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Risk-Averse Preventive \Woltage Control of AC/DC
Power Systems Including Wind Power Generation

Abbas RabieeMember, IEEE Alireza Soroudi,Member, IEEEand Andrew KeaneSenior Member, IEEE

Abstract—Preventive voltage control (PVC) deals with the alert
state of power systems, where the system operates in a stable
regime but loading margin (LM) is insufficient or some operational
constraints have been violated. Hence, the aim of PVC is to
ensure a desired LM (i.e. restoration of normal operation state)
while minimizing the corresponding control costs. This paper
proposes a new stochastic PVC (SPVC) model for power systems
operation, taking into account the uncertainties of wind power
generation. The uncertainty of wind power generation is handled
using scenario based modeling approach. The risk associated
with each objective function is handled using conditional value
at risk. Voltage set-points of generation units, active power re-
adjustment of predetermined generating units, load reduction ofa
predetermined load buses, along with the intermittent wind power
generation, are employed as control measures in the proposed
SPVC approach. Line-commutated converter high-voltage DC
(LCC-HVDC) link constraints, doubly fed induction generators’
(DFIGs) capability curves are also considered in the proposed
SPVC approach. To illustrate the effectiveness of the proposed
approach, it is applied on the IEEE 39-bus test system. The
obtained results substantiate the applicability of the proposed
SPVC model to ensure secure operation of AC/DC power systems
with high penetration of offshore wind farms.

Index Terms—Conditional value at risk (CVaR), high voltage
direct current (HVDC), preventive voltage control (PVC), scenario
based modeling, uncertainty, wind power.

NOMENCLATURE
Sets:
NB Set of system buses
NG Set of generators
NBg Set of buses with generation units
NGy Set of generators connected to dus
NGpvc Set of generators participating in PVC
NBpve Set of load buses participating in PVC
N Bey Set of buses connected to external network
Indecises:
s Scenario index
b Bus index
1 Generator index
m Rectifiergn = r)/invertern = i)

AC network’s variables and parameters:
Pc,/Qc, Active/reactive power generation b thermal gen-
eration unit

A. Rabiee is with the Department of Electrical Engineeringcity of
Engineering, University of Zanjan, Zanjan 45371-3811H5n]r(e-mail: ra-
biee@znu.ac.ir).

Alireza Soroudi and Andrew Keane are with the School of HFieat,
Electronic and Communications Engineering, University &gl Dublin, (e-
mail: alireza.soroudi@ucd.ie, andrew.keane@ucd.ie) Tokwf A. Soroudi
was conducted in the Electricity Research Centre, UnityefSollege Dublin,
Ireland, which is supported by the Commission for Energy Ratgr, Bord

Pr,/QrL,  Active/reactive load in bus
PE?i/ QEL Active/reactive power generation bYf* thermal gen-
. eration unit in loadability limit point
Pr,/Qr,  Activelreactive load in bug in loadability limit point
Py /Qu Active/reactive power output of wind farm
f /9 Cost of decreasing active/reactive demand atus

T Cost of active/reactive power purchased from exter-
nal network at bus.
Forecasted active/reactive load in dus

Magnitude/angle objth element ofYj,s
Py, Rated active power output of wind farm

fg’“"/d" Re-dispatch cost of increasing/decreasing the gener-

ator’s active power output in bus

pf?f‘“”/d" Re-dispatch cost of increasing/decreasing the gener-
ator's reactive power output in bus

Ds/q,s Ratio of actual active/reactive power demand to the
corresponding forecasted value in scenario

Dw, s Ratio of available wind power generation capacity to
its rated capacity in scenario

P /QE!  Scheduled active/reactive power generation iby
thermal unit

Vi /0b Voltage magnitude/angle in bus

VulBy \oltage magnitude/angle of busat loadability limit

point.
HVDC variables:

Pa,, Active power flowing through HVDC link
©m Angle difference between the fundamental line cur-
rent and line-to-neutral AC voltage
Reom Commutation resistances
Vi, DC voltages at the HVDC terminals
I DC current carried by the HVDC link
Qm Ignition angle
Vao,n, Ideal no-load voltage at the terminals
B, Number of series-connected bridges in a terminal
Rr.a Resistance of HVDC cable
Qd,, Reactive power flowing into HVDC link
Bsh.om Susceptance of HVDC shunt filters
T Tap ratio of HVYDC's transformer
Vin \oltage magnitudes of the AC terminals of HVDC
Qsh,, VAR compensations at HVDC terminals
Risk associated variables:
n Auxiliary variable to define CVaR
Conditional value at risk (CVaR)
= Expected value operator
s Probability of occurrence in scenario
B Weighting factor to indicate the importance of ex-

pected value = 1) compared to risk value3(= 0)

I. INTRODUCTION

A. Background, Aims and Motivations

OLTAGE stability is defined as the ability of a power
system in maintaining proper voltages at load buses in

Gais Energy, Bord na Kina Energy, Cylon Controls, EirGrid, Electric Ireland,normal operation and emergency conditions. This issue has
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and environmental constraints in expanding generation aad approach is proposed to increase wind power penetration
transmission capacities, and market pressure to redumeplacing new wind generation at the strong buses from the
operating costs. Moreovetthe recent trends toward smartvoltage stability viewpoint. Voltage stability is evaledt by
grids and also increasing share of renewable energy resounmodal and QV analyses. In [12] a probabilistic framework
in many power systemgjue to theenvironmental concernsis proposed which evaluates voltage/rotor angle stability
and low marginal operating costs, have intensified the need the presence of HVDC connected wind farms. The authors in
powerful approaches for power system security enhancemgtf] proposed a methodology for coordinating reactive atitp
[1], [2]. Under such circumstances, there is possibility aff wind generators with other reactive sources for voltage
voltage instability occurrence and therefore, it has to Istability enhancement. They show that significant improsem
considered as an integral part of power systems operatidn a@mvoltage stability margin can be obtained if the reactioever
planning studies [3]. It can be avoided by preventive vatagutput of wind farms can be properly coordinated with other
control (PVC) or by post-contingency corrective voltageeactive power resources in the system.
control (CVC). The post-contingency CVC aims to restore It could be observed from the above literature survey that in
voltage stability by directing the system into a new secutbe presence of severe uncertainties characterizing tlageo
equilibrium point shortly after a severe contingency, siash stability of the system, both technically and economicatiya
the outage of a heavily loaded transmission line or transéor critical issue. Since PVC actions impose significant casthi¢
[4]. But, PVC is initiated in the condition that the system'system, reduction of these costs is desirable for systematmpe
loading margin (LM), is less than a desired value [5]. In thiklence, it is necessary to characterize the voltage stalsbtie
situation, PVC measures modify the operating point to grecisely, to make realistic decisions in which both techhi
equilibrium point with a LM greater than the desired valueand economic concerns are considered simultaneously.
and hence, voltage security of the system ensured [5]. LM is
defined as the distance from current operating point to the TABLE |

- . . COMPARING DIFFERENT MODELS WITH THE PROPOSED APPROACH
voltage collapse (or loadability limit) point [6].

A powerful tool is needed in order to handle the uncertasntie Reference] HVDC | Uncertainty | Risk | Voltage stability | Stochastic programming
of wind and demand values and quantify the potential risk at {3} N v N M N
the first step. On the second step the system operator shouldﬁg v v N M N
try to minimize these undesired impacts simultaneously. [13] N N N Y N
[14] Y N N N N
[15] ' N N N N
Proposed Y Y Y Y Y

B. Literature Review The proposed method tries to analyze the HVDC connected

Nowadays offshore wind farms are developing in manyind turbines considering the uncertainty and risk hedging
countries, because the best locations for onshore windsfarissues. The voltage stability is enhanced using a stochasti
are already developed. The offshore wind farms are commoisogramming technique.
located far away from the onshore grid. If the distance iglon
or if the offshore wind farm is connected to a weak AC onshore o
grid, a high-voltage dc (HVDC) transmission system may b(é' Contributions
a more suitable choice than the conventional high-voltaGe A Table | summarizes a taxonomy of proposed methodologies
transmission [7]. for wind power integration in OPHHence, in this paper a

A common phenomenon which is likely to occur in practicahew stochastic PVC (SPVC) model is proposed for operation
power systems, is the shortage of LM during the peak load AC/DC power systems considering the uncertainty of wind
period due to heavy loading condition. Hence, dependalgewer generation and demand values. Scenario based ngpdelin
PVC actions such as re-adjustment of voltage controllezs’ $s employed to properly handle these uncertainties. Theadim
points, active/reactive generation re-dispatch, loadadorent the proposed SPVC is to modify the operation point of the
in more vulnerable nodes are vital to restore sufficient LMsystem in a way that for all probable scenarios, the systesn ha
One of the main barriers in proper implementation of PVGufficient LM and the cost of PVC controls is minimized. Also,
is the uncertainties associated with the forecasted systeéns assumed that wind power is supplied from an offshore
parameters. By increasing penetration of volatile rendsvalsite which is connected via a HVDC link to the AC onshore
energy resources such as wind power generation, the mgsd. In order to provide a SPVC which is both technically and
important uncertain parameters which directly affect tid L economically efficient, conditional value at risk (CVaRHéx
as well as the total costs are wind power generation arsdemployed to determine the best strategy for system apsrat
demand values [8], [9]. These uncertainties impose teehnito cover the power demand uncertainties from differentamsti
and economic risks on the system operator [10]. For examjtea secure way, especially form the LCC-HVDC connected
[8] addresses a methodology based on PV and QV analysis @ioicertain offshore wind forms. Considering the CVaR in SPVC
probabilistic risk of voltage collapse. The uncertaintytive ensures that at in all probable scenarios, the required LM is
amount of generation provided by the renewable resourcesissured as well as the cost of PVC controls is reasonable.
considered by scenario based modelling. LM is considered ldsnce, the proposed SPVC model gives a technical-econbmica
a stochastic variable in [9] and the impact of uncertain powdecision making tool for power system operators.
injections by wind farms on the LM is investigated. In [11] The main contributions of this paper are listed as follows:



1) It provides a methodology to characterize both technicale Reactive power re-dispatch of dynamic VAR sources in-

and economic issues of voltage stability. cluding generators, synchronous condensers, and FACTS
2) The proposed method aims to reduce the associated tech- controllers,
nical and economic risks of PVC via CVaR index. « Determination of on/off positions of capacitors/reactors

3) It considers the main sources of uncertainties, i.e. winde Determination of transformers tap and phase shifters set

power generation and demand values, simultaneously. point,
Hence, the proposed SPVC approach provides a realistic Load curtailment.
and practical decision making tool for system operator. |n Fig. 1, the base-case operating paint(with the correspond-

4) Since the new wind farms are constructed at the offshqrgy load P?), is located on curve1) with the corresponding
sites and connected to the system via HVDC links, thgadability limit point A’. This point is stable, but with insuffi-
proposed SPVC scheme considers the steady state meg&ht LM (i.e. \y < \..). Following the PVC, loci of system’s
of such technology and formulate the voltage stabilityperation points will be modified to cury&), and new secure
problem in the presence of offshore and HVDC-connectefberating pointB with A = A\; > A4, is obtained.)\; is

wind farms. calculated subject to the corresponding loadability lipwint,
5) The proposed SPVC scheme, considers the LMaasje. B’.
stochastic variable which precisely models the system
trajectory from the modified operation point to the collapse
point in different probable scenarios. This treatment of
system-wide voltage stability problem in the presence of
uncertainties is not only considers the worst-case sagnari
but also other operating states.

D. Paper Organization PN

The rest of this paper is set out as follows: Section I P/ P
presents a basic description of PVC. Section IIl deals with
the uncertainty modeling and risk implementation in statica Fig. 1. The operation point evolution by execution of PVC
problems. Section IV presents formulation of the proposed
SPVC problem. Case study and numerical results are given
in Section V and finally, Section VI summarizes the findings I1l. UNCERTAINTY AND RISK MODELING

and concludes the paper. . . . .
In every engineering problem the decision maker tries to

solve an optimization problem which contains some objectiv
Il. DESCRIPTION OFPVC functions and some constraints. Usually the input paramsete

A di he classificati . in 116 . ag‘ such an optimization problem are subject to uncertainty.
ccording to the classification given in [16], operation epending on the nature of uncertainty, there are several

Ztlat?s EOf practlcallpolgvcir SYS:ede ‘?{e tas I.OIIOWS:dNO"_TI_]%chniques to model them such as Information gap decision
ert, Emergency, In Extremist and kestorative modes. IE'I‘?eory [19], [20], fuzzy logic [21], robust optimization 2P
system is in Alert state if the operafional constraints sash and stochastic techniques. The stochastic techniquedlyusua

voltage/(l:;ne—flow lm;'tT are wolatgd r?r thﬁ lsdeclunty lﬁm!thed. require the historic data of uncertain parameter. One ofvisle
system decreases below a certain threshold. In such almdity oy methods in stochastic techniques is the scenariadbase

preventive controls are activated manuglly or qutomaﬁgm modeling. It is assumed that the probability density fumui
restore the Normal state. One_ of the main criteria for actings PDF) of uncertain parameters are available. In scenaseda
SeCI\L;IT/tX (}f pOWﬁI’ systems, s the_ d'Sta’Fce n rl:/IW (or_ MV odeling, the uncertain outcome set for uncertain paranmete
or .) rom the currgnt operating point to t € MaxiMuNyiseretized using its PDF. Each discrete eveny)(is called a
trarlwsmllttable power.pomt or _voItage collapse point [178]} scenario with the known probability of occurrence,X The
which is called loading margin (LM). Voltage collapse OGN onventional way of dealing with uncertainty using scemari

following a large disturbance or suddenly load increase inb%sed method is optimizing the expected value /&of) (over
heavily loaded power system. Control actions taken to Ve scenario set as follows ’

voltage instability prior to occurrence of contingencies o

subject to the daily load changes are called preventiveagelt min / maxzZ5 (U, Ay) (1)
control (PVC). For secure operation of a system, it is suigges = (T AL — 7 A 2
to preserve specified LMs for both pre- and post-contingency = (U, As) = XS:(WS]F(U’ ) )
states [18]. PVC deals with the situation in which the system Hi(0) <0,i el 3)

operating point is stable but LM is less than the desiredezalu _
Accordingly, PVC actions are taken to ensure a desired LM. U={¥ 9} (4)

The control measures employed in PVC includes [5]: I is the set of all constraints. In this framework, the deci-
« Active power re-dispatch of a pre-determined setting afion variables include two sets of decisiows €2,. The first
fast generating units, variable set ¥), represents theHere and now’ or “First



stag€ decisions. These variables are set prior to realizatidallows.
of uncertain parameters and are independent of scenaties. T

second variable set)), represents theWait and se€ or SLM :Z”S}‘S ©)
“Second stag&lecisions. These variables are set posterior ’
to realization of uncertain parameters and are dependent of =7C :ZﬁsTC (s) (10)

scenarios. The whole decision making procedure is called th
two stage decision making. Optimizing the expected value isTC(s) = (ufg'"”Angs +uf9"d"APg’j_s) (11)

not the best way to deal with uncertainties because without iENGpve

considering the risks of objective functions the decisicakar ( Qg,up A Yup Qg.dn A ~dn )
may face undesired situations. There are several risk mesasu + Z.GXN:G His AQG“S FHTT ARG
to handle the risks in scenario based uncertainty modelag a P 0

decision making like variance, shortfall probability, exted + (/%,sAPLb,s +Mb,sAQLb,s)
shortfall, value at risk and conditional value at risk (CYaR ieNBrpyvc

In this paper, CVaR is chosen as the risk measiiet¢ be + Z (u,fj“”P;f’; +u§§$ gi’;)
optimized along with expected value because of its sigmifica iENB..

advgntages over other risk measures, numerical efficiepd_y %quation (9) is the expected value of LM which indicates that
stability of calculations [23]. The procedure for maxinizay, average LM in all scenarios shoute maximized which

tion/minimization is as follows [24]: ensures sufficient distance from the voltage collapse paint
all scenarios. Also, (10) is the expected cost of PVC actions
max OF = BZ;(U,A) + (1 — B)R (5) which should be minimized. The PVC cost associated with
v each scenario is given in (11), where the first and second line
R=n-— i Zﬂs max(n — f(U, A),0) (6) in the rjght haqd side of (11) are gctiye qnd reactive. power
s generation re-dispatch costs, the third line is the costctva

min OF = BEf(UJ\s) +(1-B)R (7) and reactive load re-adjustment, and the last line is thé cos
U of energyprocurement from the external network to make
R=n+ % Z ms max(f(U, A) —1,0) (8) instantaneoubalance between the generation and demand.
— €

B. AC power flow constraints

wheret is computed as the expected profit in {e-€)100%  The standardAC power flow constraints and operational
worst scenariose is indicating the upper/lower tail of thelimits are as follows [4], [25].

cost/benefit distribution inmin / max (7)/(5). =; is the ex- NGy,
pected value of objective function over scenaripss the value Z Pg,,— (P, . — AP, ) = (12)
at risk which is a lowerv—percentile of random variabla. i=1

Vb,s Z Vj,sYojcos(0ps — 0.5 —;),Vb € NB
J
NG,

V. PROBLEM FORMULATION Z Qa,. — (Qu,., —AQL,,) = (13)
i=1

The goal of the system operator is optimizing the expected "> Z ViisYossin(0p,s = 0.6 = 705),¥b € NB
J

values of two objective functions namely, minimizing thesto

of preventive voltage control and maximizing the loading p, — {PCS"(;: . J VZ: € NGpvo (14)
margin of each scenario while satisfying network’s equalitd P&+ APEY  — APE!, Vi€ NGpyc,Vs
inequality operational constraints. The assumptionsailves, Qc,., = Q¥ + AQE . — AQE . Vi€ NG,Vs (15)
deC|s_|on variables gno_l constraints are described as fellow P < P < PO Vi€ NG.Vs (16)
It is worth mentioning that the content of sections IV-B, .~ ' e _
IV-C and IV-D are derived from well-established load flow and 96 = @ai. < Qc Vi€ NG, Vs (17)
HVDC models which are given in [4], [15], [16], [25]-[28]. O < AP, < APe™ Vie NGpve,Vs  (18)
0 < APE! < APEW™® Vi € NGpyce,Vs  (19)
0<AQY < AQE™™ Vi € NG,Vs (20)
A. Objective functions 0= AQ‘@;,S < AQg™ Vi € NG, Vs (21)
Pyt < Py < Pyt Vb € NBey, Vs (22)
There are two objective functions (OFs) in the proposed Qiﬁ’mi" < QL <QpnmeT Vb € NBey, Vs (23)
prob.abilistic PVC Lramework, namely the expected value of Vit <V < Ve Vb e NB, Vs (24)
loading margin (i.eZ1 /), and the expected value of total cost 1S0.4(V, 0, )] < S Ve e NL, Vs (25)

of active/reactive power generation/consumption reatisp
along with energy procurement cost from external netwoskhere, constraints (12), (13) are load flow equations of reecu
(or pool market), (i.,eEr¢). These OFs are characterized asperation point (i.e. point3 in Fig. 1), equations (14)-(21)



shows the re-dispatch possibility of active/reactive pogen- i: Inverter):

erations and the corresponding limits, constraints (223) are 3.2
the limits on the exchanged active/reactive power betwhen t Vao,,. = ——BmTmVins (39)
system and the external network. Also, the limits on theagst B g
magnitudes and line flows are given by (24), (25). Va,,.. = Vao,, .cos(am,s) = BmRemlas (40)
In order to precisely characterize the LM, it is necessary to Iy, = Va,.. — Va, (41)
consider the power flow equations and operational limits for Rpq
the corresponding loadability limit point (poif®’ in Fig. 1) ' - Va,.,
as follows [26], [28]. cos(@m.) = Vao,, . (42)
Vb S ]VB7 Vs : Pdms Vdm,s Id,s (43)
NGy Qm,s - Pdm,stan(@m,s) (44)
Z; P+ Py = Pry., = (26)  where (39) gives the relationship between ideal no-loathyel
N N . R at the DC sides of the LCC-HVDC link, and the AC sides
Vb,s Z Vi,sYojcos(Bh,s — 0,5 — ;) voltages. Equation (40) is the actual voltages at both DC
J terminals due to the commutation overlap, and (41) is the DC
N er A current flowing through HVDC. Also, (42) is the power factors
Z Qci. T Qs — QL. = (27)  at the HV buses of HVDC link's AC sides. Constraints (43),
=l R L R (44) are the DC active powers (which are equal to AC active
Vb Z V; sYo;8in(Op,s — 05,5 — Vo5) powers), and the reactive power absorbed by the HVDC link’s
J AC terminals By neglecting the converters’ losses, respelgt
Pr, .= (1+kr,As)Pr,, Vbe NB,Vs (28)
QLb,S = (14 kr,As)QL, . Vb e NB,Vs (29) D. Load Flow Equations at the Interface of AC/DC Networks
Pg, . = min (P (1+ kg, As)) Vi€ NG, Vs (30) According to Fig. 2, at the inverter side of the HVDC link,
PZ;’?” < PG, < ppos Vie NG,¥s (31) t?fs?oEg(?a]r balance equations of AC/DC networks are as follows
QB < Qg, . < Que Vie NG,Vs  (32) T
‘/bmin < %75 < ‘/E)m(m? Vb e NB,\V/S (33) PGi,s + Pd1,s - PLi,s = (45)
Vis Z VjsYijeos(0is — 055 — vij)
j
Vo = Vi + 1" =137, voe NBg  (34) Qc... + BniViis + Qoni. = Qa., —Qr,. = (46)
Qe — Qa, . ), <0Vie NB,Vbe NBg,Vs  (35) Vi Z V. oYijsin(0;.c — 0.4 — ;)
(Qa, ., —Q&™vi" <0Vie NB,Ybe NBg,Vs  (36) i
yin, ) Vb € NBg (37) From Fig.2, at the rectifier side, by neglecting power lossfes
A >0 Vs (38) transformers connecting the wind farm to the HVDC terminal,
® the power balance equations of the AC/DC systems are as
follows:

where, (26), (27) are load flow equations of loadability timi
point, equations (28)-(29) are active/reactive loads a th Pj .= Py (47)
loadability limit point, constraints (30)-(32) are actikeactive o 2
power generation at the loadability limit point and their-co Qv = Quis + BonrVis + Qo (48)
responding limits. Also, the limits on the voltage magnésd where, form = r,:
at the loadability limit point are given by (33). Besides, i s
the constraints (34)-(37) ensure feasibility of the pogtP s < @stns < @,y (49)
operating point (poin® in Fig. 1) and a trajectory from point Aso, the DFIG-based wind farm power production limits are
B leading to pointB’ when the loads incremen{26], [28]. a5 follows:
Also, (38) guarantees a positive LM for all scenarios.

0< Py, <Pyl (50)

B S Qui < QU (51)

w,s — w,s

. LCC-HVDC M |
C. Lec C Mode for connection of offshore DFIG-based wind farms to on-

The schematic of the LCC-HVDC link is depicted in Figshore AC power grids, installation of synchronous reactive
2. The HVDC connects the offshore wind farm to the A@ower compensator at both Rectifier terminals of LCC-HVDC
network, and hence it is connected to the wind farm at itslks is essential, because AC voltage source is necessary
rectifier terminal, whereas it delivers the power producgd lor proper commutation of thyristor valves. The compensato
the farm to the AC system at its inverter side. The steady stattilized for this aim is STATCOM [29], which can produce
power flow equations of the LCC-HVDC system are as followsuitable three phase AC voltage at the Rectifier terminals,
[15], [16], [27]. In scenarios, and form = r,i (r: Rectifier, both in start-up and steady state operation of offshore wind



farms. If the offshore AC grid voltage is kept constant bit is worth noting thatOF; should be minimized contrarily
STATCOM control, then the output active and reactive powéo OF5. Hence, (62) is formulated in a way that minimizing
of DFIGs can be set for particular rotor (wind) speed to dffethe overall OF corresponds to minimization oOF; and
a standard variable speed energy capture. In this paper, tfeximization ofOF3, simultaneously.
reactive power compensator at both terminals of LCC-HVDC
link is considered. Referring to Fig. 2 and equations. (48 a
(48), it is evidently observed that the compensator is medel
as an AC Vo|tage source which can prodl@&m . at rectifier The decision variables of the proposed prObabi”StiC PVC
and inverter AC terminal. Hence, three phase AC voltagecgounodel include: Active power re-dispatch of pre-determiset
is properly modelled. of generation units, terminal voltage set point of all gener
ator buses, tap position of load tap changers, active power

E. Scenario based Uncertainty Modelling of Demand and Wirggneration of wind farm, reactive power injections at both
Power Generation terminals along with the tap settings of on-load tap chasgér

In this paper, a scenario based modeling is proposed 'TIWDC links. The proposed robust decisi_on making fram_ework
handle the uncertainty of demand and wind power generati%dS th_e opt|mal_ values for these .varlables considering the
[30]. In one hand, the system operator intended to perfordhiCertainty of wind power generation outpufbhe sets of
PVC with theleastimposed cost, and on the other hand, it igontrol, state and dependent variables are describedlag/$ol

F. Decision Variables

necessary to preserve a desired LM. Besides, since differen [ Ae Vs T
scenarios of wind and demand are considered, it is possible t Vi, v v, P Vb € NBg
attain very high PVC cost or very small LM in some scenarios T s Ym =r,i
(i.e. risky decisions). Hence, the risk associated withheac U= Pus Vs (63)
objective function (i.e. PVC cost and LM) should be consideer Qsh,, . Ym =r,i,Vs
properly in the proposed SPVC model. In order to do this, AP&I}JAP&? Vi € NGpyo,Vs
CVaR is utilized in this paper as follows I APE§’7AP£T Vb€ NBpye,Vs |
minOFy = f2¢(X, A+ (1 = H)Re (52) Vi Vi Vb ¢ NBg
X,A) =TC(s 53 X — b, O Vbe NB 64
I ) 1 ) (3) Vo> Pdpn . Ym=r,i,Vs (64)
Re =ne+ 1—e Z TsCs (54) Iq s A A Vs
¢ . o[ Qo Pe Qo Vie NG
FX ) = ne <5 (55) V=150 Ve NL.Vs (65)
0<¢s (56)
The equations (52) to (56) are formulated and interpretagda V. CASE STUDY AND NUMERICAL RESULTS

on (7)-(8).In (52), OF; consists of two terms, where the first  The proposed probabilistic PVC model is implemented and
term is the expected cost of PVE(X, A,)) in all possible examined on the New-England 39 bus test systems. The single
scenarios, and the second term is the corresponding CValR vaine diagram of this system is depicted in Fig. 2, and its data
(R.) which is the index of riskFinally, 7. is the value at risk are presented in [31]. The initial operating point is alseegi

for cost function. in [31]. It is assumed that the very short term load forecast

max OF, = 8Z,(X,As) + (1 — 8)Rpu (57) is.S% higher than thg base-case load level given !n [31]. For
X this load level, LM is very low and the system is in alert

(X, As) = As (58) operation state. Thus, the PVC is activated to restore norma

1 LM operation condition, by means of available control measure
Rov =nem = 1—¢ >l (59) 1 order to determine the LM in each scenario, the loads are
_ y increased evenly witlk;,, = 1. Also, active power output of
nv — 9(X,Ay) < ¢EM 60)  the generators, not hittibng their upper generation limitghie
0< ¢ (61) base-case, are also increased evenly Wih= 1.

The equation (57) is formulated and interpreted based on (5) 1he cost coefficients of generators and demands (in $/MW)
(6). Also, OF, in (57) composed of two terms, in whichto alter their scheduled productions and consumptions have
the first term is the expected value of LM in all possibl@€€n selected close to the corresponding locational mergin
scenarios ,(X,A,)), and the second term (i.&R;,) is prices (LMPS)_ values_, [3?]. It is assumed t_hat adjust|ng t_he
its corresponding CVaR value which is the measure of risROWer production up is slightly more expensive than adpgsti
Besides; ;. in (60) is the value at risk for LM. down the power production for generators [32]. Also, since
Hence, the overall OF to be minimized is defined as tf§1ly adjusting down is allowed in this model for loads, the
weighted sum of the above risk constrained OFs as followsorresponding cost is assumed to be slightly higher than the
s in corresponding LMP.
O — OFy i OF?_ — 05 The LMPs for this system in different scenarios are given
OFe® — OF™™ OF"™ — OF;” in Tables X and XI (in the Appendix) for nodal active and
(62)  reactive power injections. These values have been obtained

OF =w

+ (1 —w)



by MATPOWER [31]. Hence the cost of adjusting up for THE WIND AND DEMAND-I-éD(\:BEIT\IIj:ML’IIOS AND CORRESPONDING
generators and adjusting down for loads (given in eq. (IB) a PROBABILITIES
assumed to be 5% hlgher that the Correspondmg _LMP' AISO’ the Individual wind/load scenarid Percent (to nominal)  Probability
cost of power purchased from external network is also tdeate wr 75 0.10
as the adjusting up cost of generators. Similarly, for ddjgs e By 980
down of power generation, the costs are assumed to be 0.95% b % 018
of the corresponding LMP. s 102 015

The generation units located at the following buses are
selected by ISO for active power re-dispatch in PVC scesario TABLE Il

COMBINED WIND AND DEMAND SCENARIOS AND CORRESPONDING
PROBABILITIES

30, 31, 35, 37, 39. Besides, the following buses are pemhitte
to utmost20% active/reactive power demand reduction: 4, 8,

15, 16, 20, 21, 29, 39. Also, it is assumed that according Sci?a”" Do Dot e
to a contract between the ISO and an external network, the 5o 1.00 1.00 0.070
maximum amount of active and reactive power import to the B oo o8s o912
network is 600 MW and 400 MVAr, respectively. The system is ” 10008 05
connected to the external network through bus 25, as depicte st | 098 075 0015
. . S8 1.00 0.75 0.070
in Fig. 2. s9 | 102 075 0015

In this study, an offshore wind farms is considered, with the
capacity of 1000 MW. As it is depicted in Fig 2, it is connected
to the AC system through bus 16, via a 24-pulse LCC-HVDC |t is also assumed that in scenari9 ¢, s = p;s. The
link. HVDC link is bipolar with the rating of 1000 MW and proposed probabilistic PVC model is implemented in General
250 kV. The data of this DC links derived from [27]. Algebraic Modeling System (GAMS) environment, and solved

Using the technique described in [22], the PDF of wind spe¢g SNOPT solver [35]. The probabilistic PVC is solved for
is divided into several intervals, and the probability ofifey  different risk levels and weighting factors of the aforemi@med
into each interval is calculated. A mean value is also assignobjective functions. Table 1V gives the obtained results fo
for each interval which is indicator of the correspondindifferent values of3 andw. In this study two extreme cases
interval. Demand values are also modeled using a normal PBYe investigated in detail, namely risk neutral strategigh@ut
with a known mean and variance (which is available fromoncerning about risk, i.e. fo# = 1), and risk averse strategy
load forecasting unit). It is assumed that the load and windith fully concerning about risk, i.e. fo8 = 0). In both cases,
power generation scenarios are independent so the sceaagio the optimal settings of both “here and now” and “wait and see”
combined to construct the whole set of scenarios as followscontrol variables are presented.

Mg = T X Ty (66) TABLE IV

A SOLUTION SUMMARY FOR DIFFERENTRISK LEVELS AND OFS’ WEIGHTS
wherem; andr,, are the probabilities of-th load andw-th

wind scenarios, respectively. Hence, total number of st@na “Soln | 8 | w | %e(®) E.(5) Rra | Eoa [ OF(S) | OF
. . P Sol 0.00 | 31653.831| 28402.473| 0.265 | 0.265 | 31653.831| 0.265
iS n; X ny,, Wheren; andn,, are the number of individual load 0.25 | 28246.079| 28205.194| 0.265 | 0.265 | 28246.079| 0.265
and wind scenarios. If the number of scenarios are too highjos | 090 8501 480080521 4800 02| O o ia | Oots | cvonte | ooss
then some scenario reduction techniques [33] can be applied Sols 1.00 | 34080 | 32643 | 0.013 | 0.013 | 34.080 | 0.013
h bl Solg 0.00 | 29738.478| 28522.174| 0.264 | 0.265 | 29434.402| 0.265
the problem. Solr 0.25 | 28239.334| 28195.289| 0.265 | 0.265 | 28228.323| 0.265

In this work, three scenarios are considered for load bygusin 5018 0251 0.50 | 17502.671| 17449.000| 0.214 | 0.214 | 17489.253 0.214
0.75 | 660.198 658.830 0.042 | 0.042 | 659.856 0.042

the normal distribution. The mean value of load in each ks, i Solsn 1.00 | 21.667 20.545 0.012 | 0.014 | 21.386 | 0.012
Sol 0.00 | 29676.899| 28366.306| 0.265 | 0.265 | 29021.603| 0.265

its forecasted value apd the standard deviation is assumﬂgdt Solos 0.25 | 28235107 | 28197.459| 0.265 | 0.265 | 28217.783| 0.265
2% of the corresponding mean value. Also, three scenarios argl: | 050 | 050 | 17173.122| 17102.580| 0.211 | 0211 | 17137.851| 0.211
. . . . . Solys 0.75 | 660.329 658.827 0.043 | 0.043 | 659.578 0.043
considered for wind power generation, which the probabdit  so; 1.00 | 20154 | 19.123 | 0.008 | 0.009 | 19.639 | 0.009
H ' H H H Sol 0.00 | 30239.666| 28732.855| 0.258 | 0.258 | 29109.558| 0.258
all individual scenarios are given in Table H.should be noted ~ /° 0.25 | 28260.782| 28216531 | 0.265 | 0.285 | 28229.843| 0.265
that finding the scenarios which describe all states of windSoiis | 0.75 | 0.50 | 17444.345| 17365.582| 0.214 | 0.214 | 17385.272 0.214
Solig 0.75 | 670.328 666.089 0.042 | 0.042 | 667.149 0.042

power generation depends on the wind farm location. Some&or., 1.00 | 42.127 | 40.462 | 0.008 | 0.008 | 40.878 | 0.008
[ 0.00 | 29126.508| 28342.930| 0.265 | 0.265 | 28342.930| 0.265

techniques have been reported in the literature to find thesg 0.25 | 29126 247| 28205435 | 0,265 | 0265 | 28205435 0,262
states and the associated probabilities (which are baséideon So;zd 100 050 6400742 | 4345.783 | 0.099 | 0.105 | 4345783 | 0.105
historical data and measurements) [34]. In other wordgethe qozjf 1.00 | 446388 | 59.055 | 0.000 | 0.012 | 59.055 | 0.012

is no general table for describing the wind power states (or
scenarios)By incorporating these scenarios using (66), 9 mixed

wind-load scenarios are attained which are given in Talble I .
Active and reactive loads in bus as well as the available A- Risk neutral (RN) strategy (wheh= 1)

wind power at scenarie are calculated as follows. Using the technique described in [36], the satisfactiorllev
Pr,,=pis x PLT (67) of eaqh objective function _is calculated and described ipl€T a
O = aq.xQlr ©68) V. It is observed from this table that the best compromise
jbl = de rLb solution in this strategy i$ol.3. For this optimal solution, the
Pus = Pw,s X P (69)  expected total cost and the expected LM &d845.783 and
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0.105, respectively. Also, the optimal re-dispatch of generatio
units are given in Fig. 3 for this solution. Besides, the ealu
of active power generation re-dispatch of the generatidts un
participating in PVC are presented in Fig. 4.

Active and reactive power outputs of the wind farm in
all scenarios {; — sg9) are given in Fig. 5.Besides, Fig. 6
shows reactlv_e power pur_Chased from eXt_emE_iI network (e% 4. Active power generation re-dispatch (in MW), in RN strategie
pool market) in all scenarios for this solutioh.is observed norizontal axis shows the scenarios
from this figure that the purchased power in Scenafjois
much higher than other scenarios, because in this scermerio t
the demand is 2% greater than the expected value and the ) o
available capacity of wind farm is 75% of its nominal value?q“al t°$18108'_682 andQ.219, respectively. _Therefore, n this
Also, optimal schedules of active/reactive load reductibthe S€ction the optimal settings of control variables are gif@n
buses participating in PVC program are depicted in Fig. 1S solution. The optimal settings of generator bus velsagre
Besides, the optimal schedule of the HVDC connection for &[VeNn in Fig. 8. Also Fig. 9 illustrates active power re-disgh
scenarios are summarized in Table VI. The optimal tap ratigh 9enerators participate in the PVC.

of transformers at both rectifier and inverter sides of theDi@v Active and reactivg power outpu_ts of the Wir?d fa_rm con-
are as followsT, — 0.515pu and T, = 0.483pu. nected to bus 16 for different scenarios are also given inT&g

Besides, Fig. 6 shows reactive power purchased from externa
network, (e.g. pool market), in all scenario&ctive/reactive

TABLE V

OBJECTIVE FUNCTIONS VALUES AT THE RN STRATEGY (8 = 1)

load reduction at the selected buses in all scenarios areteép
in Fig. 11. Table VIII gives the optimal schedule of HVDC link

Soln w OF1(3) OF> KO F, HOF, lnin({;lopl,u()pz}) . | _ A i | K

golu 820 ggggz.ggo 8525 8880 (1)388 8830 in all scenarios for this solution. Also, in this case, théimogl

Solac .25 5.435| 0.265 .005 A .005 . . .

Szljj 050 | 4345783 | 0.105 | 0.848 | 0375 0375 values of tap ratios at both AC sides of the HVDC link are as
Solag | 0.75 680.892 | 0.042 | 0.977 | 0.132 0.132 . _ e

Solas | 1.00 59.055 0.012 | 0.999 | 0.015 0.015 fOHOWS' TT - 0523pu and Tl - 0491pu

B. Risk averse (RA) strategy (whén= 0)

TABLE VII
OBJECTIVE FUNCTIONS VALUES AT THE RA STRATEGY (8 = 0) )

In this case, the risks associated with both objective fanst Soln | w | OF(3) | OF | nor | tor | min({pior for, )
are fully considered. Table VIl gives the satisfaction levt Sein | 025 | 28246.079) 0.265 | 0.108 | 0999 Rt
each objective function for different values of weightse(i. Sols | 050 | 18108.682| 0.219 | 0.428 | 0.829 0.428

. . . . . Soly | 0.75 679.361 | 0.043 | 0.978 | 0.161 0.161
w). It is evidently observed from this table that in this case  soi; | 1.00| 34080 | 0013 0998 | 0.049 0.049

solution Solz is dominated and it is the optimal compromise
solution with the expected total cost and the expected LM




TABLE VI
SCHEDULE OFHVDC LINK AT THE OPTIMAL RN STRATEGY

Scenario | or(Rad) | pi(Rad) | ar(Rad) | ai(Rad) | Va, (V) [ Va, (V) [ Pa, (MW) | Py, (MW) | Qu.(MVAr) | Qu, (MVAr) [ Ia(kA) [ Vo(kV) [ Vi(kV)
51 0.312 0.287 0.155 0.080 | 492.944 | 477.265 | 386.453 374.161 124.746 110.580 0.784 | 214.886 | 214.886
o 0.328 0.343 0.080 0.110 | 491.560 | 469.838 | 533.892 510.299 181.834 182.301 1.086 | 215.424 | 215.424
s3 0.373 0.413 0.119 0.200 | 484.110 | 457.433 | 645749 610.164 252.417 267.273 1.334 | 215,629 | 215.629
54 0.449 0.441 0.350 0.335 | 466.630 | 450.000 | 387.999 374.171 186.984 176.733 0.831 | 214.886 | 214.886
s5 0.328 0.343 0.080 0.110 | 491560 | 469.837 | 533.892 510.299 181.835 182.302 1.086 | 215.424 | 215.424
s6 0.361 0.401 0.080 0.177 | 486.265 | 459.720 | 645387 610.156 243.715 258.896 1.327 | 215.629 | 215.629
s7 0.312 0.287 0.155 0.080 | 492.944 | 477.265 | 386.453 374.161 124.746 110.580 0.784 | 214.886 | 214.886
ss 0.328 0.343 0.080 0.110 | 491.560 | 469.838 | 533.892 510.299 181.834 182.301 1.086 | 215.424 | 215424
s9 0.361 0.401 0.080 0.177 | 486.265 | 459.720 | 645387 610.156 243.715 258.896 1.327 | 215,629 | 215.629

TABLE VI

SCHEDULE OFHVDC LINK AT THE OPTIMAL RA STRATEGY

Scenario# | pr(Rad) | pi(Rad) [ ar(Rad) | ai(Rad) [ Va, (V) [ Va,(EV) | Py, (MW) [ Pg,(MW) [ Qa,(MVAr) | Qa,(MVAr) T I4(kA) | Vr(kV) [ Vi(kV)
s1 0.350 0.307 0.350 0.307 465.362 465.362 0.000 0.000 0.000 0.000 0.000 208.754 | 208.754
s2 0.197 0.152 0.149 0.081 486.229 482.848 82.181 81.610 16.370 12.539 0.169 208.916 | 208.916
s3 0.291 0.297 0.216 0.223 475.727 467.908 186.003 182.946 55.762 56.037 0.391 209.280 | 209.280
sS4 0.189 0.080 0.189 0.080 486.575 | 486.575 0.000 0.000 0.000 0.000 0.000 208.754 | 208.754
S5 0.196 0.152 0.148 0.080 486.276 482.896 82.181 81.610 16.328 12.485 0.169 208.916 | 208.916
S6 0.397 0.404 0.343 0.350 458.081 450.000 185.087 181.822 77.529 77.698 0.404 209.280 | 209.280
s7 0.211 0.124 0.211 0.124 484.384 484.384 0.000 0.000 0.000 0.000 0.000 208.754 | 208.754
S8 0.196 0.152 0.148 0.080 486.276 482.896 82.181 81.610 16.328 12.485 0.169 208.916 | 208.916
Sg 0.209 0.214 0.080 0.090 485.875 478.224 185.873 182.946 39.352 39.720 0.383 209.280 | 209.280
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Fig. 5. Active/reactive power output (in MW/MVAr) of wind farm, in RN
strategy.

Fig. 7. Active (MW) and reactive (MVAr) load reduction, in RN strateg
The horizontal axis shows the scenarios.

.
3

— s, N active power generation re-dispatch and power purchased fr
- [ERA strategy external network).

In RN strategy, the probabilistic PVC is solved without
concerning about the risks associated with each objective
function, and hence it is a risky decision making strategy. |
RA strategy, the corresponding risk of each objective fiamct
is considered and hence the results obtained from PVC are
risk averse. Table IX summarizes the expected values of LM,
TC, active/reactive load reduction and power purchasenh fro
the external network, along with the power output of wind
o w0 farm. The following results are deducible from this table.

[
IS

H
N

=
S

Reactive power purchased from pool market (MVAr)
©

0 1 2 3 4 5 6 7 8

Fig. 6. Purchased reactive power (in MVAr) from external networkRiN/RA

strategy. « By comparing RN and RA strategies, it is observed that

in the RN solution, the expected TC is much less than
the corresponding value in the RA attitude. It means
that considering risk in decision making process, leads to
At the above two sections the optimal values of control conservative decision with higher control cost.

variables have been proposed in terms of “First stage” obntr « At the RA strategy, the expected LM is much higher than
variables (such as generator bus voltages, tap ratios of Gi%/D the corresponding value at the RN strategy, which is due
transformers), and “Second stage” control variables (such to the inclusion of the risk through CVaR constraints.

as wind farm’s active/reactive power output, load reductio « It is observed that in RA strategy a slightly less wind

C. Discussion on the obtained results
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stive and reactive power generated of wind turbine (RA)

Fig. 10. Active/reactive power output (in MW/MVAr) of wind farm, in RA
strategy.
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Fig. 11. Active (MW) and reactive (MVAr) load reduction, in RA strateg
) ) ) ) ) The horizontal axis shows the scenarios.
power generation is scheduled in comparison with the RN

strategy, which means that considering the risk does not

affect the utilization of renewable energies. Besidess it test of AC IEEE 39-bus test system. The main conclusions are
observed that in RA strategy more load curtailment isymmarized as follows:

required.

Finally, it is observed that inclusion of risk in PVC leads&o
solution with higher LM level (more volage stability margin
but with the expense of higher control costs.

TABLE IX
COMPARISON OFEXPECTEDVALUES OF “SECOND STAGE CONTROL
VARIABLES
Variable RN RA

TC ) 4345783 18039.432
LM 0.105 0.219
P (MW) 0.000 0.000
Q°* (MVaR) 0.769 1.469
Prq (MW) 51.126 534.215
Qrq (MVaR) | 11.802 137.578
Py (MW) 855.000 | 852.370
Qu (MVaR) | 436.084 | 439.092

VI. CONCLUSION

In this paper a stochastic model is proposed for preventive
voltage control (PVC) in AC/DC power systems. The LCC- .
HVDC link is employed to connect offshore wind farm to the

o The uncertainties of wind power generation and demand

are handled using scenario based uncertainty modelling
approach. This would allow the decision maker to avoid
unwanted circumstances (increasing cost / decreasing the
LM). The conditional value at risk (CVaR) is used as the
risk measure.

Various control variables such as generator bus volt-
ages, tap ratios of HVDC connecting transformers, ac-
tive/reactive power generation re-dispatch, load curtail
ment, power generation of wind farm along with power
purchased from external network are considered in the
proposed stochastic model of PVC. Some of these vari-
ables are "first stage™ variables (do not change in various
scenarios) and the rest of them are ™second stage
decision variables (change in different scenarios).

The expected LM is maximized while minimizing the
corresponding control costs for different levels of risk
associated with each objective function.

The risk averse strategy leads to a solution with higher
LM level (i.e. more distance to voltage collapse), but with
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TABLE X
LMPS FOR NODAL ACTIVE POWERS IN DIFFERENT SCENARIOES/MWH) vol. 1, no. 3, pp. 295-301, 2010. N o
[2] A. Saber and G. Venayagamoorthy, “Efficient utilizatioh renewable
Bus T ST < 3 <7 5 5 57 <8 <9 energy sources by gridable vehicles in cyber-physical ggneystems,”
B1 | 11.304 | 11.605 | 11.907 | 11.401 | 11.700 | 12.000 | 11.624 | 11.923 | 12.223 Systems Journal, IEEEoI. 4, no. 3, pp. 285 —294, sept. 2010.
B2 | 11.090 | 11.386 | 11.680 | 11.116 | 11.401 | 11.688 | 11.337 | 11.623 | 11.909 “ e - . .
B3 | 11126 | 11424 | 11722 | 11,164 | 11.454 | 11744 | 11301 | 11681 | 11971 [3] E. \ﬁttal and A. Kggne, Identification of 9r|t|cal windafm locations
B4 | 10.972| 11.249 | 11531 | 11.211 | 11502 | 11.795 | 11.437 | 11.729 | 12.021 for improved stability and system planningPower Systems, |IEEE
B5 | 10.965| 11.240 | 11.519 | 11.219 | 11510 | 11.802 | 11.443 | 11.734 | 12.026 ; _
B6 | 10.943 | 11.216 | 11.495 | 11.202 | 11.492 | 11.783 | 11.425 | 11.715 | 12.006 Transa_ctlons onvol. 2.8' no. 3, pp. 29.50 2958, Aug 2013'..
B7 | 11.019 | 11.207 | 11.580 | 11.270 | 11.564 | 11.858 | 11.495 | 11.788 | 12.082 [4] A.Rabiee, A. Soroudi, B. Mohammadi-lvatloo, and M. PanijéCorrec-
BS | 11.049| 11.329] 11.613 | 11.206 | 11.591| 11.887) 11.521| 11.816 | 12111 tive voltage control scheme considering demand responsetadidastic
B9 | 11.227 | 11518 | 11.813 | 11.411 | 11.710 | 12.010 | 11.635 | 11.934 | 12.234 ; h )
B10 | 10.819 | 11.083 | 11.354 | 11.113 | 11.399 | 11.685| 11.335 | 11.621 | 11.908 wind power,” Power Systems, IEEE Transactions eol. 29, no. 6, pp.
Bz | 10841 11106 | 11378 | 1113 | 11423 | 11711 | 11959 | 11646 | 11034 29652973, Nov 2014.
B13 | 105818 | 11.081| 11.352 | 11.125 | 11.412 | 11699 | 11.348 | 11.635 | 11.923 [5] Z. Feng, V. Ajjarapu, and D. Maratukulam, "A comprehensagproach
B14 | 10.806 | 11.068 | 11.337 | 11.148 | 11.437 | 11.726 | 11.375| 11.664 | 11.953 for preventive and corrective control to mitigate voltagdaguse,” [EEE
B15 | 10.469 | 10.699 | 10.944 | 11.059 | 11.346 | 11.634 | 11.293 | 11.581 | 11.869 :
B16 | 10.262 | 10.476 | 10.707 | 10.957 | 11.240 | 11.524 | 11.193 | 11.477 | 11.762 Transactions on Powe!' Systemsl. 15, no. 2, pp. 791 —_79_7, may 2000.
B17 | 11.180| 11.497 | 11.808 | 11.035 | 11.321 | 11.607 | 11.268 | 11.554 | 11.840 [6] W. Rosehart, C. Canizares, and V. Quintana, “Multiobjec optimal
B1o | 10170| 10370 | 10606 | 10843 | 11123 | 1140 | 11073 | 11,854 | 11,635 power flows to evaluate voltage security Gosts in power nieDIEEE
B20 | 10.196 | 10.406 | 10.635 | 10.868 | 11.151 | 11.435| 11.099 | 11.383 | 11.667 Transactions on Power Systenwsl. 18, no. 2, pp. 578-587, 2003.
B21 | 10.229 | 10.441 | 10.671 | 10.915 | 11.196 | 11.477 | 11.149 | 11.430 | 11.712 ; « ;
B22 | 10.157 | 10.365 | 10.591 | 10.832 | 11.108 | 11.384 | 11.062 | 11.338 | 11.615 [7] S. Muyeen, R. Takahashl,_ and J. Tamura, Op(_aratlon andrm:lpnf
B23 | 10.158 | 10.367 | 10.592 | 10.833 | 11.109 | 11.385| 11.062 | 11.339 | 11.615 hvdc-connected offshore wind farmEEE Transactions on Sustainable
B24 | 10.265 | 10.479 | 10.710 | 10.958 | 11.241 | 11.525 | 11.194 | 11.478 | 11.762 Energy vol. 1, no. 1, pp. 3037, April 2010.
B25 | 10.866 | 11.155 | 11.441 | 10.871 | 11.146 | 11.422 | 11.085 | 11.359 | 11.634 . ' ’ o . .
B26 | 11.085| 11389 | 11.689 | 11.015 | 11297 | 11.580 | 11237 | 11519 | 11.802 [8] A. Aimeida, E. Valenca de Lorenci, R. Coradi Leme, A. Zambrda
B27 | 11.162 | 11.473| 11.780 | 11.058 | 11.344 | 11.630 | 11.286 | 11.571 | 11.858 Souza, B. Lima Lopes, and K. Lo, “Probabilistic Voltage diabias-
B28 | 11.086 | 11.389 | 11.688 | 11.018 | 11.299 | 11.581 | 11.235 | 11.516 | 11.798 P -
B29 | 11.032 | 11.331 | 11.627 | 10.964 | 11.242 | 11521 | 11.179 | 11.457 | 11.735 sessment considering renewable sources with the help ofvttang qv
B30 | 11.103 | 11.397 | 11.689 | 11.128 | 11.414 | 11.698 | 11.349 | 11.635 | 11.920 curves,”Renewable Power Generation, IEVol. 7, no. 5, pp. 521-530,
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