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Corrective Voltage Control Scheme Considering
Demand Response and Stochastic Wind Power

Abbas Rabiee, Alireza SoroudVlember, IEEE, Behnam Mohammadi-ivatlodvlember, IEEE, and Mostafa Parniani,
Senior Member, |EEE

Abstract—This paper proposes a new approach for corrective
voltage control (CVC) of power systems in presence of uncertain
wind power generation and demand values. The CVC framework
deals with the condition that a power system encounters voltage
instability as a result of severe contingencies. The uncertainty
of wind power generation and demand values is handled using
scenario-based modeling approach. One of the features of the
proposed methodology is to consider participation of demand-side
resources as an effective control facility that reduces conttacosts.
Active and reactive re-dispatch of generating units and involunary
load curtailment are employed along with the voluntary demand-
side participation (demand response) as control facilities in the
proposed CVC approach. The CVC is formulated as a multi-
objective optimization problem. The objectives are ensuring a
desired loading margin while minimizing the corresponding con-
trol costs. This problem is solved usinge-constraint method, and
fuzzy satisfying approach is employed to select the best solution
from the Pareto optimal set. The proposed control framework
is implemented on the IEEE 118-Bus system to demonstrate its
applicability and effectiveness.

Keywords—Demand response (DR), loading margin (LM),
scenario-based approach, voltage security, wind power generation,
voltage control.

NOMENCLATURE
A Sets
NBcve Set of buses selected for the CVC program.
NGeoye Set of generating units that participate in the
CVC program.
NG Set of generating units.
NG, Set of generating units located at bius
NS Set of scenarios.
NB Set of system buses.
NL Set of transmission lines.
B. Indices:
i Index for generation units.
s Index for scenarios.
b Index for system buses.
l Index for transmission lines.
C. Parameters:
(P/Q)P, Active/reactive power consumption of
' load connected to busat scenarios.
Ades Desired loading margin.
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generator.

Maximum active/reactive power decre-
ment in DR/ILC program at bué.
Maximum transfer capacity of liné.
Max/minimum reactive power output of
wind turbine at bus

Max/minimum voltage at bus.

Mean wind speed in m/s.

Probability of scenaria.

Price offered by generatori to
inc/decrease its active/reactive power
schedule.

Price offered by demand to decrease
its active/reactive power schedule in the
context of DR/ILC program.

Percent of wind turbine capacity pro-
duced at bu$ and scenaric.

Rate of change in active power generation
of unit 4.

Rate of load change at bus

Rated active power of wind turbine con-
nected to bu$.

Scheduled active/reactive power of gen-
eratori.

Wind speed in m/s.

Active power inc/decrement of generator
Active/reactive wind power production in-
jected to bush in scenarios.

Active power production of generater
Active/reactive power consumption of load
connected to bué in scenarios at load-
ability limit point.

Active/reactive power production of gener-
ator i in scenarios at loadability limit.
Active/reactive power decrement in
DR/ILC program at bu$ in scenarios.
Apparent power of lin¢ in scenarios.
Loading margin in scenaris.

Reactive power inc/decrement of generator
i in scenarios.

Reactive power production of generator
in scenarios.



Vb, s10b s Voltage magnitude/angle of busin sce- insecure. Moreover, if the LM is negative (i.e the load dechan

o nario s. is greater than the power generation), the system is umstabl
Vo, s10b s \oltage magnitude/angle of busin sce- [18].
nario s at loadability limit point. Satisfying power systems voltage security in the framework
of preventive/corrective control is not a new problem and ha
. INTRODUCTION been investigated in the literature [19], [18]. For ins&nd9],

N recent years voltage instability has received wide atiant &ftér bringing an unstable operating point to a stable regio

among power system utilities, due to the several reported! the context of CVC, first tries to satisfy a desired voltage
incidents caused by this phenomenon [1], [2]. The growth oft@bility margin, and then brings the operating point to cuse
electrical energy demand, economic and environmental corf€9ion where the operational constraints are satisfied, tat
cerns in expanding generation and transmission capacitieBroPosed formulation in this paper satisfies both the veltag
and market pressure to reduce operating costs have forcébility margin and the operational constraints in one sied
power systems to operate ever closer to their voltage iabil IN One optimization problem, resulting in better solutioirs
limits. Under such circumstances, there is possibilityafage  [18]: in spite of thoroughness of the technical work, thebiem
instability occurrence, and therefore, it has to be comeilas ~ ©Of controlling voltage security is not presented in a hiezal
an integral part of power system operation and planningesud framework to recognize what types of control measures abe to
Also, the recent trends toward smart grids and increasiagesh taken in different threatening conditions. Also, its fotation

of renewable energy resources in many power systems, hafoes not exploit load shedding as a fast and effective taol fo

intensified the needs for powerful approaches for poweesyst Providing voltage security. L
security enhancement [3], [4]. ~This paper presents CVC as an optimization problem, con-
In order to restore voltage stability of power system, ong ha Sidering the complete nonlinear model of the system; and
to curtail some of the system loads in case of heavy systefi€nce eliminates the above-mentioned problems with [19].
loadings or occurrence of critical contingencies [5]. Neéve- ~ contrast to [18], it provides further insight toward corifrgy
less, forced load curtailment is undesirable for custoramg ~ Voltage security in power systems, both technically and- eco
the system operator should pay high penalties denoted as vajnomically. It also uses probabilistic load shedding in tbem‘
of lost load (VLL). Demand Response (DR) program can bePf DR for CVC, which has not been addressed before in the
a good alternative for involuntary load curtailment (IL@y literature [20]. In addition, noting the increasing peason
curtailing the customer loads with their permissions. DR isef Wind power generation in nowadays power systems, sce-
defined as changes of customer loads from nominal value jAaro based approach [21] is adopted for appropriate mogleli
response to price changes, incentive payments of operator 8f intérmittent wind power generation in the proposed CVC
reliability problems [6], [7]. Beside the financial benefisDR ~ Model. The proposed CVC approach is formulated as a multi-
for customers (bill savings and incentive payments) anaroth OPjective optimization problem. The objectives are maxing
market participants (lowering market clearing price angacity M and minimization of its corresponding CVC cost. This
requirement), DR program can be utilized for enhancing p,owemul'u—objectlve .problem is solvgd usingconstraint methc_>d and
system reliability and stability. The impact of DR program the Pareto optimal set is obtained. Then, by employing fuzzy
on power system reliability is investigated in [8]. Applim satisfying approach, the best solution is selected from dbi.
of DR in enhancing frequency stability of power system isGiven the above context, the contributions of this paper are

studied in [9] and [10]. Using DR programs for improvement 1) To assess the effect of the intermittent wind power gener-

of small-signal and transient stability of power systemshwi ation on CVC using a scenario based approach

high wind power penetration are proposed in [11] and [12], 2) To consider the total nonlinear model of the power system
respectively. An event-driven emergency DR scheme to erthan in optimized CVC

power system security has been proposed in [13]. With the 3) To model technical and economical aspects simultangousl
increasing growth of wind power penetration in power system by proposing a multi-objective optimization framework

the effect of wind power in reactive power control is studied 4) To model the DR programs and customer choices in the
in [14], [15]. A new index titled reactive power loadabili{Q- required load shedding for CVC

loadability) is proposed in [14] for finding the optimal Idizan 5) To utilize e-constraint method and fuzzy satisfying ap-
of reactive power compensation devices in distributiortesys proach for solving and selecting the best compromising
considering different wind power penetration levels. THeat solution of the multi-objective optimization problem.

of emergency demand response program (EDRP) and time of  The rest of this paper is set out as follows. Section II

use program (TOU) programs on operating cost of a wind describes CVC procedure. Section Ill presents the utilized

integrated distribution network is studied in [15]. An oviesv  uncertainty modeling approach, the problem formulatiod an

of the classic and advanced voltage control schemes aldihg wiits solution methodology. Simulation results are presirite

voltage control practices around the world are providedlBi.[  Section IV. Finally, the findings of this work are summarized
in Section V.

Corrective voltage control (CVC) is initiated in condit®n
that the system encounters voltage instability as a redult o
severe cor)lltingencies [17]. In this sgituation, C\yC actiorind Il. CORRECTIVEVOLTAGE CONTROL (CVC)
the post-contingency operating point to an equilibriumnpoi Based on the experience of Western Electricity Coordigatin
with a sufficient loading margin (LM), immediately after oc- Council (WECC) [22], for secure operation of a power system
currence of a contingency. LM is defined as the amount ofrom voltage security point of view, it is suggested to prese
load increase not arousing voltage instability or violatiof  specified LMs for both the base case and post-contingency
operational constraints. An operating point is securesifLiv conditions. If the system is unstable as a result of a severe
is more than a desired positive value. Otherwise, the sysgem contingency, fast control actions should be taken in order t



prevent voltage instability and provide voltage securithis  of the wind turbine installed at bus More accurate relations
kind of control is referred as corrective voltage control orcould also be used instead of the lindar V' relation for the
emergency voltage control [23]. In this regard, the missioninterval v§, < v < v,qeq [26]. Using the technique described
of CVC is to improve the LM from a negative value to a in [24], [27], the PDF of wind speed is divided into several
desired post-contingency value\4(, ), using fast remedial intervals, and the probability of falling into each inteinia
actions. These remedial controls are active power geperati calculated. Each interval is given a mean value which iharmrt
re-dispatch of fast-response generating units, reactmgep used. Demand values are modeled using a normal distribution
generation re-dispatch of all dynamic VAR sources inclgdin function with a known mean and variance. It is assumed that
synchronous generators and condensers, FACTS conttollerthe load and wind power generation scenarios are independen
settings, switching of fast switchable capacitor bank&tars, so the scenarios are combined to construct the whole set of
and load curtailment. To explain the CVC with more details,scenarios as follows [28].
consider Fig. 1, which depicts PV curves of an arbitrary load
bus for three states as follows: T = T X T 3)
Pre-contingency (curve (1))

Post-contingency - before applying CVC (curve (2)) wherer,, andm; are the probabilities of the-th wind and the

. - I-th load scenarios, respectively. The total number of siena
Post-contingency - after applying CVC (curve (3)) i.e., NS, will be I,, x w, pwhereqin l,, are the number of wind

The pre-contingency operating poiat (with the demand 5.4 |0ad states.
of P?) is located on curve (1). After occurrence of a severe
contingency, the PV curve changes to curve (2). Thus, the
LM becomes negative and the post-contingency equilibriunB, Formulation of the proposed CVC
vanishes. Implementing the CVC will change the PV curve
from curve (2) to curve (3); and hence the new operating poin

B is achieved, which is a stable and secure post-contingenc Iuesf of two. objetlztlve functlolns, dnamel_y, . r_nmm;:zurg the
equilibrium point. The loading paramete¥,.., shown in Fig. coSt Of corrective voltage control and maximizing the |oi

1, indicates the desired LM which should be ensured by"argin of each scenario, while satisfying network's eqyali
in’1plementing the CVC. and inequality operational constraints. The equality tairss

include AC power flow equations, and the inequality constgai
Va consist of the limits of system variables (e.g. voltagesivac
) and reactive powers, etc.). As noted in [18], the constaint
€)) should be considered for both the post-contingency operati
@ point (i.e. pointB in Fig. 1) and its corresponding loadability
limit point (i.e. pointB’ in Fig. 1) to ensure the relation between
the operating point and the critical point. Also, deterntiioma of
control measures considering merely the operational caings

at the critical point may cause voltage violation in opergti
points with lower load levels [20]. Thus, the problem is in-
herently a multi-objective optimization problem. The \arcof
objective functions is described as follows.

t The goal of the system operator is to optimize the expected

min f (s, 5, s, 5) (4)
f(ds; Ts,Ys, S) = [fl(dm Ts,Ys, 5)7 _f2(dsy Ts,Ys) 3)]
Fig. 1. Evolution of the operating points during the CVC step where,
f1 (ds; Ty Us, S) = Z (Mf,up/downAPiG,uP/down) )
[1l. PROBLEM FORMULATION iENGove
A. Uncertainty modeling of wind power and electric demand YienG ;L?’“p/ down fs’“p/ down
The variation of wind power generation is an uncertain pa- + Z T8 4+ ienpone fp PHIEC ApPRITLC
rameter which can be modeled probabilistically using histd SENS S ave LQ,DR/ILCAQbR/ILC
data records of wind speed [21], [24]. In this paper, vaoiatf i€NBove Hb bys
wind speed,v, is modeled using Rayleigh probability density  f,(uy, 5, ys, s) = Z Ts s (6)
function (PDF) [25]. SENS
PDF(v) = (ﬂ) exp[_(i)] ) The negative sign beforef, in right hand side of (4),
c2 2¢2 maximizesf,. Equation (5) is the expected cost of CVC. The
The generated power of a wind turbine in terms of wind speedirst line in (5) represents the cost of active power re-digpa
is approximated as follows [24]: of fast-response units. The second line is the expected cost
) . . of generating units’ reactive power re-dispatch. Also, tthied
o if v <, orv > gy, and the forth lines include the expected costs of active and
PP (v) = %Pgﬁr if v§, < v < Vrgtea 2 reactive load curtailment performed by DR program, and the
PZ‘L‘“‘ o else cost of ILC, respectively. The expected value of LM is given
b,r

’ by (6). Besidesys, 75, s are the vectors of control, state and
where vf,, vS,,.4 andvs,, are the cut-in, rated and cut-off dependent variables at the post-contingency operatingt froi
speed of wind turbine, respectively;, denotes rated power scenarios, respectively. Detailed description of these variables



will be given later in this paper. The objective function #) (s

subject to the following constraints:
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Constraints (7)-(22) correspond to the post-contingereey s
cure operating point (point B in Fig. 1), whereas (23)-(32)
correspond to the post-contingency loadability limit gdjpoint
B in Fig. 1). It is worth mentioning that (33) guarantees
feasibility of the post-contingency operating point (gof# in
Fig. 1) and a trajectory from poir® leading to pointB in effect
of load increment [29]. Also, (34) ensures the desired LM. (i.
Ades) for all scenarios. The desired)M is set by the network
operator. The sets of control, state and dependent vasiaioée
described as follows.

Vo bec NG
As CES NS
_ APiG,up/down i€ NGeove (35)
e = Byl Qps be NBy,;s € NS
APstRvAQ be NBeyo;s€ NS
ILC }Lc
AP, %, AQyY be NBeove;s € NS
Zs = [ Voo, Vs, 05,0, bENB,se NS ] (36)
G,up/down AG .
o= | BCis ,Q% i€NG,seNS @37)

S@,s KENL,SGNS

The proposed model utilizes a two-stage stochastic maglelin
technique. In this approach, the decision variables arigletiv
into two different categories, namelliere and now & wait
and see The values ofvait and seevariables differ from one
scenario to another, while the valueshafre and nowvariables
are the same for all scenarios. This means thatére and now
decisions are made prior to realization of uncertain patarse
and thewait and seevariables are calculated to be applied
posterior to the realization of uncertain parameters @feer
realization of the corresponding scenario). The type of the
decision variables are identified in the following:

Here and now decision variables{g y):

Dpn € {APiG,up/down’ VE)} (38)
Wait and seedecision variables{yy s):
Pb s’ Q?s’ )\
Dws €{ APPE AQPE (39)
ILC iLC
APb AQy

C. Solution Procedure

Various methods are available to solve multi-objectivei-opt
mization problems such as weighted sum approaconstraint
method, evolutionary algorithms, etc [30]. In this papém® t
proposed multi-objective model of the CVC is solved using
e-constraint method, which is an efficient technique to solve
problems with non-convex Pareto front. This method gepsrat
single objective subproblems, by transforming all but objeo-
tive into constraints. The upper bounds of these consgaire
given by the epsilon-vector and by varying it, the Paretatfro
can be obtained. The concept of Pareto optimality is expthin



in [27]. Also, in order to choose the best solution among theDR and ILC for different scenarios are given in Table IV.
obtained Pareto optimal set, fuzzy satisfying approach i81 As explained in Section Ill, in order to select the best sotut
adopted in this paper. This approach is described in [27]. among the obtained Pareto optimal set, fuzzy satisfyindnatet
is utilized here. It is evident from the last column of Table
IV. SIMULATION RESULTS Il that the best solution isSolution#29, with the maximum

The proposed algorithm is implemented in General AlgebraidVéakest membership function of 0.7890. The corresponding
Modeling System (GAMS) [32] environment and solved byCVC cost and LM are equal to $175161.218 and 0.2789,
SNOPT solver [33]. This section presents the study result§€SPectively. Figure 5 gives the redispatch of fast-respon
conducted on the IEEE 118-bus test system. The data of th&enerating units for this case. Besides, the voltage madgst
system is given in [34]. In order to determine the LM, the lad ©f generator buses for botBolution#1 and Solution#29 are
are increased evenly with constant power factor charatieri 9Iven in Fig. 6. The active and reactive power output of wind
Active powers of the generators, not hitting their upperitsm farms in this case, are given in Table V. Also, the resulting
in the base-case, are also increased evenly. The costs oidup @R @nd ILC schedules for this case are given in Table VI.
down re-dispatching active and reactive powers of gemgyati

units are stumed to be 12_5%, 25%, 12.5%, 2.5% of the baseTaBLE I.  THE WIND-LOAD SCENARIOS AND THEIR PROBABILITES
case locational marginal price (LMP) of the buses connected | :
. . . . oad(%)  wind(%) T

to generating units, respectively. The cost of ILC at eachibu TR 100 0015

considered to be 100 times of LMP of that bus. The costs paid 2 1 oo

to paryicipants of DR programs to deploy their load redutctio A 0 1

in a given bus are also assumed to be 10 times of the LMP of 6o 102 0 0120

that bus. The desired post-contingency LM is considerecketo b w100 0o 0070

10% Sg 102 0 0.015

This study investigates a double-contingency case, i.e.
simultaneous outages of the link;_3 (between the buses 700
B; and B3) and the generatof’s (located at busBip). This
event leads to voltage collapse in the system. Hence, the C
is taken to restore voltage stability, and to provide vadtac
security in the post-contingency condition. The CVC img®v
the LM from —8.1% to the desired post-contingency value o
10%. It is assumed that utmost 5% of the demand at bu
By4, Bys, Bar, Bag, Bso — Bsa, Bsr, Bss, Bsa — Bsa, Bss
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and Bgg are selected for DR program. Also, it is assumed th LI SR P L EEE gpQ’@‘b@%bb%@%@%@%@@@@Q‘b@m‘b@s@\\\
the fast-response generation units are those located at b G Bus Numb

enerator S mber
Bsa, Bos, Bas, Bag, Bsa — Bsg, Bss, Bsr, Bsg and Byg. o

It is also assumed that five wind farms exist in this system,
which are located at busés$ 4, Bs1, Bs7, Bioz andBy15. The  Fig. 2. Initial dispatch of active power generations (MW)
total wind generation capacity of each wind farm is assumed
to be200MW. The wind and load scenarios are combined and
the overall wind-load scenarios along with the correspogdi
wind/load percentages and probabilities are given in Table 0.35(—
Initial schedule of active power generations are given ig. Fi °
2. o ©

In order to solve the multi-objective CVC problem by il o °
e-constraint method, maximum and minimum values of the 4
expected LM (i.e.f2) are calculated, which are equal to 0.3267
and 0.1000, respectively. These border values are achigyed
maximizing and minimizingf> individually as the objective
function of CVC. Then, by assuming, as a constraint of
the CVC (in the form off, > ¢), lower bound of f> (i.e.
¢) varies from 0.1000 to 0.3267 anfl is minimized as the 0181
sole objective function of CVC. Correspondingly, the Paret
optimal front of the two objective functions is derived, whi o1}
is depicted in Fig 3. This Pareto front consists of 40 Pareto
optimal solutions.

Table Il shows the values of both objective functions for all
40 Pareto optimal solutions. Among these optimal solutionsFig. 3. The Pareto optimal front of the two objective function
Solution#l is the minimum cost case, with the cost equals
to $10431.511 and the LM of 10%. Als&olution#40 is the The expected cost foBolution#29 is $175161.218 , which
maximum LM case, where the LM is 0.3267 and the CVC cosis much greater than the corresponding cost of $10431.511
is $841307.979. Active power redispatch of the fast-respon for Solution#1. On the other hand, the LM in the former is
generating units are give in Fig. 4. For this solution, thadvi 0.2789, which is greater than the 0.1000 in the latter. Also,
power scenario-based active and reactive power dispatehs aor Solution#29 the sum of expected DR and ILC schedules
given in Table Ill. The consequent probabilistic schedule oare 6.29 MW and 188.29 MW, respectively. While these values
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TABLE II. THE PARETO OPTIMAL SOLUTIONS
maz min
Souion #0)  S1®)  f2 ot b Min
1 10431.511 0.1000 1.0000 0.0000 0.0000
2 10562.983  0.1004 0.9998 0.0017 0.0017
3 10563.115 0.1118 0.9998 0.0520 0.0520
4 10569.949  0.1236 0.9998 0.1040 0.1040
5 10580.599 0.1354 0.9998 0.1560 0.1560
6 10672.896  0.1472 0.9997 0.2080 0.2080
7 10748.059 0.1589 0.9996 0.2600 0.2600
8 11120.455  0.1707 0.9992 0.3120 0.3120
9 11801.023  0.1800 0.9984 0.3530 0.3530
10 12390.736 0.1825 0.9976 0.3640 0.3640
11 12406505  0.1837 0.9976 0.3691 0.3691
12 12737.061 0.1848 0.9972 0.3739 0.3739
13 13112559  0.1856 0.9968 0.3776 0.3776
14 18691.916 0.1943 0.9901 0.4160 0.4160
15 26448570  0.2061 0.9807 0.4680 0.4680
16 30360.447  0.2129 0.9760 0.4980 0.4980
17 35470.611 0.2179 0.9699 0.5200 0.5200
18 36367.421  0.2201 0.9688 0.5296 0.5296
19 37324.050 0.2210 0.9676 0.5337 0.5337
20 37756.529  0.2213 0.9671 0.5352 0.5352
21 38426.818 0.2217 0.9663 0.5369 0.5369
22 58819.375  0.2297 0.9418 0.5720 0.5720
23 92731.830  0.2415 0.9009 0.6240 0.6240
24 121278.919 0.2533 0.8666 0.6760 0.6760
25 146924208  0.2651 0.8357 0.7280 0.7280
26 154405.201 0.2717 0.8267 0.7575 0.7575
27 160232543 0.2741 0.8197 0.7677 0.7677
28 174941.335 0.2768 0.8020 0.7800 0.7800
29 175161.218  0.2789 0.8017 0.7890 0.7890
30 192337.631 0.2831 0.7811 0.8076 0.7811
31 227002.052 0.2886 0.7393 0.8320 0.7393
32 286672.194  0.3004 0.6675 0.8840 0.6675
33 348531.071 0.3122 0.5931 0.9360 0.5931
34 346772318  0.3139 0.5952 0.9437 0.5952
35 362514.944 0.3158 0.5763 0.9517 0.5763
36 383521.825  0.3181 0.5510 0.9618 0.5510
37 399504.032 0.3192 0.5317 0.9667 0.5317
38 443335.754 0.3209 0.4790 0.9743 0.4790
39 632271.786  0.3240 0.2516 0.9880 0.2516
40 841307.979 0.3267 0 1 0
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Fig. 4. Active power redispatch of fast-response genegatitits forSolution#1

are 0.79 MW and 6.18 MW, respectively, f@olution#l. The
considerable difference between the expected costs fa@ethe

two solutions, is mainly due to employing a large amount ofT

expensive ILC, to obtain the LM of 0.2789 Bolution#29.

TABLE III. A CTIVE (M W) AND REACTIVE (MV Ar) POWER
GENERATION OF WIND FARMS IN DIFFERENT SCENARIOS FOBOLUTION#1

Bus S1 82 S3 S84 S5 S6 S7 Sg Sg.
pw Bia 31.38 79.28 0 31.38 79.7
bs B, 43.28 73.63 0 43.28 73.18
By 132.74 64.95 55.7 132.74 64.95 55.59 132.74 3.01 -1l61
Bs, 139.73  -48.72  -47.43  139.73  -48.72  -47.43 -50 30.06 3172
Qy, | Bst -28.23 94.35 96.15 -28.23 94.35 96.15 101.9 27.15 2893
Bio2 37.81 31.69 38.34 37.81 31.69 35.22 37.81 2421  27.68
Biis 150 13119  121.85 150 13119 121.96 150 44.33 4488
TABLE IV. DR AND ILC SCHEDULES IN DIFFERENT SCENARIOS FOR
SOLUTION#1
AP (MW) APTT (MW)
[ Biz _Bas  Bsi  Bst  Bsp  Bss By By Bs Br. B B2 Bis _ Bis  Bai Bur
5 | 17 T 085 06 27 24| 94 1915 4 0 0 1503 0 0 157
so | 17 1 0.85 0.6 2.7 24| 10.28 20 1152 1166 106 1378 2827 6.02 319 2

In this work, the locations of wind turbines in the grid are
priorly known. In case the optimal locations of wind turksne
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Fig. 5. Active power redispatch of fast-response genegatinits for Solu-
tion#29 (MW)

TABLE V. ACTIVE (MW) AND REACTIVE (MV Ar) POWER
GENERATION OF WIND FARMS IN DIFFERENT SCENARIOS FOR
SOLUTION#29

s1 S2 S3 S4 S5 S6 s7 S Sg
Bia 140.12 200 200 100 100 100 0 0 0
Py, Bs 0 0 0 0 8.28 87.17 0 0 0
Biis 0 12.72 | 102.77 | 419 100 100 0 0 0
Biy -10.56 | -15.74 | -15.62 4.87 3.54 8.57 0.15 -5.05 -4.23
Qv Bs1 130.92 | 131.1 | 132.02 | 130.92 | 127.84 | 100.4 | 103.16 | 109.06 | 114.94
b | Bsr 116.84 | 11847 | 1205 | 116.84 | 118.37 | 120.97 122 122.3 | 122.61
Bio2 -45 -46.7 -42.97 | -43.79 | -46.24 | -43.7 -50 -50 -49.36

literature to find them [35].

A. Value of stochastic solution

It is obvious that using deterministic model results in denp
formulation and lower problem size in comparison with the
stochastic models. In order to give an insight about thesitets
made by two methods, the following studies are carried out.

Expected Value (EV) solution: In this case all of the
random variables are replaced by the corresponding ex-
pected values (mean values of different scenarios) and the
resulting deterministic problem is solved. The obtained
objective function value is indicated as EV solution.
Stochastic solution (SS) or recourse problem (RP): the
stochastic problem is solved considering all of the sce-
narios. The obtained objective function is called RP.
Expected outcome of using the expected value (EEV): In
this case we have fixed the first stage variables with the
results obtained from deterministic case (i.e. the results
obtained from EV solution) and the stochastic program is
solved considering the scenarios. EEV represents the true
cost of the deterministic solution.

he value of stochastic solution (VSS) is calculated by sub-
tracting the RP from the EEV as follows [36]:

VSS = EEV — RP (40)

Table VII compares the obtained best compromise solution
using the three mentioned methods. The VSS for cost is
equal to $35,014.982 which indicates the extra cost of using
deterministic method instead of the stochastic model.

V. CONCLUSION

In this paper, a probabilistic methodology is proposed for
corrective voltage control (CVC) of power systems. The pro-
posed CVC aims to employ demand response (DR) along with
other resources as an effective tool to avoid voltage cs#lap
and provides a desired post-contingency loading margin)(LM
It considers the uncertainties associated with demancesalnd
wind power generation. The uncertainties are modeled using

are to be determined, there exist some efficient methodsein thscenario-based approach. The CVC problem is formulated as a
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Fig. 6. \oltage magnitude of generator buses (pu), for smhsti#1 and #29
TABLE VI. DR AND ILC SCHEDULES(MW) IN DIFFERENT SCENARIOS . - . . .
FORSOLUTIOI\E#ZQ) [2] A. Rabiee and M. Parniani, “Voltage security constraimaulti-period
optimal reactive power flow using benders and optimality ctowli
Bus 51 52 53 S4 55 s6 s7 S8 s9 decompositions,1EEE Transactions on Power Systems, vol. 28, no. 2,
By 0 17 1.7 0 1.7 1.7 1.7 1.7 17
Bus 0 1 1 0 1 1 1 1 1 pp. 696-708, 2013.
Bs 0 0.85 0.85 0 0.85 0.85 0.85 0.85 0.85 . “ . . .
ARSE | B o | 06 | 06| 0o | 06 | 06 | 06 | 06 | 06 [8] M. Ortega-Vazquez and D. Kirschen, “Assessing the impafctvind
Pl I - I U U B A A A B power generation on operating cost€EE Transactions on Smart Grid,
B 0 0 0 0 0 0 0 0 0.39 vol. 1, no. 3, pp. 295-301, 2010.
B 0 0 0 0 0 0 14.01 | 17.61 20 . . P N
B 0 0 0 0 0 0 | 947 | 1827 | 228 [4] A. Saber and G. Venayagamoorthy, “Efficient utilizatioh renewable
Bg 0 0 0 0 0 0 0 2.63 0 : R B H ”
B 0 o o o o 0 o | 1890 | 1892 energy sources by gridable vehicles in cyber-physicalgneystems,
Bu 0 0 0 o o 0 | 82| 2718 3.3 IEEE Systems Journal, vol. 4, no. 3, pp. 285-294, 2010.
12 . - - . .
gm 8 g g g g 8 24643 iggg iﬁ [5] C. Affonso, L. da Silva, F. Lima, and S. Soares, “Mw andVar
B 0 0 0 0 0 0 o | 550 | 974 management on supply and demand side for meeting voltage tstabili
Bio 0 0 0 0 0 0 0 0 | 426 margin criteria,”|EEE Transactions on Power Systems, vol. 19, no. 3,
Bao 0 0 0 0 0 0 0 0 175
Bao 0 0 0 0 0 0 0 | 1093 15.05 pp. 1538-1545, 2004.
Ba: 0 0 0 0 0 0 0 0 8.49 N X . ..
e Bas | 3770 | 32.87 | 27.67 | 38.64 | 37.36 | 42.39 | 45.05 | 33.9 | 25.64 [6] U. D. of Energy, “Benefits of demand response in elecyiciarkets
AplEe B 0 o o o o o : PO and recommendations for achieving ther,tfeport to the United Sates
Ba 0 0 0 0 0 0 0 0 | 812 cogress, February 2006.
B 0 0 0 0 0 0 5.29 0 0 i o
Bre | 3603 | 3758 | 3850 | 35.83 | 37.39 | 30.19 | 33.23 | 3407 | 3491 [7] P. Wang, Y. Ding, and L. Goel, “Reliability assessment e$tructured
el el s Pl Bl Bl il v el oA el Hhe power systems using optimal load shedding techniq@sheration,
Boa N O O B I I I IR Transmission Distribution, |ET, vol. 3, no. 7, pp. 628640, 2009.
05 : . ) ) -
Bon 252 252 252 252 252 252 252 252 252 [8] L. Goel, Q. Wu, and P. Wang, “Reliability enhancement ofemedjulated
Bus | o | o o o 0 0 0 o | 106 power system considering demand responselEEEE PES Gen. Mest.,
Bio | 0 0 0 0 0 0 0 0 0.25 2006, pp. 1-6.
Bii2 0 0 0 0 0 0 0 0.12 13.18
Bur ] 0 o ° : : ol 2% 0% 2 [9] J. A. Short, D. G. Infield, and L. L. Freris, “Stabilizatioof grid
us ) . . ; .
frequency through dynamic demand controlPEE Transactions on
Power Systems, vol. 22, no. 3, pp. 1284-1293, August 2007.
TABLE VII. T OTAL COST AND LOADING MARGINS USING DIFFERENT ¥ . pp . 9 .
UNCERTAINTY CONSIDERATION METHODS [10] L.-R. Chang-Chien, L. N. An, T.-W. Lin, and W.-J. Leentorporating
demand response with spinning reserve to realize an addpiyeency
- Me;hOd | 17%\é191 5 132161 5 E2El\(/)176 ) restoration plan for system contingencielSEE Transactions on Smart
xpected total cost . . . H -
Expected loading margin ~ 0.2788 02789 0.2889 Grid, vol. 3, no. 3, pp. 1145-1153, Sept 2012. S
[11] W. Hu, C. Su, Z. Chen, and B. Bak-Jensen, “Small signabikty

multi-objective optimization problem. The objective fiionis
are satisfying a desired expected LM and minimization of itg12;
corresponding expected CVC cost. This problem is solveusi
e-constraint technique, to achieve the corresponding @aret
optimal set. Then, by using the Fuzzy satisfying method, the
best solution is selected among the optimal set. The proposd!3]
approach is implemented on IEEE 118-bus test system, by
simulation of a double contingency case. Numerical result?m]
show that in order to attain higher values of LM, more CVC
cost is imposed. Hence, the system operator should make fair
compromise between the desired LM and its correspondings)
CVC cost. The presented results show the effectivenesseof th
proposed probabilistic approach, to deal with the cowecti
voltage control of power systems. [16]
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