulating the
power distribution schedules of multiple transmission chan-
nels can effectively reduce the active power loss of the trans-
mission lines in the multiple paralleled AC/DC transmission
channels. Meanwhile, to ensure the secure and reliable opera-
tion, each transmission channel needs regular preventive
maintenance. Therefore, to coordinately formulate the power
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distribution and maintenance schedules of the multiple paral-
leled transmission channels, a COPD-MS model is proposed
below.

Power transmission ,

Power - / section \/
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v AC transmission channel |
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QO Substation; @ HVDC converter station

Fig. 1. Structure diagram of AC/DC power system.

A. Objective Function

The objective function of the proposed COPD-MS model
of an AC/DC power system is the sum of the total active
power loss cost of transmission lines and their maintenance
cost, as shown in (1). For the schedule period of one month,
assume that AT=1 hour, then 7=720 or 744 hours.

T N, N,
minZ{cg’t(;APwm+ZAPMM + z cm_,xm,,j|AT (1)
P - =

meQ,
where x,,=1 or x,,,=0 means that the transmission line m
is under maintenance or normal operation at time #, respec-
tively.

During the maintenance of an AC transmission line, its
conductance and susceptance are both 0, as shown in (2).
Meanwhile, the power loss of this line is also 0. Thus,
AP, ., in (1) can be expressed as (3).

ga’k¢t=(1 _xm,t )gak
b;k¢r=(1 _xm,t )bak

2

APLalgt:(Vi,zt"_ Vj?t_zVi,tI{j,t cos 0, t)gc:k,t

i 3)

In the actual AC/DC power system, most of the DC trans-
mission lines are bipolar connections. Under the normal op-
eration, a bipolar operation mode is used. However, the si-
multaneous maintenance of both poles of the HVDC trans-
mission line has a significant impact on the secure operation
of the AC/DC transmission systems. Thus, it is necessary to
consider the situation where one pole of the HVDC transmis-
sion line is under maintenance while the other pole is operat-
ing under monopolar ground circuit, as shown in Fig. 2.
This is a key difference between the maintenance of HVDC
transmission lines and that of the AC transmission lines
[24]. For the HVDC transmission line that is under mainte-
nance, it includes two binary variables x,, , and x, ,, which

indicate whether the two poles of the HVDC transmission
line are under maintenance, respectively, and m, and m, are
two elements in the set of transmission lines under mainte-
nance Q,. This means the two poles of an HVDC transmis-

my, 1>
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sion line are deemed as two transmission lines in the pro-
posed COPD-MS model. When the HVDC transmission line
is operating as monopolar ground circuit, the active power
loss of the resistance of earth line should be taken into ac-
count. When two poles of an HVDC transmission line are
under maintenance simultaneously, this line is in the shut-
down state, and the active power loss of this line is 0. Thus,
AP, in (1) can be expressed as:

APLdl,t:KpLzlit[Rd/"‘(z -K, )R,]
Kp[,tz(l _xm,,t)+(l _xmz.t)

“)
)

3 Ly Ry
1 Ly
(R e s
R

R dl

Fig. 2. Structure of HVDC transmission system.

B. Constraints

1) Constraints of Inter-area Power Transmission Schedule

The power transmission schedule constraint refers to the
constraint of the total transmission power of the transmission
sections between different areas, as shown in (6).

_”%.PE//JS 2 Pak,[ + z Pd[,z _PZr,tsn%.PZr‘t (6)
ke, leQ,

In (6), the transmission power of AC transmission line k
P, is expressed as (7), while the transmission power of DC
transmission line / P, is expressed as (8).

Pak.t= Vi,th,r(ng,tCOS‘g-- +b'k,tSin0ij,t)_ Vi,ztgc:k.t

it Ya

(7

Pd[,t:K Udi,t]dl,t (®)

plt
2) Constraints for Maintenance of Transmission Line
All transmission lines scheduled for maintenance must be-
gin maintenance within their allowable earliest and latest
start time. Also, these lines should be out of service during
the time period for maintenance and operate normally during
other periods. Assuming that the maintenance schedule of
each transmission line should be during the dispatch period,
the corresponding maintenance constraints are shown in (9).

lllllllll

)

where the 1% constraint indicates that the transmission lines
need to start maintenance within the given time ranges; the
2" constraint indicates that the binary variable x,,, must be 0
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before the maintenance starts; and the 3™ and 4" constraints
indicate that the binary variable x,, must be 1 during all
time periods for maintenance after the maintenance starts.

Due to the limited resources available for maintenance of
transmission lines, it is impossible to maintain multiple trans-
mission lines at the same time. Therefore, the number of
transmission lines under maintenance should be less than a
set value, as given in (10).

>, X <M,

= (10)

Considering the operation flexibility of the VSC-MTDC
transmission system, when the DC transmission line connect-
ed to one converter station is under maintenance, the DC
transmission lines connected to the other converter stations
can still operate. Taking the “Kun-Liu-Long” VSC-MTDC
system (denoted as VSC(Kun-Liu-Long)) as an example,
there is one rectifier station and two inverter stations, as
shown in Fig. 3. When the DC transmission line connected
to the rectifier station is under bipolar maintenance, the en-
tire VSC-MTDC transmission system is out of service.
When the DC transmission line connected to the rectifier sta-
tion is under monopolar maintenance, the corresponding
poles of both inverter stations cannot operate. When the DC
transmission line connected to one inverter station is under
monopolar or bipolar maintenance, the rectifier station and
the other inverter station can still operate normally. The cor-
responding constraints are shown in (11).

IR

meQ, meQ,‘

(11)
z xm,t 2 z xm.t
meQ, mE.Q,2

Inverter
station 1
@—@ Contact bus
Rectifier
station Inverter
station 2

Fig. 3. Structure diagram of VSC(Kun-Liu-Long) system.

3) Constraints of DC System Operation

For the LCC-HVDC transmission lines, considering the in-
fluence of the converter transformer regulation and commuta-
tion reactance [25], the operation constraints are given as:

U, = 3\/_Kle,,COSl//” 3X[d”
Ud[.l 3\/_Kd/VnCOS¢n
' (12)
szz Kpl rUdztIdzr
de t Kpl tUdt tldt t tan ¢i,r
Ud:Rz Ud:/z"'[d[ thl

where the 1% constraint reflects the relationship between the
current and voltage of the converter station; and the 2™ con-
straint reflects the relationship between the AC voltage and
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DC voltage of the converter station. Note that the subscripts
R and 7 represent the rectifier and inverter stations, respec-
tively.

For the VSC-MTDC transmission lines, considering the
impact of the equivalent resistance of the VSC-MTDC con-
verter station [26], the operation constraints after eliminating
the connecting buses of the DC system are given as:

P,— M ”V U, Y;sino,,
IulMlt _
O, +——=V,U,Y coso,~V.Y=0
\/—
PVA, Uvzt Vit (13)
z Iw'/l,t
J=Lj=i
e Rvii

4) Constraints of AC System Operation

Considering the maintenance of AC transmission lines, it
is necessary to modify the relevant elements in the nodal ad-
mittance matrix, i.e., ¥, ¥;, ¥;, and Y}, associated with the

buses i and j of the maintained lines, as shown in (14).
Y Ytt_xnz.t(.yij+jBij/2)
Y,= Y/, _xm,t(yij+jB;‘/‘/2)
Y=Y, =Yj+x,,p;

(14)

After modifying the nodal admittance matrix, the power
balance equations for AC buses that are not connected to an
HVDC converter station, an LCC-HVDC converter station,
or a VSC-MTDC converter station are shown in (15)-(17),
respectively. In (16), the sign *+ is negative or positive for a
rectifier or inverter station, respectively.

Po =Py~ z G,cos0,,+B,;sinf,,)=0
(15)
QGz;r_QLz;t_ Vi,tz I/j.t(Gq'/' sin gijft_B;'/ cos 01’/‘,1) =0
j=1
N
V,.’,ZVJ.J( cosﬁw+B 51n0y,)+Pd,,—O
i=1
N (16)
V,.JEV (Gysin0,,— B, cos0,,) —0,,=0
J=
N
V,.‘,szyt( ;€080 +B;sind, )P, =0
o (17)
V,._,tzV (G sm@ ,— B, cos@,ﬂ) 0,.,=0
j:

5) Constraints for Upper Bound (UB) and Lower Bound
(LB) of Variables

The constraints for UB and LB of variables include AC
bus voltage amplitude, DC voltage and current, transmission
power of each channel, control angle of LCC-HVDC con-
verter station, modulation ratio of VSC-MTDC converter sta-
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tion, and active and reactive power outputs of the swing gen-
erators, as shown in (18).

hminghghmax (18)

Where h Z[Vi,t’ Ud[,t’ ]dll,t’ lei,f’ Ivi,t’ Pa/\'.t’ Pd/.t’ Wi,t’Mi,t’ PGS,[’ QGS,I]'

In summary, (1)-(18) constitute the proposed COPD-MS
model of multiple paralleled transmission channels in an AC/
DC power system. This model is a mixed-integer nonlinear
programming (MINLP) model, which is difficult to solve di-
rectly. Therefore, based on the GBD algorithm, an efficient
algorithm for solving the proposed COPD-MS model is pro-
posed.

III. MODEL SOLUTION

A. GBD Algorithm

The Benders decomposition algorithm was first proposed
by J. F. Benders in 1962, A. M. Geoffrion extended the
Benders decomposition algorithm to MINLP problems and
proposed the GBD algorithm [27]. The algorithmic theory is
similar to the Benders decomposition algorithm, but the sub-
problem is not necessarily a linear programming. To facili-
tate the description, the proposed COPD-MS model de-
scribed in (1)-(18) can be written in a compact form as:

min f(X. Y)

s.t. G, (X)=0
G, (X, Y)=0
H,(X)<0
H,(X.Y)<0

(19)

where X represents binary variables related to maintenance,
which includes x,, and s, Y represents continuous vari-
ables, which includes P, Py, AP,y APy Vip 0, Ui
[di,ﬁ ¢i,t’ Mi,t’ Uvi.t’ IVi’ 6i,t’ Pd[,t’ le:t’ Pvi,t’ Qvi.t’ PGS,[’ and
Ogsss G, (X) and H | (X) represent the equality and inequality
constraints that only involve binary variables as given in (9)-
(11), respectively; and G,(X,Y) and H,(X,Y) represent the
remaining equality and inequality constraints, respectively,
as given in (2)-(8) and (12)-(18).

Formula (19) is the original problem, which is then de-
composed into the master problem and the sub-problems.
The master problem only contains binary variables that de-
scribe maintenance, and its constraints include the mainte-
nance constraints (9)-(11) and the added Benders cuts after
solving the sub-problems, as shown in (20). The master prob-
lem is a 0-1 integer programming, which is a relaxation
problem of the original problem, and its optimal value is the
LB of the optimal values of the original problem (19). By
solving the master problem, the value of the maintenance
variables can be obtained and transmitted to the sub-problems.

m)jn a

s.t. G, (X)=0
H, (X)<0
Benders cuts

(20)
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where a is the value of LB of the original problem.

When the maintenance schedules are determined, the sub-
problems are continuous nonlinear programming, as shown
in (21). The optimal value is the UB of the optimal value of
the original problem (19).

m}n f(XY)

st. G, (X, Y)=0
H,(X.Y)<0
X=X 20

where A*® represent the dual variables obtained by solving
sub-problems in the k™ iteration.

The added Benders cut in the master problem (20) after
solving the sub-problems for the A" iteration is shown in
(22). In fact, since the master problem provides the values
of maintenance variables, the sub-problem is a multi-period
optimization for power distribution (OPD) problem. Since
there is no coupling among OPD during each time interval
in the sub-problem, the parallel computing technology is
used to improve the computational efficiency of the model
solution.

@n

azf(XO. ¥+ > (a0) (X-XD) (22)

The diagram of using the GBD algorithm to solve the pro-
posed COPD-MS model is shown in Fig. 4, where 4, is the
elements of 4.

Parallel computing

X, |

1 Solving sub-problem at 7=1 ‘ !

1> Y1 . .

Solvi X, |
olving Solving sub-problem at =2 ‘ !
master VIS A !
problem . ! . :
X, |

Solving sub-problem at r=T" ‘ |

VIS SN |

Fig. 4. Alternative iteration between master problem and sub-problems.

B. Convex Relaxation of Sub-problems

When the GBD algorithm is used and the sub-problem is
non-convex, there exist dual gaps and the sub-problem can-
not converge to the optimal solution of the original problem
[28]. Therefore, to ensure the reliable convergence, the con-
vex relaxation techniques are applied to relax the non-con-
vex constraints in the sub-problems into convex ones.

1) Convex Relaxation of AC System

The non-convex constraints of AC system include (3), (7),
and (15)-(17), which can adopt the second-order cone (SOC)
relaxation method [29]. By introducing the variables R, =
V.V,cos0,, T, =V, V, sin0,,and U, ,=V2, (3), (7), and
(15) can be written as (23)-(25), respectively. Moreover, (16)
and (17) can also be convex relaxed using the same method.

APLak,tz(Ui,r+l]j.t_ZRij,t)gz:k,t (23)

Pakt:Rz]',rgzzlk,r+T" bak.t_ Ui.,tg;/c,t (24)

it
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N
PGi,t_PLi,t_Ui.tGii_ 2 (Ri/,tGi/+T[/,tBij) =0

j=Lj#i

N

QGi,t_QLi,t+Ui,tBii_ _ Z .(Tij,tGij_Rij,tBij) =0

J=Lj#1
” 2Rij.,t 2Tij.,t Ui‘t_l']j,t”z_(Ui.tJr(']j,t)SO (25)
Ry —R; =0
Tij,t"'Tji,xzo

T° RO T. —T°R.

2 arctan Rl‘j”t +—;’;0 e Yli:) 241=0
jeQ, ijt ( l]t) +( ij,t)

2) Convex Relaxation of DC System

The non-convex constraints of DC systems include (8),
(12), and (13). By combining the 2" and 5" constraints in
(12) for the LCC-HVDC converter stations, (26) can be ob-
tained. By introducing the variables fd,’t:I 4. and the con-
stant Ki:(3\6 MK, K the 1% and 2" equations in (26)
can be written as (27) by using the SOC relaxation method.
By introducing the variables Ud,._,t: U, and the two sides of
the 5" equation in (26) are multiplied by K, (Ugg:+ Uy,
other equations in (26) can be written as (28).

3V2
Py,= T KleKdiI/i,l]di,tCOS iy
3V2 .
Ou= TK[)I.thiVi,tld[,t sme;, 26)
P diRt = Kp/, tUdiR. z] diyt
Pdi],t:PdiR,t_Kplttldzi,thl

UdiR,t_ Udi[,t:Idi,thl
uzpdz;r 2Qdi,t Ki(idi,t_Ui,r)”z_Ki(idiet-'-Ui,t)go (27)

" 2Pd[RJ Kpl‘[(idf,l_ UdiR,t) ”2_Kpl,/(id[.,t+ ljd[R.,z)S 0

Pdi],tzpdiR,t_K I

pl.t*di, thl

Kp/,t ((7diR.t - ﬁdﬂ.z )= (P diret P dil,t )Rdl

(28)

Square both sides of the first constraint in (12) after mov-
ing terms, (29) can be obtained. By introducing variables
@, =cos’y;, and w,,=U, @, (29) can be written as (30)
by the McCormick convex envelope relaxation method [30].

2

- .6 3.\ [3V2
Uit ;XciPdi,tJr (;Xci) L= (ani Ui,tcosz Vit
(29
6 3.\ 3va |
Ugiit ;XciPdi.tJ'_ (;Xci) Idi.t:( p de) Wi,
D+, U —-U. P —w <
Ut,mm it L,mmUl,t Ul,mm I, min Wl,t O (30)
Ui,max¢i,t+ (pi.,main.,t_ Ui, max¢i.,max - Wi,t S 0
Wi.t - Ui.,mindsi,t - ¢i, main,t + Ui,mindsi, max < O
Wi,t_ Ui,maxéi,t_ Qi,minUi,t-i_ Uz'.max@i,min < O

For the constraint (8) of transmission power of DC trans-
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mission line, it can also be written as the similar form of the
first inequation in (28) by SOC relaxation method.

By combining the 3™-5" constraints in (13) for VSC-MT-
DC converter stations, (31) can be obtained. By introducing
the variables /,,=/2, and U,,,=U2, (31) can be written as

Vi, t Vi, t Vi, t VI, 1>

(32) through the SOC relaxation method.

N,
szr: z Pv[/'.,l

J=Lj=i
Pvi,tzKpl.thi,tlvi.t

_72
Pvijff_Pv/i.t_Iv[/.thij
U,.-U,.=1;R

= St i
N,
Pvi.,t: z Pvij,t

JETg=i

u 2Pvi/'.t Kpl,t (ivq'j.t_ Uv;‘/‘.t) ”2 - Kpl,t (iv;‘/‘,t + l?v[/,t )<0 (32)

(€2))

Pvij.t_iji,x:Ivy',vay'
Uvi,r_ U\y’.t:(Pvij,t-’_Pty'i,t)Rvij
Assuming that K, =M, V, U, sind,, L, =MV U,
cosd,, M, ,=M>, U, ,=U}, and Z,,=M, U, the 1* and 2"

equations in (10) can be transformed into the convex con-
straints as:

P— LYiKViI:()

0,.+ L Y.L, -U,Y=0

” 2Kvi.t 2Lvi,t Zi.t_Ui,zHQSZi,t"'Um (33)
~vi,min ~[,I+M[,min0v[,l_ ~w:minA;[[.,min_Z[.,IS0
~vi.maxMLt+ ~i,max ~vi,t_ ~vi.maxMi.max_Zi,tS0

Zi.t_ Uvi, min 1 it ~i. mawa'.t"' Uvi, minM i, max <0

Zi,t_ Uvi,maxMi.t_Mi.min ~w',t+ Uvi,maxMi.min <0

C. RA Algorithm for Solving Master Problem

By using the GBD algorithm, the original large-scale MIN-
LP problem has been converted to iteratively solving the lin-
ear 0-1 programming master problem and the SOC program-
ming sub-problems. Both of them have smaller scale and
lower computational complexity, which can be solved by the
mature commercial solver GUROBI. However, the master
problem still requires lots of computational time to solve be-
cause many 0-1 variables are included. Therefore, the RA al-
gorithm is proposed to improve the computational efficiency.

After k iterations, the master problem to be solved in the
(k+1)™ iteration is shown in (34), which only adds a new
Benders cut constraint compared with the master problem
solved in the k™ iteration. It is obvious that the solution X®
obtained by solving the master problem in the k" iteration
satisfies all the constraints in (34) except for the added Bend-
ers cut constraint. Thus, a method to efficiently obtain the
solution of the (k+1)" master problem from X* is required.
By combining the characteristics of 0-1 programming and
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the added Benders cut constraint, the RA algorithm is adopt-
ed.

rrgna
st. G, (X)=0
H,(X)<0

a>f(XO, ¥V)+ 2(}@ Y (X—XD) (34)

azf(XD,¥9)+ DO (X-X®)

In (34), the objective function is to minimize the value of
o. Therefore, the added Benders cut constraint needs to keep
the value of a as small as possible. Due to the fact that the
1* term £(X®, ¥%®) in the added Benders cut constraint is a
constant value, it is necessary to search X to minimize the
value of the 2" term 2(,1“‘) ) (X—=X®). Considering that
this is a 0-1 programming problem, the elements in X can
only be 0 or 1. For convenience, compared with the solution
X®_ if the corresponding element in X changes, it is called
an inversion. Thus, the value of (A%)"(X-X®) is shown in
Table I. Therefore, whether the elements in X are inversed
depends on the values of A% and X®. It can be observed
from Table I that, to minimize the value of (A%)"(X-X®),
the elements in X need to be inversed when A¥>0 and X* =
1, or 29<0 and X®=0.

TABLE I
VALUE OF (A¥)T(X-X®)

@) (X-X%)

State
X%=0 X%=1
Inversed 20 —®
Not inversed 0 0

Whether all elements in X are inversed or not based on
the values of A% and X%, the value of (A%¥)"(X-X®) can
be kept as small as possible. However, the solution obtained
by this way often does not satisfy the maintenance con-
straints in (34) because the maintenance schedules need to
have temporal continuity. In the proposed COPD-MS model,
X includes variables s, , for describing whether the line main-
tenance starts and x,, for describing whether the line is un-
der maintenance. In fact, the values of these two variables
are directly related, and the value of x,, can be determined
by s,, according to (11). Therefore, it is only necessary to
determine whether the variable s,, needs to be inversed.
Since the transmission lines only need maintenance once in
the schedule period, in order to minimize the value of
DO (X-X®), it is necessary to inverse s, correspond-
ing to the larger absolute values in the elements of A%. The
pseudocode of the RA algorithm is shown in Algorithm 1.

In summary, the flowchart of the GBD-RA algorithm is
shown in Fig. 5. By using the RA algorithm for solving the
master problem of each iteration, a new solution is obtained
without solving the large-scale master problem each time,
which can significantly improve the computational efficiency.
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Algorithm 1: RA algorithm for solving master problem

Step I: transmit the solution of the master problem in the k" iteration to

the sub-problem, and obtain A%

order the elements of A% according to the absolute values, and de-
termine whether s, needs to be inversed based on the values
of 2 and X®.

obtain x,, directly based on the value of s, 6 and the required
maintenance time for each transmission line.

Step 2:

Step 3:

Step 4:  verify whether the solution satisfies other £—1 Benders cut con-
straints and the constraint (12). If yes, go to Step 5; otherwise,

go to Step 6.

Step 5: transmit the values of all maintenance variables to the sub-prob-

lem.

Step 6: use the solver GUROBI to directly solve the master problem that

includes all constraints.

Solve the master problem, obtain
X" and o, and update LB
T

v
Solve the sub-problem, obtain ® and
fx U‘), Y(k)), and update UB
v

Step 7: end.

‘ Adopt RA algorithm to obtain X ‘

Are constraints satisfied?

| Obtain X**V by GUROBI
|

‘ Set XV =x ‘

[
iy

‘ Obtain o**D and update LB ‘

N |UB—LB|<&?
Y

‘ Obtain the optimal solution ‘

End

Fig. 5. Flowchart of GBD-RA algorithm.

IV. CASE STUDIES

The modified IEEE 39-bus system and an actual 1524-bus
large-scale AC/DC hybrid power system are used to demon-
strate the effectiveness of the proposed COPD-MS model. A
PC with an Intel Core 17-9700 and 16 GB of RAM is used,
and the computing platforms are MATLAB 2018b and
GAMS 24.5.6. In the two case studies, the electricity price
g, 18 set to be 0.37 ¥/kWh during 00:00-08:00, 1.06 ¥/kWh
during 09:00-12:00 and 14:00-19:00, and 0.74 ¥/kWh during
other time in a day. The allowable deviation of the power ex-
change 7% 1is set to be 5%, and the maximum allowable
number of maintenance lines M, is set to be 4. The initial
values of LB and UB are set to be 0, and the convergence
accuracy ¢ is set to be 0.01.

A. Modified IEEE 39-bus System

The modified IEEE 39-bus system is divided into Area 1
and Area 2, as shown in Fig. 6. The multiple paralleled AC/
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DC transmission channels between the two areas include the
AC transmission lines 31-1, 14-15, and 22-21 (denoted as
AC31-1), AC(14-15), and AC(22-21), respectively), LCC-
HVDC transmission line 4-3 (denoted as LCC(4-3)), and
three-terminal VSC-MTDC transmission line 19-24-16 (de-
noted as VSC(19), VSC(24), VSC(16), respectively). Consid-
ering the monthly COPD-MS problem, all of the transmis-
sion lines need maintenance once during this month, and
each pole of the HVDC transmission line needs maintenance.

3 130 37 i
3 - 25 26 3
2 1
3 T 3 18 3
| T |
? 5] ?
ol S
3 31 | 4 14 3
N B ;
9 | 6 1,
| RS |
8 TT 39

Fig. 6. Structure diagram of modified IEEE 39-bus system.

The data of transmission lines for maintenance is shown
in Table II. The monthly power exchange schedule curve be-
tween the two areas is shown in Fig. 7.

TABLE II
DATA OF TRANSMISSION LINES FOR MAINTENANCE IN MODIFIED
IEEE 39-BUS SYSTEM

Transmission  Tyumin ~ Lommax  Lmg ¢, (10" ¥) Rated

line (hour)  (hour)  (hou) Weekday Weekend Iszf)
AC(31-1) 49 241 72 1.1 1.5 6
AC(14-15) 125 317 72 1.2 1.6 3
AC(22-21) 385 553 72 1.4 1.9 5
LCC(4-3) 1 301 72x2 1.8 2.4 4
VSC(19) 361 649 96%2 2.0 2.5 4
VSC(24) 361 649 96x2 2.0 2.5 5
VSC(16) 361 649 96x2 2.0 2.5 9

1) Validity Analysis of Convex Relaxation of Sub-problem

To verify the computational accuracy of the convex relax-
ation, without considering the maintenance schedules, the so-
lutions of the power distribution models without and with
the convex relaxation at =1 hour by using the commercial
solvers CONOPT and GUROBI are shown in Table III.
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Fig. 7. Monthly power exchange schedule curve between two areas in
modified IEEE 39-bus system.

TABLE III
SOLUTIONS OF POWER DISTRIBUTION MODEL WITHOUT AND WITH
CONVEX RELAXATION AT t=1 HOUR

Model Active power Relaxation gap CPU
loss (MWh)  Maximum Average  time (s)
Without convex 0.82 593
relaxation
With convex 0.83 4.83x1072 1.62x10° 1.06

relaxation

It can be observed that the active power losses of the par-
allel AC/DC transmission channels are very close and the aver-
age relaxation gap is only at the order of magnitude of 107,
and the consumed CPU time is reduced by 52.4%, which dem-
onstrates the high computational accuracy and efficiency of
the convex relaxation method. Therefore, all subsequent calcu-
lations are based on the model with convex relaxation.

2) Solution of Proposed COPD-MS Model

The solution for the proposed COPD-MS model can simul-
taneously obtain the maintenance and power transmission
schedules for transmission lines, as shown in Figs. 8 and 9,
respectively.

>WeekdaysW;‘ eekend‘ ‘ o
ACG1-1)} 3 b b -
o AC(14-15)} 1 Lo Lo -
E 1 1 1 1 1 1 1 1
E AC(22-21)} b b | b
% cc@y)t e 0 Lo Lo
g b b L L
@ F I I I I I
5 VSey o o — .
= VSCe4); o R S i m—
vscaer o D@ e
0 72 144 216 288 360 432 504 576 648 720
Time (hour)
Fig. 8. Maintenance schedules of transmission lines in modified IEEE 39-
bus system.

The blue rectangles corresponding to each transmission
line in Fig. 8 represent the maintenance time. It can be ob-
served that all transmission lines are scheduled for mainte-
nance on weekends and the time close to weekends, because
the load power and the transmission power on weekends are
low. Formulating the maintenance schedule at this time can
reduce the influence on the power exchange schedules. For
the LCC-HVDC and VSC-MTDC transmission lines, the mo-
nopolar maintenance is adopted.



LIU et al.: OPTIMIZATION FOR POWER DISTRIBUTION AND MAINTENANCE SCHEDULES OF PARALLELED TRANSMISSION CHANNELS...

N W kA L Y O 0 O O
T T T T T

Transmission power (MW)

—_
T

144 216 288 360 432 504 576 648 720
Time (hour)
AC(22-21); — LCC(4-3); — AC(14-15)

0 72
VSC(16); —AC(31-1);

Fig. 9. Power transmission schedules of transmission lines in modified
IEEE 39-bus system.

In addition, the monopolar maintenance time for three ter-
minals of the VSC-MTDC transmission lines is the same.
This is because when the HVDC transmission lines connect-
ed to the inverter station is under monopolar maintenance,
the other two HVDC transmission lines connected to the two
rectifier stations using monopolar maintenance simultaneous-
ly can avoid the impact of required subsequent maintenance
tasks on completing the given power exchange schedule. In
Fig. 8, the two maintenances of each DC transmission line
(denoted by two blue rectanges) are the maintenance sched-
ules of its two poles, respectively.

It can be observed from Fig. 9 that when the AC transmis-
sion line is under maintenance, its transmission power be-
comes 0; when the DC transmission line is under mainte-
nance, it can still operate under the monopolar ground cir-
cuit, and its transmission power becomes approximately half
of the original.

To illustrate the necessity of considering the monopolar
maintenance, the results of the following two cases are given
for comparison.

1) Case 1: considering monopolar maintenance, where one
pole of an HVDC transmission line is under maintenance
while the other pole is operating under monopolar ground
circuit.

2) Case 2: without considering monopolar maintenance,
where the two poles of an HVDC transmission line are un-
der maintenance at the same time.

The comparative results of cases 1 and 2 are shown in Ta-
ble IV. It can be observed that the proposed COPD-MS mod-
el considering monopolar maintenance (case 1) can effective-
ly reduce the maintenance costs and transmission losses.
This is because when one pole is under maintenance, the oth-
er pole can still transmit power normally, which can increase
the number of transmission channels to be decided and re-
duce the influence of maintenance of HVDC transmission
lines on the power transmission of the AC/DC power system.
3) Analysis of Effect of Coordinated Optimization

In the current AC/DC power system operation, the exist-
ing model firstly formulates the maintenance schedules of
transmission lines and then formulates their power distribu-
tion schedules.
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TABLE IV
COMPARATIVE RESULTS OF CASES 1 AND 2

Objective value  Maintenance cost  Transmission loss

Case No.

(10* ¥ (10* ¥) (MWh)
147.91 99.81 717.85
2 158.62 106.94 742.36

To illustrate the effectiveness of the proposed COPD-MS
model for power distribution and maintenance schedules, its
results are compared with those of the existing model, as
shown in Table V, where the starting maintenance time of
each transmission line in Schedule 1 and Schedule 2 are tak-
enas 7, . and T, given in Table I, respectively, and the
constraints considered in formulating the power distribution
schedule are consistent with those in the proposed COPD-
MS model. It can be observed that the maintenance cost and
total power loss obtained by the proposed COPD-MS model
are both lower than those of Schedule 1 and Schedule 2.
The proposed COPD-MS model can coordinate the operation
characteristics and maintenance requirement of transmission
lines, and explore the potential economic benefits by coordi-
nately formulating the maintenance and power transmission
schedules of transmission lines.

TABLE V
COMPARISON OF RESULTS BY DIFFERENT SCHEDULES

Model Objectiv{f: value MaintenaAnce Transmission

(10" ¥ cost (10" ¥) loss (MWh)
Proposed COPD-MS 147.91 99.81 717.85
Existing (Schedule 1) 158.26 106.60 734.26
Existing (Schedule 2) 153.59 103.72 729.43

4) Computational Performance of GBD-RA Algorithm

The solution results obtained by the GBD-RA algorithm,
PSO algorithm, GBD algorithm, and the directly-solving al-
gorithm are shown in Table VI.

TABLE VI
COMPARISON OF SOLUTION RESULTS BY DIFFERENT ALGORITHMS

. Objective  Number of CPU time (s)
Algorithm 4 . .
value (10" ¥) iterations  Sub-problem  Master problem

Directly- 48 53 13582

solving

PSO 148.62 5273

GBD 148.34 13 6852 (1574) 813
GBD-RA 14791 14 6103 (836) 79

Note: the values in “()” represent the CPU time using parallel computing
technology.

The SBB commercial solver is used to solve the optimiza-
tion model (19) in the directly-solving algorithm. In the PSO
algorithm, the swarm size is set to be 80, the inertia weight
is set to be 20, the learning factors are set to be 1.5, and the
maximum iteration is set to be 200. The maintenance sched-
ules of transmission lines by different algorithms are shown
in Table VII. It can be observed that the objective function
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values obtained by the GBD-RA algorithm are better than
others, indicating that it can obtain an optimal solution with
high quality of the original problem. Moreover, the GBD-RA
algorithm and GBD algorithm have much lower CPU time
consumption than the other two. By using parallel comput-
ing technology to solve the sub-problem of each time period
independently, the solution time of the sub-problems can be
further reduced.

TABLE VII
COMPARISON OF MAINTENANCE SCHEDULES OF TRANSMISSION LINES BY
DIFFERENT ALGORITHMS

Starting time of maintenance (hour)

Algo-
thm  AC AC AC  LCC

GL1) (1415 (221) (@3 VSCU9) VSC@24) VSC(16)
Directly- 1, 65 435 29,253 393,581 393,581 393,581
solving
PSO 126 157 431 27,255 402,591 402, 591 402, 591
GBD 124 159 429 33,248 390, 585 390, 585 390, 585
ng' 118 164 433 30,252 396,587 396,587 396, 587

Note: DC transmission lines have two starting time of maintenance for their
two poles.

The changes of objective values by using the GBD-RA al-
gorithm and the GBD algorithm during the iteration process
are shown in Fig. 10. It can be observed that the number of
iterations and the changes of objective values of these two
algorithms are close. By using the RA algorithm in solving
the master problem, the master problem is successfully
solved in 12 out of 14 iterations, and the CPU time con-
sumption for solving the master problem is reduced from
813 s to 79 s. This is because the RA algorithm utilizes the
solution of the master problem from the last iteration and
the added Benders cut constraint to obtain the solution of
current iteration efficiently, without having to directly solve
the master problem (34) by the optimization solver GUROBI.

180
170+
160+
150
140+
130+
120+
110}
100+

90+

80

— UB (GBD-RA algorithm)
- - - UB (GBD algorithm)
— LB (GBD-RA algorithm)
- - - LB (GBD algorithm)

Objective value (10* ¥)

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of iterations

Fig. 10. Changes of objective values by using GBD-RA algorithm and
GBD algorithm during iteration process.

5) Solution Result of Proposed COPD-MS Model Consider-
ing Uncertainties of Renewable Energy

When considering the uncertainties of renewable energy,
the scenario-based method is used in the proposed COPD-
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MS model to deal with the power output fluctuations of re-
newable energy stations [31]. Assume that the generators on
bus 32 and bus 35 are substituted by a photovoltaic station
and a wind farm, respectively. The power output fluctuations
of renewable energy stations follow normal distributions,
and the standard deviations are set as 20% of the predicted
values. Latin hypercube sampling method is used to generate
a series of scenarios. In addition, it is necessary to add the
scenario transition constraints of the maximum adjustable
power by each transmission line between the predicted sce-
nario and each sampling scenario. Under different number of
sampling scenarios, the solution results considering the un-
certainties of renewable energy are compared in Table VIII.
It can be observed that compared with the results in Table V,
the objective value and transmission loss of the proposed
COPD-MS model with the scenario-based method become
greater, which leads to the increasing cost for dealing with
the uncertainties of renewable energy. However, the secure
operation constraints of paralleled AC/DC transmission chan-

nels in the renewable energy fluctuation scenarios can be sat-
isfied.

TABLE VIII
SOLUTION RESULTS CONSIDERING UNCERTAINTIES OF RENEWABLE ENERGY

Number of sampling Objective Maintenance Transmission
scenarios value (10* ¥) cost (10* ¥) loss (MWh)

10 149.62 99.81 734.28

20 150.85 99.81 746.35

30 151.44 99.81 755.71

B. Actual 1524-bus Large-scale AC/DC Hybrid Power Sys-
tem

To demonstrate the scalability of the proposed COPD-MS
model, it is tested on an actual 1524-bus large-scale AC/DC
hybrid power system. As shown in Fig. 11, the system in-
cludes 1524 buses and 227 generators. The system consists
of 10 LCC-HVDC transmission lines, 1 three-terminal VSC-
MTDC transmission line, and 8 AC transmission lines. Tak-
ing the total power exchange schedules of Yunnan, Guizhou,
and Guangdong transmission sections in April 2022 (30
days, 720 time periods) as an example, the total power ex-
change schedule curves are shown in Fig. 12. Considering
that it is impossible to complete the maintenance of all trans-
mission lines within one month due to the large number of
transmission lines in the system, some transmission lines for
maintenance in this month are selected, as shown in Table IX.
1) Solution Result of Proposed COPD-MS Model

By using the GBD-RA algorithm, the maintenance and
power transmission schedules of each transmission line can
be obtained, as shown in Figs. 13-15. Similar to the results
of the modified IEEE 39-bus system, it can be observed that
the maintenance of the transmission lines is scheduled on or
around the weekends, especially for the VSC(Kun-Liu-Long)
transmission line with a high rated capacity. Both LCC-
HVDC and VSC-MTDC transmission lines adopt the monop-
olar maintenance modes to reduce the influence on complet-
ing the power transmission schedules.
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Fig. 11. Structure diagram of actual 1524-bus large-scale AC/DC hybrid power system.

35 TABLE IX
=30 DATA OF TRANSMISSION LINES FOR MAINTENANCE IN ACTUAL 1524-BUS
% LARGE-SCALE AC/DC HYBRID POWER SYSTEM
E’ 25¢
S
:%:. 20 Transmission line (Tﬁg{]‘;‘)‘ (Z;;gl‘i‘r‘"‘)* (hz;'ﬁer) w [}}:\f;
8 15 Weekday Weekend (MW)
é 10 AC(GL-XLS)' 169 409 72 1.4 1.9 1500
% AC(GL-XLSY 97 361 72 1.4 1.9 1500
=5
= AC(HZ-LD)' 1 120 72 12 1.6 1000
0 72 144 216 288 360 432 504 576 648 720 AC(HZLD) 577 672 72 12 16 1000
Time'(h_our) ' B LCC(Tian-Guang) 49 576 72x2 1.8 2.4 1800
— Guangdong transr.mssmn se.ctlon (rec.el.vmg) LCC(Pu-Qiao) 121 600 722 25 30 5000
Yunnan transmission section (receiving)
— Guizhou transmission section (receiving) LCC(Xing-An) 241 648  72x2 22 2.7 3000
Fig. 12.  Monthly power exchange schedule curves of regional sections in VSC(KB) 145 624 96x2 3.0 35 8000
actual 1524-bus large-scale AC/DC hybrid power system. VSC(LZ) 145 624  96x2 3.0 3.5 3000
VSC(LM) 145 624 96x2 3.0 3.5 5000

From Fig. 13, it can be observed that for AC transmission Nowe: h s 1" and <2 CAC L fssion lines AC(GL
. . . . ote: € superscripts an represen ransmission Iines -
lines, AC(GL'XLS) with a s.hort distance and small. resis- XLS) and AC(HZ-LD) are double-circuit lines; and VSC(KB), VSC(LZ),
tance has a higher transmission power schedule, while the and VSC(LM) are three converter stations of the VSC(Kun-Liu-Long) trans-
AC(HZ-LD) with a long distance and large resistance has a mission line.
lower transmission power schedule.
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Fig. 13.  Maintenance schedules of different transmission lines in actual

1524-bus large-scale AC/DC hybrid power system.
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Fig. 15. Power transmission schedules of DC transmission lines in actual

1524-bus large-scale AC/DC hybrid power system.

For DC transmission lines, the transmission power of
+800 kV DC transmission lines such as LCC(Pu-Qiao) and
VSC(Kun-Liu-Long) is higher, while the transmission power
of +500 kV DC transmission lines with higher resistance
such as LCC(Tian-Guang) and LCC(Xing-An) is lower,
which can reduce the total active power loss of all the paral-
leled AC/DC transmission channels and improve the econom-
ic benefits of the system.

2) Computational Performance of GBD-RA Algorithm

For the actual 1524-bus large-scale AC/DC hybrid power

system, it cannot be solved directly by using the existing op-
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timization solvers due to the large-scale data. Table X shows
the solution results obtained by using the GBD algorithm
and the GBD-RA algorithm by using parallel computing
technology, the solution time of the sub-problems of multi-
ple time intervals is significantly reduced. Moreover, the
computational efficiency can be furthered improved by using
more threads.

TABLE X
COMPARISON OF SOLUTION RESULTS BY DIFFERENT ALGORITHMS IN
ACTUAL 1524-BUS LARGE-SCALE AC/DC HYBRID POWER SYSTEM

L . CPU time
Algorithm Objective Iteration
g value (10°¥%)  number Sub-problem Master problem
(hour) (s)
GBD 8.54 18 25.35 (4.09) 2538
GBD-RA 8.46 17 24.74 (3.48) 136

Note: the values in the “()” represent the CPU time using parallel comput-
ing technology.

It can be observed that the GBD-RA algorithm can still be
applied to efficiently obtain the solution of the proposed
COPD-MS model for large-scale AC/DC power systems.
Moreover, as the problem scale increases, the advantage of
the RA algorithm in improving the computational efficiency
of the master problem is more obvious. This is because in
large-scale AC/DC power systems, the master problem in-
cludes more variables and constraints, and the GBD algo-
rithm takes more time to solve the master problem during
the iteration, while by using the RA algorithm, the solution
of the master problem can be efficiently obtained during the
iteration.

The changes of objective values by using the GBD-RA al-
gorithm and GBD algorithm during the iteration process in
the actual 1524-bus large-scale AC/DC hybrid power system
are shown in Fig. 16. It can be observed that the changes of
objective values of the two algorithms are close. By using
the RA algorithm to solve the master problem, there are 16
times the master problem being successfully solved in the to-
tal 17 iterations, and the CPU time for solving the master
problem is reduced from 2538 s to 136 s.
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Fig. 16. Changes of objective value by using GBD-RA algorithm and
GBD algorithm during iteration process in actual 1524-bus large-scale AC/
DC hybrid power system.

V. CONCLUSION
A COPD-MS model of multiple paralleled transmission
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channels in an AC/DC power system is established, and the
GBD-RA algorithm is proposed to solve the optimization
model efficiently and reliably. The proposed COPD-MS mod-
el formulates maintenance and power transmission schedules
simultaneously, which can improve the economic benefits of
the system operation and reduce the influence of line mainte-
nance on completing the given power exchange schedules.
Compared with the existing model, the objective value of
the proposed COPD-MS model has been improved by 6.5%
and 6.3% in cases 1 and 2, respectively. In the GBD-RA al-
gorithm, the convex relaxation of non-convex constraints in
the sub-problems can effectively ensure the reliable conver-
gence. In addition, by directly obtaining the solution of the
master problem in each iteration, the computational time is
significantly reduced by 90.3% and 94.6% in cases 1 and 2,
respectively.

With the increasing penetration of renewable energy sourc-
es, the power output fluctuations of renewable energy sourc-
es will result in the uncertain fluctuations in the transmission
power of the AC transmission lines, affecting the secure op-
eration of the system. How to establish a COPD-MS model
considering the uncertainty of renewable energy and solve
this uncertain optimization model is a possible direction of
the future work.
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