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Abstract— Variable renewable energy integration makes the revolution in modern power system operation and control which lead to
performing the preventive and corrective control for maintaining the system continuity against the voltage security and instability.
On the other hand, the power system utility should maintain the economical aspect for its operation, which is hard to be obtained in
the system prior the preventive and corrective scheme. This paper proposes the optimal management between preventive and
corrective scheme for achieving the most economical operating cost to solve a stochastic security-constrained optimal power flow for
the upcoming time-slot considering voltage stability, line contingency occurrence and renewable energy source fluctuation by
controlling the generation power, compensator, and load shedding scheme while maintaining the computation speed. The main
contribution of the proposed method is the active control between preventive and corrective schemes simultaneously for achieving the
most economical solution. Scenarios developed in a modified IEEE 57-bus test system are used to demonstrate the effectiveness of the
proposed method. The simulations show that the proposed method can make a significant contribution to achieving more economical
solution while maintaining the computation speed.

Keywords— Variable Renewable Energy Integration, Preventive and Corrective Control Management, Stochastic Security
Constrained Optimal Power Flow

environmental issue [10]-{12] will add several problems in

[. INTRODUCTION power system uncertainty area as presented in [13]-[18].
Then, one of the common solutions for power system
operation is incorporating fluctuation of VRE as the scenario
into the Stochastic SCOPF [19][20], which can increase the
problem size dramatically. Moreover, the operating cost for
onsidering the scenarios as preventive control is relatively
igh, which is not economical for the power system utility.

Considering contingency or/and VRE output fluctuation
as the stochastic SCOPF scenarios makes the problem size
very huge since there are so many coupling constraints to be
considered. Some previous research proposes the scenario

generator’s active power output while selecting some critical SEIGCL'O” ;e(lzjh_rgque for red_ucmg thﬁ _computatlok? Size Slrleh
contingency [1] which the contingency selected based on,&% the hybric computation technique combining the

' : o : ical and heuristic method [21],[22], determination on
[2],[3], solving SCOPF with the voltage stability constraint MUMerical e _ ) . . :
for individual contingency scenario [4] and some active and inactive region [23] and solving part_|al SCOPF in
contingency scenarios simultaneously [5], controlling Flexible AC Transmission System system within master and

reactive power of generator or synchronous condenser [6]S|"’We problem in Bender Decompo_smon solu_'uon [24] in
and in the worst case performing load shedding (LS) in Someexchange the computation accuracy is decreasing. Generally,

critical contingencies [7]. However, the computation there are two main directions in the power  system
problem size remains as the major problem since the resylincertainty area. First, the complete stochastic model of the

of the SCOPF should be available within 15 — 30 minutes. uncertainty, V\_/hich_mostly because of VRE fluctua_tions.
Moreover, the trend of integration of variable renewable Second, t_he simplified model and solver for_ accelerating _the
energy (VRE) into the power system as the part of the computation bufde” and _speed for making the solution
transmission planning [8], reduce the generation cost [9] Orratlonal to apply in the practical use.

For maintaining the power reliability and security, power
system should avoid the voltage instability which still
becoming one of the main problems especially when the
contingency occurs. This problem was the initial issue in the
power system uncertainty research area, which needs t;f’\
secure the power system operation even if the contingenc
occurs. Extending the optimal power flow (OPF) into the
Security Constrained Optimal Power Flow (SCOPF)
problem becoming one of the common solutions for power
system operation. Those solution are determining the
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The upcoming milestone is to obtain the most economica s
solution but still consider the VRE fluctuation and
contingency scenario while keeping the computation time| 13
rational. The idea is this research is to manage the scenaric gll
to be included in the preventive control or corrective control| = ¢
part. Previous work related to the risk management of £ ;
preventive and corrective control were successfully c
conducted. Preventive and corrective control managemen 5
for SCOPF problem has been developed in [25], which did 3 w w
the generation scheduling for the preventive and corrective 0 Time (I\/}ion) 5 20
control. However, the VRE fluctuation is not yet included | __\re predicted = =-VRE pesimistic == -VRE Optimistic
and the computation time remains as the main problem| ——Thermal Generator - VRE fluctuation
Another decision-making solution, namely positive
constraint relaxation algorithm, for the preventive and Fig 1 lllustration of variable renewable energy fluctuation
corrective scheme for maintaining the voltage stability and
fluctuation under credible scenarios under reliability level o ) o
were presented in [26]. However, the solution was not Consigering b (;S(Sg’;grigm;’llfa“o“ Non-Contingency
reliable enough to handle the problem size for this research. Current possibilities) ¢ RE predicted
In this paper, management of preventive and corrective | Operation /
schemes based on stochastic SCOPF for achieving the mo | €ondition Non-Contingency,
economical operation cost is proposed, considering critical ___—— | RETesimistic
line contingency, VRE fluctuation scenario, computation Dol
speed and the voltage stability criteria. The proposed mode — N
is de_velope_d based on the pri_or work in [22], which foc_us_es Scheduled ~ [Line-2 Contingency,
on increasing the computation speed over the existing| Operationand > RE predicted
methods. The proposed method has two main contribution:| Predicted RE .
to the existing method so that it is competitive among the Gene{ition of ~ [Line-7 Contingency,
existing methods. First, optimal management of the RE Optimistic
preventive and corrective schemes are obtained by clusterin —
the scenarios belong to those schemes so that the mo . T Time-slot
economical solution is obtained. The second contribution is T+l

the effectiveness of the proposed method in maintaining the

. . Fig 2 Flowchart of the illustration of the preventive control
rational computation speed.

II. MATERIAL AND METHOD - M T J----F---
For solving the problem in this research, some basic 3 It
definition and formulation are presented as following consist ?50 ------------------ i
of the definition of scenario, preventive and corrective & 09 E\ — 31
control, introduction to the traditional method and the .9, ¢ — 9 |
formulation of the proposed method, including the required ' } Qo
material 0.7 : : : *
A. Scenario Generation 0 0.5 ! 13 2
Pload(p.u.)

Fluctuation of renewable energy output is modeled for the
next following time slot, usually for the next 30 minutes.

From the weather forecast, the output can be predicted. Each scenario corresponds to occurrence probability,

However, the accuracy remains as the problem. Thereforewhich is independent with the highest probability is for the
the value of the output can be modelled as the exactnon-contingency and predicted.

predicted value, pessimistic (below the predicted) and

optimistic (above the predicted) as presented in Fig 1,B. Theconcept of Preventive and Corrective Control

compared to the thermal generator only having 1 scenario The concept of the preventive scheme should secure all of
[21]. On the other hand, the power system should withstandthe considered scenarios for the upcoming time-slot, which
the contingency event, which in this paper some crediblethe considered scenario are presented in Fig 2 , which T
contingencies are considered. Scenario generation dependadicates the current time-slot and T+1 for the upcoming
on the number of line contingencWk) and penetration  time-slot (usually the next 30 minutes). Theoretically, all of
point (NRE). The number of scenario can be formulated as the considered scenarios in the right should be secured by
selecting the proper operating point called the preventive

Fig 3 Voltage stability assesment media

— 2NRE
NT = 375xNK (1) control. However, there is no guarantee that the current
Which 3 indicates the number of VRE output., with = operating control dan secure all selected scenarios.
3NRE, Security assessment tool presented in Fig 3 is used for

presenting the different operating condition between
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scenarios for T+1. PV or nose curve is the media for X 0.05, if k =0
assessing the voltage stability, which the area above the nose VSIg,, { 0,ifk#0 (6)
point is stable operating zone. Different scenario with the ’
diffgrer_n opera_ting cpndition will have different PV curve, SNG Pereyi = 0.1 Z?’fl Ppj,, forr =1 (7)
which in that figure indicates as “S1” and “S2”". “S1” can
represent the non-contingency scenarios while “S2” can Poir = Poip — @ (Zj”:rf Pij) (8)
represent one of the contingency scenarios. Moreover, there
is a permissible voltage operating zone lies between two Tappmin < Tapp < TaPpmax 9)
dashed lines commonly uses as voltage regulation criteria. . k2 ) o

In the illustration, “S2” seems cannot meet the voltage Qnnr =V "TapnQny™®, if j=n (10)
regulation requirement. For that purpose, the corrective X X . X
control for “S2” is necessary as indicated by “S2*" prepared Qpjr = Quar + Qpj, If J # 1, Qunr =0 (11)
if in the T+1 operating point goes to “S2” direction. Py = Ph; — PerE (12)

For general analysis, all scenarios operating point of the
time-slot T+1 can be. simulated. The proper preventive p. . _p,. = VESNE VK (GK, cos6),, + Blysin6k,) (13)
control can be determined for T+1. The corrective scheme
can secure the remaining violated scenarios obtained fromQéo;» — Qojr = Vi INE L Uik (Gysin 0f, — Bfycos 6f,) (14)
the simulation. The control center will prepare the corrective

k
control solutions for the remaining violated scenarios. Sjmr < Smaxjm (15)
- . . o
C. Traditional Method Total generator reserve power is determined to be 10% of

the total load. Generally, the scenario is modeled as the

The first existing traditional method is called the simple ,mpination of VRE and line contingency scenarios indexed
optimal power flow (OPF), which only consider the normal by notation pairs — k.

scenario (predicted VRE output and non-contingency

scenario) presented in [1], [2], [22], [24] Considering the  2) Formulation of the Corrective Control

occurrence of line contingency and VRE fluctuation, the  Simultan reactive power control and load shedding (LS)
problem is formulated in the stochastic problem which leads control with the objective function for minimizing the
to some scenarios. There is some technique like genetiamount of load curtailmentF{;. Therefore, the decision

algorithm [27], bender decomposition [24]and the HCOPF variable are the amount of LS and reactive power control:
[22]. Those algorithms try to satisfy all of the scenarios in  Objective function:

the PC stages, which usually result in higher generation cost
than the simple OPF. This traditional method objective is to Min FLP%, = ¥NL | PLkSW (16)
simplify the computation burden for accelerating the )
computation speed as presented as the second common Subject to: _ N
research direction in the previous section. Equations (5), (6), (9)-(11), (13)—(15) with the additional
constraints:
1) Formulation of the Preventive Control

— p! _ pk _ pRE
The objective function of the Stochastic SCOPF is Ppjr = Ppj = Prsmr Pir 17)
formulated to minimize the total generation fuel cadst)( p <pk <p 18
related, as shown in eq. (2), where decision variables are LSmin = “LSmr = T LSmax (18)
reactive power compensator (capacitor and reactor), PiSk =Pk, —a; YN P, (19)

generator power, reserve power, and voltage. Considered
constraints are shown in egs (3)-(15); available generation
range (3),(4), permissible voltage range (4), voltage stability
limit (5) defined in [28], voltage regulation (5), voltage
stability limit (6), required spinning reserve (7), generator
changes as effects of VRE injection (8), reactive power
compensator’s tap limits (9), reactive power injection from Proposed Method
compensators (10), net reactive power (11), net active power
(12), active and reactive power flows (13),(14), and
transmission line capacity limit (15).
Objective function:

Equation (17) modifies eq (12) to match the problem
formulations. Equation (18) gives the limitation in the
amount of load curtailment while eq. (19) shows the
generator active power changes due to the LS.

The proposed method manages the optimal allocation of
the total cost resulted by PC and CC, which can cover two
common research direction presented in the previous section.
The solver clusters scenarios into PC and CC for achieving

Min Fo = NS, AREYNG (a;PZ 0 +biPGoir+ci) ) the most economical total cost. The proposed method is the
infr = NS ARE @) latest version of modified hybrid computational optimal
) _ power flow (HCOPF), which was developed by the author as
Subject to: presented in [22]. In the traditional HCOPF, all selected
P, . < Pooir + Popevi < Py A3) scenarios were _mtentlonall_y solyed_ by PC (in the upper
dashed box), which results in a high increment of generation
QG imin < Ql(goir < QG imax (4) cost. . . . . .
. Moreover, if the solution of PC was infeasible, which
Viin SVir =V ax (6) there was still a violation in some scenarios, the violation
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“// Select Credible Contingency\\‘
‘\\ and Penetration Point /"
Normal Operatonal Cost, only | L AP P e,
consider non-contingency and : D E—
predicted RES . Selected Pop. Initialization
i . . Comp. Tap, Gen. Max Limit
Must be Paid . Scenario and Selected Scenario for PC
. Simultaneously ¥
. . PC St
Network Modification C Stage
Addidonal Cost for selected scenario : L
Original OPF
1 . Basic Cost
Additional Cost for violated scenario ; v
(after PC) Maybe be Paid : Narrowing Voltage Constraint
I : Selected Scenario for PC
Fig 4 Phylosophy of the proposed method . New - L -
| Population Risk Prevention OPF
. . PCCost
was converted as penalty cost. The improvement made in '
proposed method are:
_— Violate No

e Line contingency scenario selection in PCCost stage “~_constraint? —

« Converting the penalty cost calculation into .....[........... [
Corrective control cost (CCCost) calculation, whict - Corrective Control y _ :
calculated for any violated scenario : For any violated scenario | | CCCOStey ™ =0

Using the proposed method, there is a guarantee that . !

9 prop . ! . 9 . . : Evaluate the Total Cost
proposed method will have a feasible solution since son; PCCost + X A" CCCost, ™
cases are using the existing methods, which are infeasik : i)
Another advantage of the proposed method that, the to - No /f//' \;,\\ CC stage
cost can be controlled to be more economical as illustrated - — ermmation
Fig 4 . For \\\reached?////

The red area illustrates the standard operating cost tf: dividual T Yes
Violated

must be paid by power system utility, which only consider : Scenario | Discretization of Compensator

the central scenario (non-contingency and predicted VRE: Re-evaluate Total Cost .
The blue area illustrates the additional cost for performin. - -« -« ..o :
the defensive scheme for securing some selected scen: (Obtain Solution)

while the grey area illustrates the unselected scenarios wh
should be paid if the power system goes into that scena

for the upcoming timeslot T+1. The characteristic of red ar... ) ] ) )
blue areas are “must be paid” while the grey area is “may peCost consist of PC cost will be obtained for every population.

paid.” The total cost adjustment can be controlled by If there is no violation for all scenarios within a population
selecting the number of selected scenario considered the blule total cost is the PCCost. However, for a population
area, which means a shift some of them into the grey areahaving violated scenario after the PC stage will be executed
Most of the existing method tend to enlarge the blue area,in the CC stage (lower dashed-box).
which the cost “must be paid” so that the total operating cost) Corrective Control Part
is not optimal.

The whole algorithm will be based on genetic algorithm

Fig 5 Flowchart of the proposed algorithm

For any violated scenarios within one population, the
. : . - prepared corrective control will be calculated individually
(GA) with the continuous variable are solved using the using the algorithm in this box following the corrective

e s s o o e oS arsgontl scheme preseted by e objecve uncion i eq
9 P (16). Depending in the number of violated scenarios

Vovﬁgleps(ﬁﬂi?;f?s mreSeAr; txllinr$§§;;t%?iwiom2%n. a'lr'Pe remained in each population, CC stage part will be oftently
ISP . P acces or not which can become the computation burden.
called preventive control (PC) and corrective control (CC)

parts. Addressing proper scenarios into PC or CC stages wilB) Total Cost Evaluation

confirm the optimal solutions. For evaluating the total cost for a population, since the
1) Preventive Control Part violated scenarios are not going to really occur the CC cost
may be unneccesary to be paid. For this reason, it is belong
to the “may be paid” group which should be weighted by the
scenario’s occurrence probabilities.

The optimal management between CC and PC stages are
termined by the procedures presented in the flowchart.

After defining scenarios (contingency and VRE
penetration point) the algorithm in the upper dashed-box will
decided the compensator tap position, generator output limit
and selecting scenarios randomly as further explain in [22].d

) ) . ) e
After manipulating the new constraint, the new generation
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TABLE |

BASE CASE SIMULATION RESULT 17000
Method Number of Violated PCCost PC + Cccost z 12288
Scenario in PC (unit cost) (unit cost) 3 16400
Propl 27 15576 15817 = 16000
Prop2 27 15587 15769 3 15800
TABLE I E—L; igggg
REQUIRED COMPUTATION TIME FORBASECASE 2 15200
Method | Covered line Comp. Control 15000
Contingency in PC | time Windows 14800
(second) | (minutes) Trad Propl Prop2
Trad 5,19, 20 and 53 28 15 — 30 Normal Cost = PC Cost = CC Cost
Propl 5,19 and 20 600 minutes
Prop2 5,19 and 20 120 Fig 6 Cost allocation for base scenario

Prop2 for the proposed method without
discretization
The difference between Propl and Prop2 is how to
generate the compensator tap status. Since the status of the
compensator is a discrete variable, the solution should be
chosen from the population generation stage (Propl).
Totalcost = PCCost + Y, A¥% CCCost?™, ~ (20) However, the computation burden is more substantial.
Therefore, the simplification for ignoring the compensator as

Initially the scenarios for PC stage are selected randomly by
the population generation process, then final evaluation is
determined by the total cost. For evaluation purpose, the
CCcCost for any violated scenario should be weighted by the
scenarios probability as presented in this equation:

With: a discrete variable can be made, which can be included in the
PCcost = FT (21) digital process for both CC and PC stages. The final value of
vio vio the discrete variable will be normalized after the final
CCCosty Ty = FL:Z (22) evaluation process.
E. Smulation Set Up A. Base Scenario

The simulation are conducted in modified IEEE 57 test  Base scenario considers 135 scenarios, 27 scenarios at
system in stressed operating point for voltage stability non-contingency and 108 scenarios at contingency. There
monitoring purpose, which the VRE penetrate at bus 14, 18516 3 methods that should be considered that are Trad, Prop1,
and 56 with the output for_the upcoming tlme-sl_ot are 9, 12 54 Prop2. The Trad method focus on solving as many
and 7 MW respectively, with controllable capacitor bank at gcenarios as possible in the PC stage and the remaining
18 and 34 while the reactor at bus 25 and 46, each with thgjgjated scenario in CC. Propl and Prop2 manage the
maximum compensation value 1 Mvar. Those compensatorsscenarios to be handled in PC and CC simultaneously. The
have 10 taps regulations. The total load is 576 MW and thegjfference between Propl and Prop2 are the consideration of
economic load dispatch without considering any uncertainty raactor and capacitor as a discrete variable (1) and a
resulting in the average operating cost at 15463 unit cost..gntinuous variable (2) for the CC.

For the base case, line contingency are considered at line 5, |+ can be inferred from Table 1 that the Trad method can
19, 20 and 53, so in total there will be 135 considered sgcyre all of the scenarios with the generation cost 16718
scenarios with given occurrence probability. _unit cost compared to the 15463 for not considering the

All of the simulations is conducted using MATLAB, with  ncertain scenario. Even if, the system can secure all
the MATPOWER [29] for solving the power flow equation gcenarios the generation cost dramatically increases. The
and HCOPF solver [22] for solving the OPF using 64-bit PC 1,;5p0sed method is choosing the scenarios for PC and CC,
with 3.00 GHz CPU and 32 GB memory. The voltage consider the occurrence probability and also severity, for
stability problem is evaluated using the technique presentedpat reason the generation cost is still below the Trad, which
in [28]. The traditional solution which solves the problem gyt in 15576 and 15587 unit cost, respectively. It is proved
only by the preventive scheme are used as the comparison. ihat the proposed method achieves a more economical

operating point. The cost allocation for the base scenario are
IIl. RESULT AND DISCUSSION presented in Fig 6 shows that the proposed method can

The effectiveness of the proposed method is demonstrate@ptimize the total cost by managing the PC and CC stages
using two scenario cases, a base scenario with 135 scenariddrad algorithm only focus on the PC stage). Since some
and larger scenarios with 810 scenarios. There are thregcenarios are not likely going to happen, it is wise for
control strategies to be compared for showing the merit ofintentionally managing those into CC stage only even some

the proposed method. Those control strategies are: risk remain (existence of grey zones). From the risk
«  Trad for the original HCOPF existence point of view, the Trad is better since no grey

« Propl for the proposed method with Zones remained even the total cost is very high.
discretization From the computation burden, modifying HCOPF [22]

into some subproblems (CCCost algorithm) increase the
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computation burden, since the subproblem should be xecutec TABLE Il

in each iteration. It described in Table 2 that the computation LARGER CASE SIMULATION RESULT

time is increasing for the proposed method, especially whe Method Number of Violated | PCCost | PC+CC cost

the subproblem still consists of the discrete variable. Scenario in PC (unit cost) (unit cost)

However, the computation times are still acceptable for each Traq 18 15487 18481

method since the efficient control window lies between 15- ["prop2 18 15965 17176

30 minutes. TABLE IV

B. Extended to Larger Scenario REQUIRED COMPUTATION TIME FORLARGER CASE
Considering larger scenario by considering line Method Covered line Comp time

contingencies 2, 3, 5, 7, 8, 12, 14, 15, 19, 20, 23, 24, 25, 27 Contingency in PC (second)

30, 35, 38, 39, 47, 53, 59, 60, 61, 63, 64, 65, 71, 78, and 7¢ Trad All except 20 234

in the formulation problem, the problem size will be larger Prop2 All except 20 858

since 810 scenarios should be considered in the problem

The results are shown in Table 3, in which the traditional 19000

method solution is not feasible for the Trad. Therefore, the _ 18500
CC is needed. Trad will use the operating point from the CC' 8 18000
result and executed the CC individually when the scenarios © 17500
occur. The risk cost is calculated using the same manner a 5 12(5)88
the penalty cost [22]. B 16000
On the other hand, the Prop2 solution is feasible for a S 15500
complete solution solver. Moreover the total cost is more| T 15000
economical than the trad, even if the PCCost is more = 14500
expensive. From this case, it can be inferred for some heayy 14000
loading condition case that, it will be not possible trying to 13500
solve all of the scenarios in the PC stage, like the traditional.
Risk management of the proposed method once agains Normal Cost = PC Cost = CC Cost
showing the merit of the proposed method over the Trad.
From the cost allocation, it can be inferred that scenarios
selection management by the proposed method confirms the | |- , , |
more economical total cost. Moreover, the grey zones of o @ F———=—=" " "2 """ """ """ "~
Trad is very large, which means the Trad algorithm is not & I \ '
effective for very large scenarios resulting in a higher é’go 9_' R E R B - St S S
penalty cost. In this case, the proposed method has bette% N LS =329 MW
performance in both cost and risk minimization, which is > 0.8 | 1
rather different from the base scenario. Considering only the | | . N-Ix
“must be paid” cost (pink and blue zones), Trad has less 0.7
expensive cost. However, the risk cost is too high. Usually,
the power system utility will not operate their system in a
high-risk option.

Both algorithms try to eliminate the scenario related to 11r
line-20 contingency, which is the most severe from the _
voltage stability problem [28]. From the computation speed = 1

Trad Prop2

Fig 7 Cost allocation for larger scenario

0 0.5 1 1.5 2
Pload(p.u.)

Fig 8 Corrective scheme in the Trad

aspect, it can be inferred that the proposed method is%‘ C ' _

consistently longer than Trad as shown in Table IV. %“ 0.9 LS=2.27 MW normal

However, both of them still acceptable for the practical use. § 0.8f : : —N-1

N-1x

C. Performance in the corrective scheme 0.7 . . : I
Looking closer to larger scenarios, which both of them 0 0.5 1 1.5 2

still result in a violated scenario after PC stage, the system _ _ Pload(pfu-)

stability and security is evaluated using the tools presented Fig 9 Corrective scheme in the Prop2

in the previous section. The comparison between Trad andy.1y indicates the safe operation point after CC. Both of the
Prop2 described in Fig EBror! Reference source not  ¢ontro| strategies having the potential violated scenarios can
found. and Fig ®rror! Reference source not found.  secyre the operating point after CC. From those figures, it
Those figures describe the severity of voltage stability can pe inferred that distance to the safe operation (lie
performance for the violated scenarios, in which the voltage patween the dash lines) for the proposed method is closer
stability is dramatically decreased after the contingencies.inan Trad. It is shown that the required amount of load
Normal indicates the non-contingency and VRE as agpeqding is smaller than Trad (2.27 MW compare to 3.39

predicted scenario. N-1 indicates one of the contingencyMW)_ Therefore, the proposed method warrant a more
scenario (in this case line-20 contingency), and N-1X aconomical operéting point.

indicates the operation point after the CC (load shedding).
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One more advantage that the proposed method has is for 5].’;”

every numerical method there is always a feasible solution,
which the global optimum is confirmed even the considered

line apparent power flow.

A”iok Probability of violated scenario

r—

scenario is very large. The existing methods presented in thdounds

previous section did not guarantee the feasible solution for
the very large scenario.

IV. CONCLUSIONS

Extending the HCOPF into the proposed method gives us
more flexibility which can summarize as follow: Controlling
the generation cost is possible for obtaining more
economical operating point which showing the proposed

method can optimize the management between PC and CC

stages. Any larger problem can be feasible since the

Smaxjm line loading limit.

lower bound of generators’s active power.
upper the bound of generators’s active power.
lower bound of generators’s reactive power.
upper the bound of generators’s reactive power.
lower bound of buses’s voltage.

(. upperthe bound of buses’s voltage.

Tap.minlOWer bound of reactive power compensator’s taps.
Tap,mqx UpPpPEr bthe ound of reactive power compensator’s

Pg imin
PG imax

Gimin
QG imax

V.
Jmin

computation burden in PC stage can be controlled, then shift@PS:

to the CC stages even if the risk cost will be very high. Even
if the computation time is quite increasing, the computation
time is still feasible for the control and operation purposes.

NOMENCLATURE

Sets

i index for generators.

j,m ithe ndex for buses.

n index for buses with reaca tive power
compensator.

r index for VRE scenario.

k index for line contingency scenario.

NG number of generators.

NB number of buses.

NRE number of injected VRE buses

NS number of VRE scenarios.

NK number of considered line contingency scenarios.

NT number of total scenarios (VRE and contingency)

NL number of buses which are available to curtail.
Variables

Fr generation costACCost).

FLP9,  corrective cos(CCCost).

ARE occurrence probability of VRE scenario.

a, b and ¢ are generator cost coeficient.

P;0ir generator active power dispatch.
Qcoir Q€Nerator reactive power.
P;oip  generator active power without affected by VRE.

Psrevi  gENErator reserve power.

a; generator power reduction coefficient.

VSIskvbrvoltage stability index (VSI) of the most severe
bus.

Pp; active power demand.

P].RTE VRE’s power.

Pk, load curtailment amount for load shedding (LS).

Qp; reactive power demand.

Tap, reactive power compensator tap position.

Qk,, reactive power of reactive compensator.

base  reactive power of each tap unit.

Ppjr  netactive power.

Qh;»  netreactive power.

Gj,  line conductance.

Bf, line susceptance.

6]-’§nr voltage angle difference.
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