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Abstract—This paper presents a comparative investigation of pressures from market participants force the grid to supply
various representations of reactive power limits in maximun the required demand with widely varying suppliers while
loadability and active and reactive power market studies. Revi- still guaranteeing the operational and security limits loé t

ously proposed optimal power flow (OPF) models for these tyme . o
of analyses are first reviewed and briefly discussed. Differs system [2]. Therefore, the economic performance of el&fri

models for representing reactive power limits in these optniza- Markets is directly related to the level which the systerasy
tion problems are then presented, concentrating in particlar especially generators’, capabilities are fully recogdiznd

on the proper modeling of the generators’ capability curves deployed.

as terminal voltages change, which has been identified as a The stability and security limits of power systems can be

shortcoming of previous studies. Comparative numerical aalyses . L -
of the effect of various reactive power limit models in maxinum closely approximated by voltage stability criteria [3].dmost

loading and active and reactive power dispatch and pricingévels all voltage instability incidents, one or more synchronous
are presented and discussed, to thus quantify the effect tse generators reached its reactive power limits (Q-limits); [1

various limit representations have on the corresponding rsults.  thus, the proper modeling of the reactive power capatslivie
Two test systems, namely, the CIGRE-32 benchmark system and ganerators is of crucial importance for voltage stabilttydées.

a 1211-bus dispatch model of a European network, are usedV . dels h b d for th tai f
for numerical studies. The presented results show that in mst arous models have been proposed for the representation o

OPF applications, the improvement on the reactive power liits ~ Q-limits of synchronous generators in voltage stabilityd an
representation lead to subtle differences at the cost of imeased market analyses. Therefore, this paper starts with comgari

computational complexity, which in some cases may be diffidli  the results of using these models in the aforementionedestud
to justify in practice. to highlight their shortcomings and advantages.

Index Terms—Reactive power limits, generator capability There are two dominant approaches to voltage stability
curves, maximum loadability, voltage stability, electri@l energy  studies, namely, Continuation Power Flow (CPF) and, more
markets, reactive power markets, optimal power flows. recently, Optimal Power Flow (OPF) based approaches; the

latter are also referred to as OPF-Direct Methods (OPF-DM)
I. INTRODUCTION [3]. In the CPF method, the loading level is increased until
there is no feasible solution to the power flow equations

SYN_CHRONOU_S generators are a primary source of Iy the solution does not satisfy required ranges for certain
active power in electric power systems. Although thergstem variables such as voltages or power transfers [4].
are other important reactive power sources such as shiRe OPF-DM, on the other hand, is mainly an optimization
capacitors and Flex_|ble AC Transmission System (FACT%}oblemthatmaximizes the system loadability while sgitief
controllers (e.g. Static Var Compensators or SVCs and Shj¥erational constraints, including the power flow equatias
Static Synchronous Compensator or STATCOMS), to & gregé|| as limits on generator reactive powers, voltages aneepo
extent, gengrators are responsible for maintaining adequ@ansfers' as discussed for example in [5], [6]. Depending o
voltage profiles across the systems [1]. Consequentlyr thgje way the generator voltage control is modeled, the esult
characteristics and their limitations are of major impoc& ptzined from an OPF-DM can be shown to be basically the
for the analysis of power grids, particularly when the systesame as those obtained from the CPF method [7]. In most of
is operated near |ts_l!m|ts. This is even more relevant U”dff’lrese studies, generators’ Q-limits have been usually tedde
the current competitive market environment, as economjg simple fixed limits to reduced computational burden and

. . _ avoid convergence problems, in spite of the key role thatghe
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been also proposed, where, for example, voltage stabitity a [I. BACKGROUND

market clearance problems are jointly considered in the ORF .
' . A. OPF-DM Formulat
formulation [6], [13], [14]. In the majority of these market rmulation

auction models, generators Q_||m|ts are assumed as ﬁxe(f\s discussed in the preViOUS section, OPF models have been
values. proposed for maximum loadability calculations in voltadgge- s
bjlity studies. An OPF model with complementarity consttai
OPF-based approaches have been also proposed to eH’%-y P y 8

ciently formulate a reactive power market problem, prodideIS proposed in [6], [7], where it is shown that it yields the

that generators capability curves are properly modeled afsp?{ne maximum loadability results as a CPF technique. In
deployed [15], [16]. In [17], a better representation ofiils is formulation, the generator voltage controls are mediel

. o L ; explicitly; thus, when the generator’s reactive power {grare
in electricity markets is discussed, proposing as well afr-OP plcttly 9 P

based formulation for reactive power contracting. The exsh reached, the machine loses control over its terminal veltag
: . P 9. : The latter is mathematically represented in this modelgisin
in [18] propose a reactive power market structure in whieh ti&

. g o gmplementarity constraints, which for a generdtaran be
reactive power management and pricing problem is divided.

. wngen as follows:
into two stages, namely, a seasonal procurement process an

a real-time dispatch problem; in this paper, an OPF-based 0 <(Qar — Qakmin) L Vap >0 =
procedure for optimal procurement and pricing of reactive )

power is also proposed and discussed. In both [17] and [18], (Qek = Qarmin) Var =0 (12)
the effect of generated active power on the associated @lim 0 <(Qcrmax — Qar) L Vik 20 =

is explicitly modeled; however, it is assumed that thesétsim (Qckmax — Qar) Vor = 0 (1b)
are independent of the terminal voltage magnitude. Finally Vik = Viko + Var — Vir (1c)

the authors in [19] and [20] use an OPF model to represent

generator Q-limits in a mixed active and reactive power rerkWhereV; represents the generator terminal voltage magnitude;
real-time auction, implicitly accounting for rotor and tsta Q¢ Stands for the generator reactive power outputstands
current limits in the modeling. However, no discussions der thecomplement operator;V,, andV, are auxiliary, nonnega-
comparisons on the effect of this modeling in the markée variables that allow increasing or decreasing the geoe
output variables is presented; moreover, the proposed ORFminal voltage, depending on the value@§; and Vi, is
formulation presents various pitfalls as discussed in.[18] the k" generator terminal voltage set-point.

Based on the literature review, the present paper concen-
trates on comprehensibly addressing some of the shortgsmiB. OPF Market Auction Model
ollc)served ;n pre\l{log[s publljc_atlons.('jl'herjf(t)r_el, dlﬁereot_jejsth An optimal set of electric power transactions can be cal-
of generator Q-limits are discussed in detail, comparingy culated by using a proper OPF formulation. Usually the

eoffpelgt oré sl,ysfterrt: lt%adatt.)'“ty ‘ZS weItI_ as eIectnclPr/] mag(;j:bjective of this optimization problem is the minimization
-Models for both aclive and reactive powers. fhree f electricity production costs or the maximization of sdci

based models for the study of maximum system loadabili elnefit or social welfare [10], [11]. Nodal electricity pei

and marke_t studies, conS|der|_ng_ the precise and practigdl) ocational Marginal Prices (LMPs) are a byproduct of the
representation of generator Q-limits, are presenteduslsmj . OPF solution at no extra computational cost. Moreover, the
and compared based on th.e results _ob_tamed for Mo.rea“?HEIusion of system operational and security constraimtan
test systems. The estimation of missing data required OPF model is straight-forward. It should be noted that, is th

the proposed models is _also d|sc_ussed. ImprO\_/ements '>BF model, there is no need for complementarity constraints
previously proposed solution technique for the Mixed leteg as in the previous subsection, since the aim here is to obtain

Nonlinear Programming (MINLP) problem associated with th{=h “optimal” generator terminal voltage set-points, whare
reactive power procurement OPF model are presented as wWellinded above and below '

The paper is organized as follows: In Section I, a brief
background review of previously proposed OPF models and )
the representation of generator Q-limits in voltage sitgbil C. Reactive Power Procurement Problem
active power market auctions, and reactive power procunéme An optimal set of generators for providing reactive power
is presented. Section Ill discusses the proposed OPF modelghe grid can be determined on a seasonal basis by an
that properly represent the generator capability curvesutith appropriate OPF formulation [17], [18]. Due to the localurat
explicit limits on rotor and stator currents; this sectideoa of reactive power, this problem should be implemented for
presents improvements to the solution technique of the Q@Qfferent voltage zones. Note that it is not proposed as a
procurement MINLP OPF problem. A detailed comparativeechanism for real-time reactive power dispatch. The pcu
analysis of the effect of various Q-limit representatioms oment procedure is assumed to be based on generators being
system loadability and active and reactive powers markedmpensated for availability, energy losses, and oppiiytun
studies is presented in Section 1V; the 32-bus CIGRE tesbsts associated with active power output reductions due to
system and a 1211-bus model of a European network are uleglrequired reactive power provision and generator cipabi
in these analyses. Finally, Section V summarizes the mdimits. The assumed structure of reactive power offers from
results and contributions of the present paper. generators is depicted in Fig.1.
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Fig. 1. Reactive power offers from generators and the thpeeating regions. Fig. 2. Representation of reactive power maximum limits.

The objective function of the procurement OPF problefic iterative approach to transform this MINLP problem i@o
is a “societal advantage function’S@F), which is defined series of Non-linear Programming (NLP) problems is prodose
as the aggregate system benefits gained from reactive powed discussed in [18]. An improved solution approach based
services minus the expected payments by the system operajarsensitivities ofSAE with respect to the different regions
The SAF for a given zonek is expressed as follows [18]:  of generator reactive power operation is proposed in Sectio
.

SAF, = —po, — > 1,(Cr il = p1,.) (e, — Qiens) It should be mentioned that the reactive power market
ick structures and associated models existent in the literatur

+ Z 22, (CL [ni] — p2,.) (Qaz, — Q) concentrate mainly on generators. Appropriate market arech
ick nisms for managing and pricing other reactive power sources

+ sz (CL [yl = pay) (chi _ QG|ag) such as SVC and STATCOM FACTS controllers have yet to

P be proposed and discussed.

— 0.5p3,23, (Qes, — Qaa)’ - (2)

Here, Qc1,, Qcd,, Qa2,, and Qgs, are reactive power
variables representing the 4 regions for ti& generator, ~Economical usage of power system capabilities is critical
i.e. under-excitation, mandatory, over-excitation angpayp due to the scarcity of resources and increasing demand.
tunity regions, respectively, as per Fig.1, where the parafience, it has been proposed to model generator reactiverpowe
etersQgy, QG and Qg, are defined. The variables; maximum limits as a function of its active power output to
r4,, To, and z3, are binary variables associated with th&etter employ its capabilities [17], [18]. The model is dzpd
aforementioned 4 reactive power generating regions, toemo@raphically in Fig.2 for a given terminal voltage,, where

the generator operation in only one of these regions atthg intersection of the maximum field (rotor) induced vodtag
time. The parameters, n and v are sensitivity factors of Efmax and the maximum stator curremf .. is noted as
the system’s maximum loadability with respect @i, @ PoInt M. It can be reasonably assumed thgf, typically
Qcmax and Qg, respectively, obtained from the OPF-DMrepresents the rated active power, which is typically chose
problem; these parameters are meant to represent the miardgite maximum active power outputs ma.x, and Q¢,, stands
benefit of generator’s reactive powers with respect to systéor the maximum reactive power usually stated in the power
security. The parametef;, is a loadability cost parameterﬂow data set. The maximum reactive power limit in this case
($/MWh) representing the monetary value of system securi§an be stated mathematically as follows:

D. Representation of Q-limits

The variableg, ($/Mvar) andp, ($/Mvar) are the zonal prices 5 )
for energy losses in the under and over-excitation regions, Ot max = (Vto Efmax) _pr_ Yo (3a)
andps ($/Mvar/Mvar) andp, ($/Mvar) are the zonal uniform e Xs 5 Xs
opportunity and availability price components, respedyiv 3 5

The reactive power procurement OPF problem is formulated QG2 max = \/(Vto Lamax)” = Ps (3b)
in [17], [18] based on the zonal objective function (2) and Qcimax if Pg < Pg

i i i 3 G max — . M (3C)
system operational constraints. Given the presence ojente O it Py > Pq
max M

variables, this is an MINLP problem, i.e. it is discontingou
and nonconvex, and hence there is a need for special solverkere Ps is the generator active power outp@ig max and
and/or solution techniques to obtain a solution. Thus, aifeu Qg2 max represent reactive power limits due to maximum field
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and stator currents, respectively; aki@ is the machine’s syn- ety
chronous reactance. This reactive power limit represiemntat

can be readily added to the OPF-DM model and the OPF
auction model, as proposed in [17], [18].

Observe in (3) that there is a switching behavior in the
maximum reactive power limit depending on the value of !
generated active power. Because of this discontinuityg thi 0s
model can lead to computational problems during the OPF i
solution process, especially in the presence of complesmignt 0a
constraints. In fact, due to these convergence issues, the
generators’ active power outputs were assumed constant in
the OPF models discussed in [17], [18]. Since the generator i
terminal voltage magnitude is unknown in the OPF model,
choosing a priori fixed value for this variable to model the
generator capability curves is an approximation that may le
to errors in the final results, as discussed in Section IV. The
models proposed and discussed in Section Il and testedrig 3. The polyhedron of voltage-dependent reactive pdimts obtained
Section IV demonstrate that this assumption is not realpy the p.u. parameter values with respect to the system balsesv as:
necessary. fmax = 1.903, Tomax = 1.772, X5 = 0.538

The reason for the aforementioned errors can be clearly
shown by the following analysis: If the partial derivatives i
Qct max aNd Qo max With respect toV; are calculated, for pole case to represent the effect of maximum allowable rotor

typical values of variables and parameters, one has, as B%Vem on the generator’s capability.

14 Field current limit

1.2

e A 1o
Seeeeeee

Stator current limit

Fig.3, that: Equations (5) and (6), together with upper limits &hy
and,, can be readily included in the OPF-DM, OPF market
0QG1 max ~ 0~ (42) auction and reactive power procurement formulations ttebet
ove |y, represent the generators’ capability curves. Note thaetase
Q2 max no discontinuities in these equations. It should be meetion
v, v 20 (4b)  that the lower limits in generated reactive power should be

still represented through fixed values, since this modeigbe
This means that, if for example, the actual voltage value gfe generator behavior in the under-excitation region.[17]
the OPF solution is smaller than the chodép value, then

Qc1max IS slight smaller than the actual Q-limit associated ] ]

with the maximum rotor current. On the other hafltys e A MaXimum Loading OPF Model

would be larger than the actual limit associated with the Using (5) and (6) to represent the generator capabilities in

maximum stator current. the OPF-DM model leads to the following improved optimiza-
tion model:

- [1l. PROPOSEDOPF MODELS | max A (7a)
Equations (3a) and (3b) ca.n be simply rewritten as follows, ¢ ; G(5, Vi, Kg, Vi, Qc, Ps, Pp,Qp, Ey, I, \) = 0
for any value ofV;, E; and I,: (7b)

V2 2 Vi E 2 PSSPSmax (70)
(Qc + X—tS) + P2 <—;(Sf> = 0. (5) . v EA?

Jt p2_ (=) 7d
(Qe+ o) 4= (%2) =0 qa
F§+Q5 = (Vi L)’ (6) P2+ Q% = (Vi L)? (7e)

The effect of limits onE; and I, as the terminal voltage Qc — QG min Va
V; changes can be considered explicitly in these equations, 0<| Efmax—FE¢ | L[ Vu | 20 (79)

leading to the capability polyhedron illustrated in FigZ], Iy max — I Ve
instead of the typical 2D capability charts. Note that as the Vi=Vie+V, -V, — V. (79)
terminal voltage increases, the capability limits asdediavith Vi win < Vi < Vi max (7h)

1, increase significantly, whereas those associated With

decrease very slightly (for all practical purposes theselza Here, the vector functiod: represents the power flow equa-

assumed to remain unchanged). tions; ¢ stands for the bus-voltage phase anglésjs the set
Pole saliency affects only (5). In [8], it is argued that thisf load voltage magnitudes; anflp and @p stand for the

cylindrical rotor equation is more conservative, guaraimg loads’ active and reactive powers, respectively. The éeia

the preservation of limits in the salient pole case. Hencis, the loading factor, an&« is a scalar value used to model

this equation can be used as an approximation for the saliantlistributed slack bus; these variables basically defiee th
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generator output and load levels as follows: resulting in the following model:
Ps =1+ X+ K¢g)Pg, (8a) max SAF =) SAF, (10a)
Po =1+ 1P, _~ G5,V v Qc, E;,I,) = 0 (10b)
— s.t. s VLy Vi, WG, LD fyLla) =
Qp =(1+N)Qro (8c) s VB2
t 2 —
where Pg,, Pr, and Qy, are generation active powers and (QG + X_s) + P - ( Xq ) =0 (10c)
load active and reactive powers base values. 2 2 2
P =W, 10d
The loss of voltage control due to stator and rotor current s +Qc=(Vilo) (10d)
limits is modeled by the complementarity constraints (7f). 0< Ef < Efmax (10e)
Observe that, according to [22], the larger number of com- 0 < I, < Iimax (10f)
plementari_ty constrain?s may inqrease the non—smqotmfess 21QGmin < Qa1 < 21QC, 01 (109)
t_he Ioada_lbl!ny sqrface in comparison to the model with slem_p g 24Qc < Qca < 14Qc, A (10h)
fixed Q-limits, given the larger number of generator possibl — o - .
states. % : xQQGIag S QGQ S IQQGA Qg (10|)
a3 23Qc, < Qas (10j)
=1 10k
B. OPF Market Model L pa e T (10k)
he O ‘ del 5o be i db laci Qc = Qa1+ Qaa+ Qa2 + Qas (101
T e PF mar et mode can also be improved by replacing Viwin < Vi < Voo (10m)
the fixed reactive power limits with the proposed generator
capability model, resulting in the following model: Vimin < Vi < Vimax (10n)
Pij(67 VLaV;E) < Pijmax V(Z,]) €T (100)
max 5B =) CpsPp; =) Csibs (%) (L—wa)mo, < po, It Qe #0, Vi€ k,Vk (10p)
J g .
my, <
st G(5,Vi,ViQarPs, Pp, By 1) =0 (9b) L S Py VK, Vi (109)
PS < PS < PS (9C) T2, M2, < 02, Vi € /{,Vk (10r)
Pp i _< PD_< Pp o (gd) X3, ms3, < P35 Vi € k,Vk (103)
V2 2 ) V, E; 2 wheremy,, my,, mo, andms, are theit” generator bid offers,
Qc + Xs +P5 — )~ 0 (9¢) as defined in Fig.1, ang, is a binary variable associated with
p2 2 (L2 of the Mandatory region depicted in this figure. The zonal pricing
s+ Qg =i la) ) is modeled by (10p)-(10s). Note that (10k) guarantees that
0 < Ef < Efmax (99) only one of four Regions I, 11, 1ll or Mandatory illustrated i
0<1I, <I,max (9h) Fig.1 would be active at any given time. Observe that even
Q6 min < Qc (9i) though Q4 may change withV;, depending on the active
. .. power dispatch level of the generator, from the discussions
‘/tmin S ‘/t S ‘/tmax (91)

in Section 11.D with respect to Fig.2, generators will likel
Vi min < Vi < VI max (9K)  be dispatched at nominal powePq,;), and hence, based
Pi;(6,Ve, Vi) < Pijmax V(i,j)eT (9) on (4a), the value of) 4 will not change considerably with
the generator’s terminal voltage; this assumption siggmifily
where theSB objective function stands for the social benefigimplifies the model for computational purposes. Equations
(social welfare);D and G represent the set of loads anq10g)-(10j) are constraints representing the various tiesc
generators, respectively; aidth and Cs stand for the corre- power generating regions, and thiggmax limit has been
sponding demand and supply bids. The variaBlerepresents replaced by explicit limits onF; and I,. The variablesat,
the power flow over a transmission componéntj), which , &g, as, @ and a3 stand for the Lagrange multipliers
is bounded due to operational/security limits, afdis the associated with the corresponding constraints. Thesablas
set of transmission components. The demand’s power factgpresent the sensitivity &fAF with respect to the associated
is typically assumed constant, thus the correspondingiveac limits; for instance,a; yields the sensitivity ofSAF with
power is not a variable, being proportional to its active pow respect toQ as it “moves” from Region Il into Region lIl.
In the case of inelastic demand&p is fixed andCp = 0, These sensitivity factors are used to turn this MINLP proble
resulting inSB solely representing generated power costs f@ito a series of NLP problems, as explained next.
the system. A somewhat similar iterative approach to the one described
in [18] is used here to solve the MINLP problem (10). The
proposed iterative approach is illustrated in Fig.4 and%ig
and starts by fixing the binary variablesbased on an initial
The procurement model can also be improved as the prefdasible point, which transforms (10) into an NLP problem
ous OPF-models by replacing the fixed reactive power uppéat can be solved using “standard” solvers. At the end of
limits with the proposed generator capability represémtat each iteration, the binary variables are changed according

C. Reactive Power Procurement Model
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Initialize binary variables x,, x; x, and J

x; according to an initial feasible data set

v
k=1
v
Solve the procurement problem (10)
with x;, xz, x,and x; fixed
Update
binary

variables

k=k+1 SAF; < SAF.1
OR

k > Max. iteration
number

Optimal solution and zonal prices >

Fig. 4. Proposed MINLP solution procedure.

?
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/a Appropriatechange\
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\% xj‘i:O:xZi:]/

—

Fig. 5. Binary variables update procedure in Fig.4.

to the aforementioned. sensitivity factors, which basically

SAF cannot be improved any further, thus reaching a local
optimum, or when the number of iterations exceeds a given
large preset value. It should be mentioned that this prasedu
constitutes an improvement over the solution technique pro
posed in [18], since the proposed method updates the binary
variable values based on the best local “direction” $ot F'
improvement as opposed to just using a somewhat random
approach used in [18].

As discussed in [23], the method described in [18] can
be considered a greedy heuristic approach, while the method
proposed here is based on local search heuristics, which in
general is considered more efficient. Notice that the pregos
procedure yields a local feasible local optimum, which is al
is needed in practice, considering the nature of the reactiv
power management problem and current ISO practices, which
are rather heuristic and far from optimal in any particular
sense. Observe as well that although global optimum search
approaches such as evolutionary programming technigues (e
genetic algorithms) could be used to solve the proposed
MINLP problem, the large computational costs associated
with these methods would make them impractical [24]. Fur-
thermore, it should be mentioned that the proposed hauuristi
technique is more efficient than other known MINLP solvers
such as BARON and DICOPT, which fail to yield solutions
for similar problems as shown in [18] and [24].

As per the aforementioned discussion, it is important to
mention that the optimal solution generated by the proposed
technique is dependent on the initial starting point, as dis
cussed in [18]. Hence, to guarantee a reasonable solution,
ISOs’ current “best practice” approach is used to obtain the
initial solution point. Accordingly, the initial values afg
are readily obtained from a power flow solution associated
with the known value$’s, which come from the active power
dispatch process; these are typically the reactive power di
patch levels used by most ISOs nowadays. This feasible point
can be regarded as a reasonable starting point, particularl
considering that it is available without any significant raxt
effort.

IV. RESULTS AND COMPARISONS

The CIGRE-32 and a 1211-bus dispatch model of a Eu-
ropean network are used to study and compare the effect
of different representations of reactive power limits ire th
maximum loading calculations, OPF-based market model and
Q-procurement problem. The numerical studies were carried
out in the AMPL environment using the interior point method
solver IPOPT [25], [26]. To simplify the referencing to the
various optimization models compared and discussed here, a
identification tag for each model is adopted as per Table I.
Observe that there is no R1 model, since no procurement
models have been defined without the use of an opportunity
region, as discussed in Section II.C.

indicate which generators and associated limits improee th- Capability Curve Parameters

SAF objective function the most; according to these values, Before presenting the simulation results, a brief disarssi
the corresponding binary variables are modified as per Figdh extracting from the standard power flow data the various
one generator at the time. The iterative process stops whmarameters needed to represent the generator capabittgscu
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TABLE |
MODEL TAGS

OPF Type

| Q-limits Representation]|

Tag

Loadability Calc.

Energy Auction

Reactive Power Proc

Normalized A,
[
.

Simple Fixed L1 27
) L2 1.8 -
(7) L3 1.6 -
Simple Fixed M1 1.4 4
3) M2 12 4

9) M3 !
3) R2 |

oy TR3 08

0.6 -
0.4 -
0.2 -

is presented first, so that the data is consistent and tt 0
comparisons are meaningful. Thus, three generator pagasnet L1 L2 L3
Xs, Iomax and Ey yay, are required; however, the values of
these parameters usually are not provided in typical power-
flow data sets. Hence, these parameter values need to be
determined from the available data, considering the gémesfa Fig. 6.  Normalized maximum loadability values,q. for different OPF
rated values. models for the CIGRE-32 test system.

A generator capability is the highest acceptable contisuou
loading in MVA (apparent power) under specified conditions
of operation. For a generator operated at rated voltage, fr¢

guency and coolant conditions, its capability is equal t® th R //
output rating [27], [28]. Therefore, assuming that the gupl 1.5 | Eg

system and frequency are fixed at their rated values, th , ;.5 7
generated rated values are taken to be the values provid & ;06

a
N\

in the power flow data, which correspond to point M in Fig.2 § 1492 +~

[21]. Hence, the rated MVA of a specific machine is assumel 5 1 go; - /

to be given by: E bV
S P

0998 1"~
Sy = \/m (11) 0.996 -/,/_ yd
0.

whereQ¢,, corresponds, as mentioned in Section I1.D, to the o ' '
maximum reactive power in the power flow data.

A typical value for the synchronous reactance of a generator
X@, usually lies in the rang®.6 p.u. to 1.5 p.u., in the
generator's own base. Hence, it is assumed hereXhat 1
p.u., which allows to readily obtain the required valuesXgf

L1 L2 L3

Fig. 7. Normalized maximum loadability values,.. for different OPF
models for the 1211-bus test system.

as follows:
2
Xg = < SB > <E> _ (12) The generators’ minimum reactive power limits provided in
Sau VB the power flow data set are used to defihe,.i, in all models.

where the subscript® refers to the system base values, angnally, to allow for more relevant results and comparisons
Vi stands for the generator's base voltage, which is typicafjnd Without loss of generality, the value s max (prime
the same a¥’s. mover limits) are assumed here to bé Pg,, and1.04 Ps,,

The maximum stator current of a generator is obtained 6?/" CIGRE-32 and 1211-bus test systems, respectively.
dividing its rated apparent power valug;,, by its rated
terminal voltage [27], [28]. Since, the value B, is typically B. Maximum Loadability Sudies
provided as part of the generator’s parameters in the powelFor the CIGRE-32 test system, the maximum loadability
flow data, the value off, max in p.u. for a given generator values A\, for the three different models L1, L2 and L3
may be calculated as follows: are depicted in Fig.6, normalized with respect to the value
obtained for L1 for comparison purposes. For the 1211-bus
system model, similar plots are shown in Fig.7. Observe
in Fig.6 and Fig.7 that the L2 model presents the largest
The generator’s maximum excitation voltagg m.x may then maximum loadability values, with the L3 model following.
be calculated as follows: The reason for the L2 model yielding larger values than L3 is

X V2 2 due to the fact that the Q-limits in L2 are higher than those
S o
=17 \/<QGM + Xis> +P . (14

Sa
Iamax = =5 13
. 13)

associated with, limits in L3, as discussed in Section II.D,
since the terminal voltage of every generator at the salutio

Efmax



TO APPEAR IN IEEE TRANSACTION ON POWER SYSTEMS 8

14600 12
0
14400 = - o n
14200 ———h ‘\v\i 2 1 — -
14000 g N » -
13800 Y g 5 8 ik aad
W "/ v E- }v
. 13600 d 5 < A
ape il B o~
> =
13000 M2 Cw 4 : e
12800 v M3 -
12600 o g 2 M3
12400 , 2 o ! ! ! .
098 1 102 104 106 108 11 112 X 5 s skl e
k, k,

Fig. 8. Social benefit as load increases for the differenegsor reactive Fig. 9. Average supply-side LMPs for the different generagactive power
power limit models for the CIGRE-32 system. limit models for the CIGRE-32 system.

point for L3 is equal or smaller thak,,, whereas the L2 model

limits are insensitive to generator voltage reductionggrio o 1
Fig.3 that the Q-limits associated witfi; remain practically s 12 A
unchanged as the terminal voltage changes. On the other har 5 _ 10 -
the L1 model yields the lowest values mainly because of th & § 3 }"5':/'
extra reactive power capability available in the L2 and L3 5 S I ——M1
models associated with the representationEgf limits, as on i P
explained in Section I11.D (see Fig.2). E 4
g 5 M3
< 0 T T 1

C. Market Auction Studies

1) CIGRE System: In this case the demand was assumec
to be elastic, i.e. the demand is assumed to participate i k.
the auction by providing power and price bids. To better
compare the different models, different loading condgion
were considered by gradually increasing the load levels Bl 10. Average demand-side LMPs for the different geweratactive
multiplying the demand maximum and minimum power bidgower limit models for the CIGRE-32 system.
Pp min and Pp nax by a factorky,.
The SB values and supply- and demand-side LMPs ob-
tained for the 3 different market models M1, M2 and M3 as (g5

0.98 1 102 104 106 108 11 112

load levels increase are depicted in Fig.8, Fig.9 and Fig.1( 3 g4 -

respectively. Also, Fig.11 shows the average values ohgelt o ;g

magnitudes over all buses, and Fig.12 illustrates the ectiv & . /

power losses in the grid. Observe that all models presegt vel £ 0975 }'/

similar values in all cases. The reason for these simiggriti S { ol
is the fact that, in the case of inelastic load, the load re E' 07 v 2 { ——Mm2
sponsiveness to system conditions diminishes the effeet of § *°* AR A M3
better representation of the generator reactive powetdimi I 009':

This is confirmed by the results obtained for the Europeal
network, which is more realistically assumed to have ar
inelastic demand, resulting in more significant differenae k,
voltage magnitudes and losses for the different modeling o
generator reactive power limits, as discussed next.
2) 1211-Bus System: For this test system, the demand is
assumed to be inelastic, which is the usual case in practfdg 11. Average voltage magnitudes for the different getverreactive
. L. . ower limit models for the CIGRE-32 system.
[10]. Accordingly, the objective of the problem turns intd’
simply minimizing the electricity production costs; hence
the following classic quadratic cost function for generato

0.98 1 102 104 106 108 11 112
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Fig. 12. Active power losses for the different generatoctiea power limit  Fig. 14. Average supply-side LMPs for the different germratactive power

models for the CIGRE-32 system. limit models for the 1211-bus system.
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Fig. 13. Social benefit as load increases for the differeneggior reactive Fig- 15.  Average demand-side LMPs for the different geweratactive
power limit models for the 1211-bus system. power limit models for the 1211-bus system.

is adopted here:

980
_ P2 . ) . 960

C (Ps) = ; (a;P3,; + biPs,; + c;) (15) - //"“P
920

7/
900 R 777 .

880
860 -%’4 # —-
840 N~
M3
820 \/(
800 T T T T T 1
0.99 1 101 102 103 104 105

wherea;, b; andc; are cost parameters ¢f* generator, which
were all available for this network.

The load levels were increased also using a multiplying
factor k;, to examine and compare the models’ performances
Figures 13 to 15 show the&B values and supply- and
demand-side LMPs ak;, changes for the 3 different market
models M1, M2 and M3; similarly to the Cigre-32 case,
these results are very similar with no noticeable diffeemnc k,
among all models. Figures 16 and 17, on the other hand, show
more significant differences among the models for voltage
magnitudes and power losses, with the model that has the most
reactive power reserves (M2) yielding the best voltage fe®fi Fig. 16. Active power losses for different generator re@ctpower limit
and lowest losses, and the model with the least reserves (I\Wfﬁj els for the 1211-bus system.
yielding exactly the opposite results, which is to be expect

Active Power Loss [MW]
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TABLE Il
1211BUS SYSTEM Q-PROCUREMENTRESULTS
= i'g: [ R2Z [R3 [ % Change
3 | SAF 51895.4] 60284.5]  +33.78
& 107 5 7S 7 ISO Pay [3] || 25933.6| 8815.05 66.01
gn 106 /4 - n— S Vipul 128552 | 1227.13 454
& 105 S~ Qc [p-ul || 541.861| 549.447 +1.4
5 /
S 104 7 !
& 103 B
S 1, 4 TABLE IV
4 ol [/ L COMPUTATIONAL COSTS FOR THEL211-BUS SYSTEM
< 8
1 T T T T T | | R2 R3
0.99 1 101 102 103 104 105 CPU Time [s] 1411 15725
kl Iterationsk in Fig.6 1 12
) _ _ _ 2) 1211-bus System: This system was divided into five
Fig. 17. Average voltage magnitudes for different generegactive power “voltage" zones based on the system security sensitivixgofa

limit models for the 1211-bus system.

TABLE Il
CIGRE-32 SYSTEM Q-PROCUREMENTRESULTS

1, n and-~, obtained from the OPF-DM calculations discussed
in Section IV.B, since these values reflect the sensitivity o
the system’s maximum loadability with respect to reactive
power injections at different buses. There are a total nurobe

SAE 9] I ;9258 | :73698.2 [ % ergggoe 190 generator bgses, and the corresponding bidding vatues f
SO Pay 3] 19065 | 1927 11 +1.09 reactive power, i.emg, m1, me andms, were chosen based
> Vip.ul 39.1941 | 39.1892 -0.01 on the following criteria:

> Q¢ [p.ul 8.18 | 8.22 +0.49

o For the availability valuem,, if the generator is dis-

patched for active power, this value was assumed to be
zero, following Ontario’s reactive power pricing policies
[18]. On the other hand, if the generator is not generating
active power, then this value is setit@, = a in the cost
equation (15).

The pricesm; = mo were chosen based on the active
power loss prices that can be determined from the cor-
responding cost equation (15), and a linearization of the
relation between reactive power and active power losses
of each generator at point M in Fig.2.

For mg, a similar approach to the estimationaf, and

D. Reactive Power Procurement Sudies

In the following studies(';, is assumed to be 100 $/MWh,
which is a relatively typical high value for the Hourly Oritar
Energy Price (HOEP) [29]. The generators are assume to bg
compensated over the whole capability region for lossed, as
is done for example in Ontario [18]; thuQc,,, andQ¢,, are
both set to zero.

1) CIGRE System: For the Cigre-32 system the values
of Qa,, the m bids, and security sensitivity factors, n .
and v are all assumed to be the same as in [18]. In this m, was followed, but using in this case a linearization
reference, the authors consider two loading conditiormsahg of the relation between reactive power and active power
light and heavy loading; here, the latter case is used, since output of each generator at point M in Fig.2.

it corresponds to stressed system conditions, but with some

minor generator and load dispatch level differences. Thimmd he values of SAF, expected ISO payments, sum of voltage
results of applying the original R2 procurement model arf@agnitudes over the grid, and sum of the values of generated
the proposed R3 model are illustrated in Table II, where thgactive powers are presented in Table Iil for both models

values of SAF, expected Independent System Operator (|5j3)’».5 and R3. Note that the overall results voltages and reactiv

payments, sum of voltage magnitudes over the grid and tR@wer are similar to the ones obtained for the 32-bus CIGRE
sum of the values of generated reactive powers are presenf¥§tem, i.e. voltages in general decrease while generator
Observe that the SAF and voltage profiles are higher for kactive powers increase in model R3 with respect to R2,

than R3, whereas the 1SO payments for reactive power ai9d the same voltage support and Q-limit reasons explained
total generated reactive powers are lower. This was exgectd the previous section. However, the changes in SAF and
from the previous comparisons presented in this sectiosesi SO payments are the opposite and quite significant, which is
for the given stressed conditions, when the effect of g&neramainly due to the significant differences in the assumed bids
terminal voltages in the corresponding capability curvess adetween the two test systems.

considered in model R3, generators at their capabilitytimi Finally, Table IV compares the computational burden be-
in the voltage depleted regions generate less reactive rpowweeen the R2 and R3 models in an IBM Windows sever with
support with respect to model R2, forcing generators aw&y 32-bit processors. It is clear that the R2 model is more
from these regions to generate more reactive power to trydoonomical from the computational point of view, which is

support these system voltages. to be expected given the higher complexity of the R3 model.
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V. CONCLUSIONS

A comparative assessment of different representations [9;]
reactive power limits in the context of 3 different OPF ap-

plications in voltage stability and electricity market diies,

namely, maximum loadability calculations, an energy aurcti [19]
and a reactive power procurement procedure, was carried out

The accurate representation of generator capability dirimit

these OPF models, where field and armature current Iimﬁ%g]
as well as terminal voltages are explicitly considered, was

11

[17] K. Bhattacharya and J. Zhong, “Reactive power as arilanciservice,”
|IEEE Trans. Power Syst., vol. 16, no. 2, pp. 294-300, May 2001.

I. EI-Samahy, K. Bhattacharya, C. Cafizares, M. F.o&pjand J. Pan,
“A procurement market model for reactive power servicessa®ring
system security,|EEE Trans. Power Syst., vol. 23, no. 1, pp. 137-149,
Feb. 2008.

M. J. Rider and V. L. Paucar, “Application of a nonlineegactive
power pricing model for competitive electric marketd£E Proc.-Gener.
Transm. Distrib., vol. 151, no. 3, pp. 407-414, May 2004.

M. A. Tabrizi and M. E. H. Golshan, “Comprehensive model
simultaneous pricing of active and reactive power based argimal
cost theory,” inProc. IEEE PECon 08, Malaysia, Dec. 2008, pp. 1-6.

studied and discussed. The various OPF models were applf@dl C: - Taylor,Power System Voltage Sability.  New York: MeGraw-Hil

to the CIGRE 32-bus benchmark system and a 1211-bus mogsj Y? Kataoka and Y. Shinoda,
of a European grid, analyzing the effects that the different

representation of Q-limits have on the associated results.

The different studies presented in this paper clearly Shé\z,\?]

that the better representation of generator capabilitytdins
important under stressed conditions, with the explicitespn-

tation of generator terminal voltages on generator ca';lrﬁbil[25]
limits playing a dominant role. However, in most cases, the
observed differences may not be that significant to justify t [26]

increased computational complexity in practical appiaad.
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