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Security Constrained Stochastic Unit Commitment

Considering Fast Correction Control of Battery
Storage and VSC
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Abstract—With the development of power electronics-based
units such as battery storage systems (BSS) and voltage source
converters (VSC) that can quickly respond, the power system
will receive a lot of security benefits from these fast control
units. To fully utilize fast correction controls from the BSS
and grid coupling VSC (GCVSC), this paper presents a new
N — 1 security-constrained stochastic unit commitment (SUC)
model for hybrid AC and DC grids. In the proposed model,
those fast-control units are used to avoid overloading and voltage
violations in the post-contingency short-term period. In order to
maintain good voltage profiles during pre- and post-contingency
periods, the reactive power support ability of the BSS and the
GCVSC is also considered. To improve calculation speed, the
Bilinear Benders decomposition-based method is used to solve
the proposed SUC model. Results on two examples, hybrid AC
and DC grids, show that the proposed method can provide highly
effective unit commitment solutions with post-contingency cor-
rective actions, especially suitable for avoiding post-contingency
short-term security problems in day-ahead dispatch.

Index Terms—Fast corrective control, hybrid AC and DC
grids, post-contingency short-term security, stochastic unit
commitment.

NOMENCLATURE
A. Abbreviation

Bi-BD Bilinear Benders Decomposition.

BMP Bilinear Master Problem.

BSS Battery storage system.

FCS-PLR Feasibility check subproblem for the post-con-
tingency long-term rescheduling.

FCS-PR Feasibility check subproblem for the pre-con-
tingency rescheduling.

FCS-PSR  Feasibility check subproblem for the post-
contingency short-term rescheduling.

FL Flexible load.

GCVSC Grid coupling voltage source converter.
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PLR Post-contingency long-term rescheduling.
PR Pre-contingency rescheduling.

PSR Post-contingency short-term rescheduling.
SucC Stochastic unit commitment.

TG Thermal generator.

ucC Unit commitment.

VSC-HVDC Voltage source converter high voltage direct

current.

B. Indices and Sets

1,7 Index of buses.

T, W Index of iterations.

tk,s Index of time, contingency and scenario,
respectively.

g,v,w,b,l  Indexes of TG, GCVSC, the offshore wind

farm, BSS and FL, respectively.
f Index of the first stage.

n,e,h Index of the pre-contingency period, the post-
contingency short-term and long-term peri-
ods in the second stage, respectively.

Nt Set of time intervals.

A€ OPC  Set of buses in AC grid and DC grid, respec-
tively.

OAC Set of buses connected with the bus 7 in AC
grid.

D¢ Set of buses connected with the bus i in DC
grid.

08 Qpee Sets of TG and GCVSC connected with the
bus ¢ in AC grid, respectively.

08, 0k Sets of BSS and FL connected with the bus

1 in AC grid, respectively.

Sets of the offshore wind farms and GCVSC
connected with the bus 7 in DC grid, respec-
tively.

WG conv
02502

C. Variables

Pf ;Z(lz) . Active power of branch ij in AC grid at time ¢.
QEC) (ij) . Reactive power of branch ij in AC grid at time ¢.
R(jF) ot Up/down spinning reserve provided by TG g.
R(i_) Lt Up/down spinning reserve provided by FL [.
U(),g.t Commitment status that is equal to 1 if TG g is
online at time ¢, otherwise it is equal to 0.
Y Startup status that is equal to 1 if TG g.
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Shutdown status that is equal to 1 if TG g.

Active and reactive power of TG g at time
t, respectively.

Active power injected into AC grid by the
GCVSC v at time ¢.

Reactive power injected into AC grid by the
GCVSC v at time ¢.

Active power flowing from DC grid by the
GCVSC v at time ¢.

Reactive power flowing from DC grid by
the GCVSC v at time .

Active power of branch ¢ in DC grid at
time ¢.

Voltage magnitude and phase angle of AC
bus ¢ at time t, respectively.

Voltage magnitude of DC bus ¢ at time.
Voltage magnitude of the PCC bus in the
equivalent branch of GCVSC v at time t.
Voltage magnitude of the converter bus in
the equivalent branch of GCVSC v at time ¢.
Voltage magnitude of DC bus j connected
with GCVSC v at time ¢.

Droop variable of GCVSC v at time.
Spinning reserve deployment of FL [ at
time ¢.

Phase angle of the PCC bus in the equivalent
branch of GCVSC v at time ¢.

Phase angle of the converter bus in the
equivalent branch of GCVSC v at time t.
Active power demand in bus ¢ at time ¢ after
post-contingency rescheduling.

Spinning reserve deployment of TG g at
time ¢.

Energy stored in BSS b at time ¢.

Discharge and charge states of BSS b at time
t, respectively.
Discharge active power of BSS b at time ¢.

Charge active power of BSS b at time ¢.

Active and reactive power of BSS b at time
t, respectively.

Dual variables for the variable transfer equa-
tions (zy ()¢ = :i:;ﬁ”(.)’t) between these two
stages where iff’(,)’ ; 18 the solution of the first
stage.

Active power demand which are random vari-
ables at bus ¢ at time t.

Reactive power demand which are random
variables at bus ¢ at time ¢.

Active power output of offshore wind farm w
at time ¢ as the random variable.

Slack variables for relaxing AC power bal-
ance.

Slack variables for relaxing AC voltage limit.

Slack variables for relaxing DC voltage limit.

Slack variables for relaxing AC branch power
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limit.
Slack variables for relaxing DC branch power
limit.

Fuel cost of TG g.

Startup/shutdown cost of TG g.

Unit compensation costs of BSS b and FL [
at time ¢, respectively.

Up/down spinning reserve cost of TG g.

Optimal objective of subproblem at scenarios
s.

Predicted active power demand at bus .
Predicted reactive load at bus 7 at time {.
Active and reactive demand at bus ¢ at time
t in scenario s, respectively.

Predicted active power of offshore wind farm
w at time £.

Conductance and susceptance of branch ¢j in
AC grid, respectively.

Conductance of branch ¢5 in DC grid.
Conductance and susceptance of the equiva-
lent branch at GCVSC wv, respectively.
Upper limit of apparent power of the con-
verter at GCVSC v.

Charging/discharging efficiency of BSS.
Upper/ lower limit of energy limit of BSS.
Maximum discharging power of BSS b.
Maximum charging power of BSS b.
Maximum apparent power of BSS b.
Predefined confidence level.

Ramp up/down rate of TG g.
Maximum/minimum limit of reactive power
output of TG g.

Maximum/minimum limit of the droop value
at GCVSC v.

Maximum amount of up/down spinning re-
serve capability provided by FL [ at time t.
Apparent power capacity of branch ¢j in AC
grid.

Active power capacity of branch ¢5 in DC
grid.

Parameter defining how much the short-term
emergency rating of branch can be temporar-
ily relaxed from their long-term rating.
Voltage reference and power reference of the
droop control strategy at GCVSC v, respec-
tively.

Response time and ramping time of TG,
respectively.

I. INTRODUCTION

S a clean and renewable energy source, wind energy
has been widely used around the world. Compared with
onshore wind power, offshore wind power is characterized by
advantages such as high wind speed and low noise [1], [2].
Offshore wind power is usually connected to the AC grid by
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using voltage source converter based HVDC (VSC-HVDC)
[3]-[6], which is able to implement fast and independent
active and reactive power control and supply power to passive
networks [7], [8]. This has promoted the development of VSC
based hybrid AC and DC grids around the world.

For the secure power supply, post-contingency operation
(e.g., well-known N —1 secure operation) is usually considered
in power systems. In the post-contingency period, system state
can be divided into short-term state and long-term state if the
state before the action of traditional controllable units (e.g.,
thermal generator) is considered [9]-[11]. Traditionally, N —1
secure operation was mainly focused on post-contingency
long-term operation, which is common in the field of unit com-
mitment research (e.g., [12]-[14]). The corrective operation of
the post-contingency short-term period requires the action of
fast control units to avoid overloading and voltage violations.
In hybrid AC and DC grids with VSC-HVDC, flexible and fast
control of grid-coupling voltage source converter (GCVSC)
and battery storage system (BSS) is very advantageous to
ensure secure operation in the post-contingency short-term
period. For example, Cao et al. proposed an improved correc-
tive security-constrained optimal power flow method by using
the post-contingency fast corrective action of VSC-HVDC
[11]. In unit commitment (UC) of AC power systems, utility-
scale energy storage is used to alleviate short-term emergency
overloading when slow-ramping generators cannot be adjusted
[14]. However, in UC of hybrid AC and DC grids, fast control
of the GCVSC and the BSS has not been considered in post
N — 1 contingency short-term state.

Reactive power of BSS and GCVSC is useful for improving
the voltage profile, especially during the post-contingency
period. However, only fast active power control of GCVSC
and BSS is considered in security-constrained optimal power
flow [11] and unit commitment of AC power system [15]. In
[16], a decentralized coordinated voltage control scheme was
proposed, considering the reactive power support ability of
GCVSC, but it omitted post N — 1 secure operation. Besides
BSS and GCVSC, flexible load (FL) [17], [18] is also a useful
fast control resource in the post-contingency short-term period.
For example, a two-stage robust optimization model was
proposed for multiple reserve resources, including the reserve
capacity of demand response to improve system flexibility
in the post-contingency period in [19]. A novel speed load
shedding scheme based on emergency demand response was
proposed to improve short-term voltage stability in regional
power systems [20]. In this paper, fast active and reactive
power control of BSS and GCVSC, and flexible control of
FL will be considered for the UC problem of hybrid AC and
DC grids.

Due to the randomness of wind power and load, it is
wellknown that they are difficult to predict precisely in the
day-ahead stage. Two-stage stochastic programming is an
effective approach to consider the impacts of uncertainties
in power system UC [21], [22]. This method is known to
have the ability to consider specific realizations of stochastic
variables. Chance-constrained optimization is also a useful
stochastic optimization approach when considering uncertain
wind power in the UC problem [23], [24]. This method can
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provide a good balance between operational economy and
security level by a predefined confidence level in UC problem
[24]. By combining the advantages of the aforementioned two
methods, Zhang et al. [25] proposed a chance-constrained
two-stage UC model to accommodate large-scale renewable
energy. Besides, in [26], the chance-constrained two-stage
UC model is proposed to co-optimize day-ahead energy and
reserve schedules with consideration of battery storage and
wind power. In this paper, this hybrid approach is adopted to
find unit-commitment plans that utilize fast correction control
while considering uncertainties in pre- and post-contingency
states.

The contributions of this paper can be summarized as
follows:

1) A stochastic UC (SUC) model is proposed for consid-
ering fast active and reactive power control of the GCVSC
and BSS in post-contingency short-term operation. This is
beneficial in avoiding post-contingency short-term overloading
and voltage violations in the presence of uncertain wind power
and load. Also, it will be shown that the cost can be reduced
if fast BSS and GCVSC controls are considered in post N — 1
contingency short-term state.

2) The proposed SUC model is a large-scale mixed integer
non-linear stochastic optimization problem. This paper con-
verts it into a deterministic mixed integer linear model. To
improve calculation speed, a deterministic optimization model
is then solved by the Bilinear Benders decomposition [24]
based method. Test results show this method can solve the
proposed SUC model efficiently.

The remainder of this paper is organized as follows. Sec-
tion II provides the mathematical formulation of the proposed
stochastic UC model. Section III presents the Bilinear Benders
decomposition based method for solving the proposed stochas-
tic UC model. The effectiveness of the proposed method
is validated by two example hybrid AC and DC grids in
Section IV, and finally, conclusions are given in Section V.

II. MATHEMATICAL FORMULATION

In this section, we present an SUC model considering fast
correction control in the framework of chance-constrained
two-stage optimization for hybrid AC and DC grids. The
first stage refers to day-ahead dispatch considering zero-error
prediction of wind power and load. The second stage refers to
the rescheduling of control resources considering uncertainties
of wind power and load in pre- and post-contingency periods.

A. Objective Function

The objective function aims to minimize day-ahead oper-
ational cost, including fuel cost, startup/shutdown cost, and
up/down spinning reserve cost of thermal generator (TG),
operation cost of BSS, and up/down spinning reserve cost of

FL as follows:
> | S cutry iy

min F' = E {
1ENAC Slent

teENT
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B. Constraints for the First Stage

The first stage refers to deterministic day-ahead dispatch of
hybrid AC and DC grids in which the following constraints
are considered:

pcc load
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where constraints (2)—(3) represent AC nodal power balance,
and constraint (4) represents DC nodal power balance. Con-
straints (5)—(7) are linear branch flow equations [27], [28].
Constraints (8)—(9) are to limit the long-term power flow of
AC and DC branches, respectively. In this paper, GCVSC
refers to VSC between AC grid and DC grid. Modelling of
the GCVSC has omitted the low-pass filter and loss in the
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phase reactor [29], [30]. Also, the phase reactor and converter
transformer are combined as a single equivalent branch. Thus,
active and reactive power flow equations of the GCVSC station
are formulated in the form of (10)—(12) [18]. Furthermore, this
paper employs the most common DC voltage droop control,
which is shown in (15) [11]. Other operational constraints of
GCVSC include apparent power constraint (13) and droop
control coefficient constraints (14). In (16)—(17), spinning
reserve constraints of FL are also considered [19]. Operational
constraints of BSS include energy constraints (18)—(20), dis-
charging and charging constraints (21)—(22), state constraint
(23), and apparent power constraint (25) [31]. In addition,
TG constraints, including minimum startup/shutdown time
constraints, ramping rate constraints, active power constraints,
reactive power constraints, and spinning reserve constraints
[25], are also taken into account. Meanwhile, lower and
upper voltage bounds are considered for AC and DC buses,
respectively.

C. Constraints for the Pre-contingency Rescheduling (PR) in
the Second Stage

In PR of the second stage, rescheduling is to improve the
voltage profile by the reactive power support ability of BSS
and GCVSC, and power balance is ensured with a predefined
confidence level. In this period, chance constraints (26)—(28)
are considered to guarantee that the probability of power
balance is larger than a predefined confidence level. Also,
constraint (29) for GCVSC, i.e., droop control equation, is
considered. In PR, operational TG constraints include up/down
spinning reserve deployment constraint (30), TG power con-
straint considering reschedule (31), ramping constraint (32),
and reactive power constraint (33). Besides the above con-
straints in PR, this paper also considers branch flow equations,
branch long-term power constraint, GCVSC power flow equa-
tions, GCVSC apparent power constraint, and GCVSC droop
control coefficient constraints. Those constraints are similar to
5)—(7), (8)—(9), (10)-(12), (13), and (14), respectively. Also,
lower and upper voltage bounds for AC and DC buses are
considered in the PR of the second stage.
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uf,g,th,min < Qn,g,t < uf,g,th,max (33)

D. Constraints for the Post-contingency Short-term Resched-
uling (PSR) in the Second Stage

During the initial period of the post-contingency state, the
active power of the thermal generator cannot be adjusted
immediately due to the inertial constraint [11]. Therefore,
PSR is to coordinate active and reactive power of fast control
resources (e.g., BSS, GCVSC, and FL) to ensure all branch
flows are below their short-term emergency rating and avoid
voltage violation. During this period, constraints (34)—(36)
ensure that the power balance is satisfied with a predefined
confidence level. Besides, constraints (37)—(38) are considered
to ensure branch flow below their short-term emergency rating.
In PSR, constraints (39)—(40) are used to enforce limitations
of up/down spinning reserve deployment of FL. Reschedul-
ing constraints of BSS in PSR are formulated in (41)—(47).
Among rescheduling constraints of BSS, (41) and (44) are the
constraints related to energy stored in BSS [15].
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In the PSR period, this paper also considers branch flow
equations, GCVSC power flow constraints, GCVSC appar-
ent power constraint, GCVSC droop control coefficient con-
straints, GCVSC droop control equation, and reactive power
constraint of TG. They are similar to (5)—(7), (10)-(14), (29),
and (33). Also, the lower and upper voltage bounds for AC
and DC buses are considered in the PSR period.
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E. Constraints for the Post-contingency Long-term Reschedul-
ing (PLR) in the Second Stage

In the PLR, TG can respond to rescheduling instructions.
Therefore, the PLR is to coordinate TG, GCVSC, and FL to
ensure safe post-contingency long-term operation of hybrid
AC and DC grids. In the PLR, branch flow equations, branch
long-term power constraints, GCVSC power flow equations,
GCVSC apparent power constraints, GCVSC droop control
coefficient constraints, GCVSC droop control equations, and
rescheduling constraints for TG and FL are also considered.
They are similar to (5)—(7), (8)-(9), (10)-(12), (13), (14),
(29), (30)—(33), and (39)—(40). Also, lower and upper voltage
bounds are considered in the PLR period. Power balance in the
PLR period of the k-th contingency is required to be satisfied
with a predefined confidence level as follows:

ac,k pce,k
br { Do BSe= D0 Bl D P
JENMC vENYe benP
load k
+ E Phgt hzt }20& (48)
geNE
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ITI. SOLUTION METHODOLOGY

The proposed model is inherently a stochastic, large-scale,
mixed integer nonlinear optimization model. To effectively
solve this model, we first convert chance constraints into
deterministic constraints by the Monte Carlo sampling method,
and then use binary variables to characterize whether the
constraints of the s-th scenario need to be met. In addition, this
paper uses the McCormick approximation method [32] and the
Hexagon approximation method [33] to linearize the nonlin-
ear constraints (e.g., branch flow constraints, GCVSC droop
control constraints, apparent power constraints for the BSS
and GCVSC). Finally, the transformed optimization problem
is solved by the bilinear variant of the Benders decomposition
based method [24].

A. Linearizing Nonlinear Operational Constraints

GCVSC droop control equations (15) and (29) include
bilinear terms, e.g., Ry, ¢ Uﬁ‘;,j’t in (15). In order to eliminate
bilinear terms, new constraints are added, and these bilinear
terms can be replaced with new variables by the McCormick
linearization method [32]. Take wa,tU}i’% ;¢ for example, it
is replaced by Z; ,; and constraints (51)—(54) are added:

dc
Zf,v,t > Rf,q) tU v,7,min + Rv mme v,5,t Rv,mian),j,min

(5D
- Rv max Udc

v,j,max

(52)

Zf,v,t > Rf,'u th ,J,max + Rv,maxU}{cv’j,t
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Zf,v t < Rf,v tU v,j,max + Rv mln(Jd,C gt R’U mandide
(53)

Zf,v,t < Rf,v th ,j,min Rv,maxU}iﬁ;J,t - Rv,maxUSE',min
(54)

In the proposed model, there are several constraints in the
quadratic form of (15), e.g., constraints (8) and (13).

22+ y2 < r? (55

By the Hexagon approximation method [33], this paper re-
places the quadratic constraint with a set of linear constraints.
Taking constraint (8) as an example, the following constraints
(56)—(58) are used to replace (8):

\[( f ©,7,t + S’La(; max) Q?”,Ci,j,t
< VB3P i = 825 max) (56)
(\/75?3 max)/2 < Qfl]t (\/7533 rnax)/2 (57)

\/g(Pf,i,j, Szag ma,x) < Qf,i,j,t S \/7( f,i,j,t + S2< )

i,J,max

(58)
Note equation (26) of [32] is not used in (56)—(58).

B. Bilinear Reformulation of Chance Constraint

In this paper, the autoregressive moving average method is
used to calculate predicted values of wind power and load [34].
Based on probability density functions of prediction errors and
predicted values, scenarios of wind power and load can be
generated by the Monte Carlo simulation. In order to reduce
the number of the similar scenarios, these scenarios are further
clustered into several typical scenarios by K-means algorithm
[35].

This paper converts chance constraints into the bilinear
mixed integer reformulation [25]. Take (26) as an example,
equations (59)—(60) can replace the chance constraint (26) as
follows:

Zwsz <l-a (59)
|: Z Pr?czyfs Z Pn,g,t,s
ac fols
Ief 9€5 (60)
+ Y PRS- Pf,b,t+Pfcia§l] =0
venree be B

where Z is a binary variable, i.e., Z; = 0 indicates that the
power balance of scenario s must be met for all ¢, otherwise
Zs =1

Considering the probability of a failure is relatively low,
constraint (26) has a higher priority than constraints (34) and
(48). Therefore, only those scenarios that have passed the
feasibility check in pre-contingency periods will be further
checked for post-contingency operation.

C. Bilinear Benders Decomposition Algorithm (BI-BD)

In this section, the Bilinear Benders decomposition (Bi-BD)
based method is used to efficiently solve the proposed model.
By using the Bi-BD, the proposed model is decomposed
into the master problem and subproblems, which are solved
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iteratively. The master problem is to minimize day-ahead
operation cost with constraints of the first stage and the
Benders infeasibility cuts. The subproblem is used to check
whether the day-ahead scheduling plan in the first stage can
ensure safe operation in the pre- and post-contingency periods
when considering wind power and load uncertainties. In the
following, symbol “A” is used to represent periods of PR,
PSR, and PLR.

1) Bilinear Master Problem (BMP)

The bilinear master problem at iteration w uses the objective
function (1). In addition to these constraints of the first stage
and (59), Benders infeasibility cuts returned from subproblems
are included in the master problem. Constraint (61) shown at
the bottom of this page represents the general expression of
the returned Benders infeasibility cut when the subproblem

in scenario s is not feasible. Note that A\ A(k) ATA(f’)gt,
gk grk) - ar(k) (k)

s,9,t°
-7, (k) 7, (k) AT, (k)
A,s,g,t0 VA s,g.t0 TA s 1,00 HA st Asbt’C

Asp A OX G

in (61) represent dual variables in the transfer equanon of
H+,T p+,T

these decision variables ufgt, Pfgt, qut, qut, Rflt,

Rflt, bet, bet, and Efbt in the s-th scenario at the
7-th iteration, respectively. Bilinear terms (e.g., uf 4 :Z,) in
(61) are further approximated by new variables and constraints
based on the McCormick method, whose details can be found
in Section III-A. Then, the bilinear master problem becomes
a mixed integer linear programming problem, which can be
easily solved by commercial solvers.

exPa-z)+ Y [ > ( > RS s

tENT “ieNAC * gent
—Uf,g,tLs _ﬁ’}gt(l - Zs)] +ﬁTA(§)gt[Pfgt — PrgtZs
— Py (1= 2|+ 03 Ry — B}y 2
R?th(l_ )]+ﬂA(th[ngt_ngt
ngt }+Z{Aslt Filt Rflt
lenk
) R}, 2

N R;’Z-Tt(l Zs )} S NS
Ry ProiZs

}+ Z{ﬁg(ébtpfbt

be B
- ®
— Py (1= Zy)] +<A(Sbt[bet — QfpiZs
— Q70 (1= Z) + 030, [Epe — EppiZs

- B - Z0D)| S0 =t w1 6D
By solving the master problem, values of the first-stage
—+,w —,w —+,w

decision variable, ie., 4% ;. Pfgt, ngt, ngt, Rflt,
Rf l“;, bet, bet, Efbt and Z¥, can be obtained. They
will be passed to subproblems for checking the feasibility of

the PR, PSR, and PLR states in the second stage.

2) Check Feasibility of the Subproblem for Each Scenario
The whole problem of the second stage in the s-th scenario

at w-th iteration is divided into three feasibility check subprob-

lems, i.e., feasibility check subproblem for pre-contingency

rescheduling (FCS-PR; ,,), feasibility check subproblem for

post-contingency short-term rescheduling (FCS-PSR; ,, 1),
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and feasibility check subproblem for post-contingency long-
term rescheduling (FCS-PLR; ,, ).

Constraints of FCS-PRg,, FCS-PSR;, 5, and FCS-
PLR, ., 1 have been shown in Section II.C, Section IL.D, and
Section ILE, respectively. In addition to these constraints,
variable transfer equations (zf (y; = :cf t) between the
first stage and the second stage are included in FCS-PR, w
FCS-PSR; 1, and FCS-PLR; ., ;.. To ensure subproblems of
the second stage are feasible, the non-negative slack variable-
based method [25] is used to relax the AC power balance con-
straint, the voltage constraint, and the branch power constraint.
Thus, relaxed constraints are used, and the objective functions
of the three subproblems are the sum of corresponding non-
negative variables, whose general expression is (62). If @X’ik)
is larger than a preset threshold (¢), it means the corresponding
subproblem is infeasible, given the solution from the first-stage
in the s-th scenario at w-th iteration. Then, corresponding
Benders infeasibility cuts will be generated and added to the
master problem.

7()

min 3° w,(k),—

> | Sac(an v o,

teNT -ief2

ac,v,w,(k),+ ac,v,w,(k),—
+¢)Aszt +¢ A, syt

ac,l,w,(k),+
+ Y N )
JENRAC
de,v,w,(k),+ de,v,w,(k),—
+§:DC< A,s,i,t +¢Aszt
i€NQ
de,lw,(k),+
+ D SN )]

- ODC
JES;

(62)

3) Iterative Procedure

As shown in Fig. 1, the basic iterative procedure for solving
the proposed model is as follows:

Step 1) Initialization: set iteration counter (i.e., w = 1) and
Zv =0.

Step 2) BMP is solved to obtain the optimal solution of the
first stage problem. If w = 1, obtain ufgt, Pfﬂ’t, Rf ot

Rf’gwt’ wa Rfiu& bet’ bet’ andAEfbt’ Otherwise,

obtain uy , Py, Rf ot e Rf Lo By s Py s Q%
Ef bt and Z¥. Then go to step 3). If BMP is infeasible, the
proposed SUC model will be infeasible, and then the process
will stop.

Step 3) For all scenarios with ZA?’ = 0, FCS-PR, ,, needs
to be checked for the solution of the first stage. For each
scenario with Z;” = 0, generate corresponding Benders Cut
of FCS-PR; ,, when 4,5}1”75 > e. Then, update iteration w=w+1,
add new cuts to generate the new BMP, and return to step 2).
Otherwise, go to Step 4);

Step 4) If it is not the first time to have c,Za%s < g, then go
to Step 5); Otherwise, the value of Z;"” will be fixed, and not
changed in all subsequent iterations, and then go to step 5).

Step 5) For all scenarios with Z* = 0 and all contin-
gencies, FCS-PSR; ., needs to be checked for solution of
the first stage. For each scenario with Z;” = 0 and each
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’ Obtain typical scenarios for wind power output and load ‘

v

Initialize the iteration counter w = 1 and set

v

’ Solve the master problem ‘47

@’{bl}

Obtain the optimal solution of the master problem and check
the feasibility of FCS-PRg , for all scenarios with Z%¥ = 0

)
E@

Generate the corresponding Benders cuts of FCS-PRs }—»

Zw =0

Is it the first time to
have ¢ o < €7

VY

Fix the value of Z;”, and the value is not
changed in all subsequent iterations

v

Check the feasibility of FCS-PSR; ., 1, for all
scenarios with Z¢’ = 0 and all contingencies

Generate the corresponding Benders cuts of FCS-PSR; 1 >

Check the feasibility of FCS-PLR ,,, ;. for all
scenarios with Z3” = 0 and all contingencies

*

Generate the corresponding Benders cuts of FCS-PLR 4, 1

ée

Output the optimal dispatching plan

l

End

Fig. 1. Flowchart of the Bilinear Benders decomposition based method.

contingency, generate corresponding Benders cuts of FCS-
PSR 1 if @Zf > e. Then, update iteration w = w + 1,
add the new cuts to generate the new BMP, and return to step
2). If no new Benders cuts are generated, go to step 6).

Step 6): For all scenarios Z;“ = 0 and all contingencies,
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FCS-PLR; ., . needs to be checked for the solution of the first
stage. For each scenario with Z;” = 0 and each contingency,
generate corresponding Benders cuts of FCS-PLR; ., i when
@ff > ¢. Then, update iteration w = w + 1, add the new
cuts to generate the new BMP, and return to step 2). If no
new Benders cuts are generated in an iteration, then stop the
process, and the solution of the latest BMP is the optimal

solution of the proposed model.

IV. SIMULATION RESULTS

The proposed SUC model considering fast correction con-
trol has been tested on a modified IEEE 14-bus system and
a modified IEEE 118-bus system using the software GAMS.
Data of original IEEE 14-bus system and IEEE 118-bus system
are obtained from MATPOWER [36]. Response time (71)
and ramping time (75) of thermal generators are, respectively,
assumed to be 5 minutes and 10 minutes [15]. The number
of random scenarios and typical scenarios is set to 5000 and
10, respectively. Parameters of GCVSC are obtained from
[11]. Branch long-term flow limits are set by using assumed
values. Topology information of the DC system and other
related parameters of the two modified systems are shown
in the Appendix. In the modified IEEE 14-bus system, AC
branch BL 4 7) is chosen as the pre-selected faulty branch. In
the modified IEEE 118-bus system, AC branches BL 24 70),
BL(30738), BL(40742), BL(GI,GQ)’ BL(82,96) and the DC branch

L(123,125) are chosen as faulty branches, where BL;
represents the branch connecting bus ¢ and bus j.

A. Benefits of Proposed UC Approach

In order to clearly verify the effectiveness of the proposed
method, four cases are used, which are shown in Table I. In
this section, the confidence level is set to 90%.

1) Post-contingency Performance

Regarding the outage of line 4-7 at ¢ = 17, Table II
shows maximum loading rate (MLR) and number of insecure
scenarios (NIS) with overloaded branch 7-9 in those scenarios
with Z; = 0 in the modified IEEE 14-bus system. Solution

TABLE 1
ENVIRONMENT CONFIGURATIONS OF FOUR CASES

Random Active and reactive power control
Case  poor PSR PLR - of the GCVSC and BSS
I V4 X X V4
oy x v
I v VA V4 X
vV v vV

*The symbols “\/” and “x”, respectively, indicate whether the factor is
considered or not.

TABLE 11
THE MLR AND NIS OF THE BRANCH 7-9 IN MODIFIED IEEE
14-BUS SYSTEM

Case PR PSR PLR
NIS MLR (pu) NIS MLR NIS MLR (p.u)
I 0 0.6764 9 13003 9 1.3003
i 0 0.5896 5 1.1150 0 1.0000
I 0 0.5628 0 1.0937 0 0.9681
v 0 0.5768 0 1.1000 0 1.0000

2043

of Case II cannot completely avoid short-term overloading,
although MLR of branch 7-9 produced by Case II has been
reduced from 1.3003 to 1.1150 as compared with Case I. In
contrast, post-contingency short-term overloading and long-
term overloading can be avoided in all scenarios with Z; = 0
in Cases III and IV. Fig. 2 shows voltage profiles in the post-
contingency short-term period of those scenarios with Z; = 0
at t = 17 in the modified IEEE 14-bus system. Buses 1-
14 and Buses 15-18 belong to the AC system and the DC
system, respectively. Buses 19-20 are the AC buses in the
equivalent branch of GCVSC connected with buses 15 and
16 in DC grids, respectively. From Figs. 2(a) and 2(b), the
minimum values of the bus voltage in Case I and Case II are
0.923 and 0.922, respectively, which are out of the allowable
range. The maximum voltages in Cases I and II are 1.098 and
1.092, respectively, which are also out of the allowable range.
Voltages of Cases III and IV shown in Figs. 2(c) and 2(d) are
within limits. Average absolute deviation of voltage (ABDV)
from its nominal value in Case III is 0.0165 p.u. while it is
0.0151 p.u. in Case IV. Therefore, active and reactive control
ability of BSS and GCVSC can improve voltage profile during
post-contingency short-term period.

Table III, Fig. 3 and Fig. 4 show the post-contingency
performance of the proposed model in the modified IEEE 118-
bus system when the AC branch BL 34 70y and the DC branch
BL(123,125) are out of service. Post-contingency performance
is analyzed based on maximum voltage (Max-Vol), minimum
voltage (Min-Vol), number of voltage violations (Num-VV),
number of overloaded branches (Num-OB), MLR, and ABDV.
Similarly, in the modified IEEE 118-bus system, the solution
of Case II cannot completely avoid the post-contingency short-
term overloading and voltage violation. Only the solution
of Cases III and IV can ensure safe operation in all post-
contingency periods, especially in the post-contingency short-
term period. Furthermore, the average absolute deviation of
voltage from its nominal value in Case III is larger than in

1.10 ) V‘“*‘le‘ogg 1.10“ /'\/max:1 092
~107F -k LT
3 =
=38 £1.02
$ %

8 5
20971 o £097
> ! > Y Y
0.92{1 over® Vipy=0.923 ~  092{ Lower  V,;;=0.922 4~ R
1 5 10 15 20 1 5 10 15 20
Bus Bus
(@) (b)

1.10 ’Vmax:1'070 1.10 Uppcr ) Vmax:1'070 K
~1.07+-=--- T LY A i
s A s
g &

5 1.02 o 1.02
=y Y
§0.97 s 0.97
0.92{Lower  V,. =0.930 4 T 0.92{Lower  V,;,;=0.9304— 1
1 5 10 15 20 1 5 10 15 20
Bus Bus
© (d)

Fig. 2. The voltage profile of modified IEEE 14-bus system in the post-
contingency short-term period. (a) Case I. (b) Case II. (c) Case III. (d) Case IV.
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TABLE IIT
THE MAXIMUM VOLTAGE AND THE MINIMUM VOLTAGE IN MODIFIED
IEEE 118-BUS SYSTEM

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 11, NO. 5, SEPTEMBER 2025

TABLE IV
RESULTS OF BI_BD AND CPLEX_BIGM

Test systems CL Bi-BD CPLEX_BigM [17]
Contingency Stage Type Case I Case II Case III Case IV Cost ($) Time (sec.) Cost ($) Time (sec.)
Max-Vol (p.u.) 1.113 1.105 1.100 1.100 90% 100665.1 423.6 98767.1 17062.3
PSR Min-Vol (p.u.) 0.884 0.894 0.900 0.900 Modified 80% 100079.5 548.7 98017.7 35673.9
Num-VV 2 2 0 0 IEEE-14 70% 99684.8 514.3 97251.5 41194.6
BL Num-OB 3 2 0 0 60% 98589.1 486.0 96430.4 34581.4
(24,70) Max-Vol (p.u) 1.110 1.100 1.100  1.100 90% 2399013.1 129948  — -
PLR Min-Vol (p.u.) 0.891 0.900 0.900 0.900 Modified 80% 2382573.4 14834.7 - -
Num-VV 2 0 0 0 IEEE-118 70% 2374629.2 16535.2 - -
Num-OB 3 0 0 0 60% 2361765.5 15123.4 — -
Max-Vol (p.u.) 1.128 1.100 1.100 1.100
Min-Vol (p.u.) 0.876 0.885 0.900 0.900
PSR Num-vv 4 3 0 0
Num-OB 3 2 0 0 with rise of confidence level in the same case. Meanwhile,
BL(123,125) Max-Vol (p.u) 1.109 1.100 1.100  1.100 calculation time of Case IV considering fast control of GCVSC
Min-Vol (p.u.) 0.887 0.900 0.900 0.900 .
PLR WV 4 0 0 0 and BSS is much longer than other Cases.
Num-OB 3 0 0 0

Case IV, indicating the advantage of considering the active
and reactive control ability of the BSS and GCVSC.

2) Cost Comparison

Figure 5 compares operating cost and calculation time of
the four cases in the two modified systems under different
confidence levels (CL). By comparing results of Cases III
and IV, it is clear total cost can be reduced if fast active and
reactive control of the GCVSC and BSS is considered in the
post contingency short-term period. Total costs are smaller in
Cases I and II. However, as shown in Figs. 2, and 3, Table II
and III, post contingency short-term security problems (e.g.,
overloading and voltage violation) are caused in two cases.
In addition, it also shows total operational cost is increased

MLR (p.u.)

B. Computational Performance Test

Table IV shows calculation results and computational time
in the modified IEEE 14-bus system and modified IEEE 118-
bus system by using the CPLEX_BigM based method and
the Bi-BD based method under different confidence levels.
As shown in Table IV, under the same confidence level,
convergence speed has been improved at least 40 times by
the proposed method in the modified IEEE 14-bus system.
Also, the cost difference between these two methods does
not exceed 2.5% in the modified IEEE 14-bus system. This
indicates accuracy levels of the two methods are similar. When
the time limit is set to 7 hours, there is no solution given by the
CPLEX_BigM method for the modified IEEE 118-bus system.
In contrast, the Bi-BD based method can find the solution
within 5 hours for the modified IEEE 118-bus system.

Contingency 1

Contingency 2

Fig. 3. The MLR of different cases in the modified IEEE 118-bus system.
0 061‘ |:| Case IIT
: - Case IV
’5 0.05 A
S
2
m 0.04
<
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Contingency 1: outage of BL (24 70); Contingency 2: outage of BL (123 125)-

00 6“ [ Jcasen
’ - Bl Case 1V
2005
&
2
m 0.04
<
0.03
PSL PLR
Contingency 2

Fig. 4. The ABDV of case III and case IV in modified IEEE 118-bus system. Contingency 1: outage of BL 24 70); Contingency 2: outage of BL 123, 125)-
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Fig. 5. The operating cost and calculation time of different cases in the two modified system under different confidence levels. (a) Operating cost. (b) Calculation

time.

V. CONCLUSION

Focusing on large-scale offshore wind power in hybrid
power systems, this paper presents a stochastic UC model
considering fast VSC and BSS corrective control in N — 1
security operation. By adopting both active and reactive power
control in the proposed model, branch overloading and voltage
violations can be avoided during the post-contingency period,
especially in the post-contingency short-term period. The
bilinear Benders decomposition based method is employed to
solve the proposed SUC model. Finally, simulation results on
the modified IEEE 14-bus system and modified IEEE 118-bus
system indicate the proposed method can provide a highly ef-
fective unit commitment solution with post-contingency short-
term and long-term corrective actions.

APPENDIX

TABLE Al
CONNECTION RELATIONSHIP OF GCVSC AND WIND FARMS

TABLE All
RELEVANT PARAMETER OF THE SIMULATION SYSTEMS

Public Parameters
H=11 fchap =094  nqis,p = 0.90
Eb,max =09 Eb,ratc Pb,max = CPb,max
Modified IEEE 14-bus system

71 =5 min 7 = 10 min
Eb,min =02 Eb,ratc

d — d — d _ 1
G1§,17 =20 p.u. Gf‘” =25 p.u. Gzltg’ls = 506 P
G??,lS =25 p-u. R4,t,max =05 P4at RQ,t,max =05 P97t

BY) max = 05 Piat Errate = 20 MWh  Ei rage = 20 MWh
P7 max =7 MW DP11 max = 7MW S7.max = 7 MVA
S11,max = 7 MVA Sgomv =20 MVA  S$On =20 MVA
U2 0 = 093 pu. Uz . = 107 pau.
Ude | =090 pau. Ude =110 pu.
Modified IEEE 118-bus system
G(1152,126 = ﬁ p-u. G?§1,126 = ﬁ p.u. G120,124 = ﬁ p-u.
G(ligo,ms =20 p.u. G(11(2:1,125 =25 p.u. G?f9,124 =25pu
G‘ffg,us =20 pu G(1153,125 =25 p. G124,126 =25pu.
RliS,t,max =05 P15 R27,t,max =05 Por R49,t,max 0.5 Pag,t
R5y tmax = 03 Prat Ry, o0 =05 Psor Rggt ooy = 05 Psoye
R3o 4 max = 05 Poot  Bitgpmax = 05 P16t Fadrate = 50 MW

E63,rate = 50 MWh
DPy4 max = 17.5 MW
DP117,max = 17.5 MW

EGQ,rate = 50 MWh
DPg3 max = 17.5 MW
S44,max = 17.5 MVA

Ell?,rate = 50 MWh
DP9 max = 17.5 MW
S63,max = 17.5 MVA

Test svstems Connection relationship of GCVSC i’;}zﬁgﬁgvﬁfn d farm Sfcig;]r‘r;ax = 17.5 MVA Siizll,max = 17.5 MVA Sizrgéx — 100 MVA
’ No. From DC bus To AC bus  DC bus Somax = I00MVA - S5000, = 100 MVA - S§30, = 100 MVA
Modified 1 15 9 Uizfnin = 0.90 p.u. Uéim = 1.10 pu.
IEEE-14 2 16 12 17,18 Ufain = 090 pu. Ude =110 pu.
T 119 66
Modified 2 120 41 122, 123, 124,
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