IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 17, NO. 4, NOVEMBER 2002 1283

Corrections

Allocation of the Reactive Power Support
Requirements in Multitransaction Networks
(Republished)
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Abstract—This paper presents a new physical-flow-based mech- system operators (ISOs) [1] or regional transmission organiza-
anism for allocating the reactive power support requirements tions [2], has, typically, exclusive authority for maintaining the
fggﬁ‘l’t'gggtz;ggvgeegfratoorrtsr'e” mfe'%reiqza;:'eoge’;ﬁ]t&omhTrgg ?sl;;t security/reliability of the system and is responsible for provi-
to the support requiFr)gd for ?he network with no transactio[r)ws sion/acquisition of the required ancillary services. Among the
in place. The requirements in the presence of the proposed ancillary services, the reactive power supportis essential for the
transactions are formulated as the sum of two specific com- System operator to maintain an acceptable system voltage pro-
ponents—the voltage magnitude variation component and the file by setting the voltage magnitudes at the controllable buses
voltage angle variation component. The formulation utilizes the g as to keep the voltage magnitudes at the other buses within
multltrar!sactlon framework used for thg allocation of Ipsses. The specified ranges. The reactive support provided by generators is
formulation leads to a natural allocation as a function of the - . . P
amount of each transaction. The physical interpretation of each one of the six ancillary services specified in the FERC Order

allocation as a sensitivity of the reactive output of a generator NO. 888 [1]. The focus of this paper is the allocation of the

is discussed. The extensive testing indicates that the allocationvoltage support requirements among the various transactions on

scheme approximates with good fidelity the actual net VAr out- the system.

IL?W frorln ea(;th gegera:ortﬁnd IS ab'f to def:,' effeC“Ve|3|’, V‘,’{th The characterization and evaluation of the reactive power
€ nomineariies gue o the generator reactive power Amis. support requirement allocations present a very challenging

The numerical results also indicate that the proposed scheme . . . - .
behaves in a physically reasonable and intuitive way. task. This is particularly true in the new unbundled regime with

i ) ) . the many transactions in place at any point in time. Typically,
Index Terms—Allocation, ancillary services, electricity mar-

. X ; S in the commercial marketplace the transactions specify the real
kets, multitransaction networks, reactive support, transmission ST ;
services, unbundling, voltage control, voltage profiles. power traded and no mention is made of reactive power. Yet,

reactive power support is a fundamental need for a network
to provide transmission service. In fact, the reactive power
. INTRODUCTION support requirements of a network in the absence of any trans-

HE RAPIDLY spreading open access regime is leading ﬁ\ptiqns is.cons.idgred to be an intrinsig part of the trangmission
T the disintegration of the vertically integrated utility strucS€rvice, since in its absence the required voltage profile could
ture. The dramatic increase in the number of new players and fd be maintained. As such, we consider this support as an
growing pressures of the competitive marketplace are resultifgegral part of the transmission service and consequently a
in the proliferation in the number and volume of power transagt/antity that cannot be allocated to the transactions. We use
tions. The introduction of open access transmission is often &2€ intrinsic voltage support requirements as the reference level
companied by the establishment of an independent grid operdfgfM Which the additional requirements due to the presence of
(IGO) and the unbundling of electricity services. The IGO, in ithansactions are evaluated. Some of the complications in this

various implementations around the world such as independg}gluation are due to the local nature of reactive power. As is
well known, reactive power cannot be delivered from a source

to an electrically remote sink, due to the reactive nature of the
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particular generator; while, a nonnegative sign indicates tH&O-imposed transaction schedule after all the necessary
the VAr support from the generator is injection or additionadctions for congestion management have been undertaken.
reactive power. Physically, the algebraic sum of the allocatiofite proposed scheme gives physically meaningful results.
for all the transactions to a specific generator is meaningfMoreover, a key attribute is its ability to handle the nonlinear-
since it is the net support provided by that generator. On thies arising from the generators’ reactive power limits. The
other hand, the algebraic sum of the allocations provided bysically intuitive behavior of the allocation scheme under a
the various generators is a nonhomogeneous term and, as suahety of conditions for different test systems is an attractive
the total reactive support required by each transaction isfemture of the proposed mechanism. We give a sample of
physically less meaningful term. representative results to illustrate the scheme’s application.
The reactive power generation/absorption at a generator isThe paper has four additional sections. We review briefly the
easily computed given the system state. The reactive outputratltitransaction framework in Section Il and discuss the charac-
each power generator is measurable, but there is no physiegization of reactive power support requirements in Section Ill.
way of verifying its allocation among the transactions preseWfe then construct the proposed VAr allocation scheme in Sec-
on the system. For commercial reasons, there is a need tion IV. We present a representative sample of numerical results
allocating the reactive power support to the transactions oniadicating the strong performance of the proposed scheme in
equitable and transparent basis and to make such informat&gction V.
available on ana priori basis. Thus the allocation of VAr
support requirements is not a simple matter and involves a [I. TRANSACTION FRAMEWORK
good amount of arbitrariness. Since there is no physically
meamn_gful measurement scheme_ nor a theoretlcally-ba e sider a systenV + 1 buses andV/ transactions. Fom —
evaluation methodology to determine the VAr requirements

. >2..... M, the transactio ™ involving the set of selling en-
caused by each transaction, a new scheme must be develotﬁleedss(m) the set of buying entitieB™ and the MW amount
to make available the required information. :

(m) i i
A number of different allocation schemes has been proposted Is defined by the triplet

based on various assumptions and approximations. In [3], real T = {t(m)7 stm), B(m)} 1)
and reactive power flows are considered separately and the (e
active power generated or absorbed by the line is taken into ac- (m) m) _(m)) . (m)
count by using fictitious nodes in a system model specifically ST = { (3 1 0 ) pi=12,0 Ny } @)
developed for the analysis of the reactive power flows. A de- Bm — { (b(m) ﬂ(m)) =12 N(m)} 3)
composition of the power injections based on real and imagi- 70 ’ PR )
nary currents has been proposed in [4], where the results depppgleach transactiom, the selling bus{™ provides the frac-
on the location of the system angle reference. The loss alloggy, (") of the total MW amount(™ withi = 1.2. . . .. N™,
tion scheme proposed in [5] uses an operating point definedé'?n”érly the buying bus™ receives the frac’tidﬁ(nl’) of the
terms of bilateral transactions. The allocation mechanismin [ ’ (m) wi o (m) J :
uses the power flow without transactions and requires two adEﬁ}a! MW a(mg)untt withj =1,2,..., N, The fractions
tional power flows for each transaction. The Aumann—Shapléy ~ andg;™’ must satisfy the convexity conditions
methodology [7] was also applied to determine the allocation af
reactive support requirements [8]. This application did not fully Ul(m) -1 andaz(m) efo,1]fori=1,2,...,N™ (4
exploit the physical characteristics of the reactive support nof—; '
the nature of the allocation problem. NG
The objective of this paper is to allocate reactive power (m) _ (m) L (m)

support requirements in a multitransaction system taking int;: g =landgim e [0.]forj =1,2,..., N7 (5)
account the generation VAr limits and the interaction with the’ . .

We formulate the expressions for the power flows in the net-

network. Thus, by design, the proposed allocation does not K licitly in t f thel/ t i W I
incorporate economic efficiency goals. We make use of t pri explicitly in terms o ransactions. We assume a

mathematical multitransaction framework developed in [9] arld® real power losses to be compensated by the slack bus at node

extend it to incorporate a detailed description of the reactige In this framework, the amount of th? power injection at any
power flows. We formulate the VAr support requirements i ush =0,1,..., N due to the transactiom is expressed as
terms of the change from the no transaction reference case P,Em) = 6,(Lm)t<m) (6)
corresponding to the intrinsic reactive support required by thg .« he components of the vectsr) are

transmission system for the specified set of control variables. (m) B

Using the voltage magnitude specifications used in the ndn =

e use the multitransactions framework developed in [9] to

i

transaction case, we compute the power flow solution with all ( (™) it h=s" i=152 . N™

the specified transactions to determine the allocatable reactiv _ﬂ(m) if h = b<’"').i - 1.9 N
support requirements. We decompose the requirements int (nf) ' (m) %m)/ (m) - b (m)
two specific components—the voltage magnitude variation | i =B h=s77=b7"0=12,...,N;
component and the voltage angle variation component—and i=12 ... 7lem)
allocate these components to each transaction. Note that tha 0, otherwise.

power flow solution with all the transactions in place is the @)
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Additional discussion of this formulation may be found in [9]assumption tha®{, — 6;), for k € Q@ andi € Hy, is small. This
We complete the formulation by defining the following sets: assumption has the following implications:

Q
2
Q° = the set of the nongenerator buses, with cardindd}y. cos (B — ;) ~1 — (0r — 6;) (12)
. ) ' 2 )

Note that|@| + |Q°| = N + 1. We associate with each busthese conditions are weaker than the dc power flow assump-
i =0,1,2,..., N the setH; of buses connected to busthe  tjons (see, for example, [9]). We first compute the reactive power
voltag?l magnitudé’;, the voltage anglfi, gnd the real power injected in the line connecting buse Q to bus: € H,, for the

load P and the reactive power load;. Without any loss of ¢ase of no transactions on the system and we use the superscript

generality, we set the voltage andlg = 0 at the designated ¢ to denote this case. Since fore Q, the voltage magnitude
slack bus 0. The voltage magnitude at the generator luge@ /0 — s and (11) becomés

is specified ad/, = V.

the set of the generator buses, with cardind@y sin (6 — 0;) ~0r — 0;

> 1>

For the transmission line, we consider thenodel. Fork € Q0 = _%VQ _ Tk 10 (90 B 00)
Q and: € H}, we characterize the line connecting buso ki= g Tk 22, k¥i Uk = Vi
bus: with the series resistaneg;, the series reactaneg;, and ’ ( o _ 90)2
the modulus of the series impedange. We denote by,; the +";’” VZ -V, VP (1 _ kib)] . (13)
total shunt susceptance. Thgth element of the bus admittance Plei 2
matrix is Gg; + j Bgi.

The real power flow equation at busis Then

M 9,0 _ 0 14

3o =GV + Vi Y Vi < E%k i 4

m=1 P

et ] is the no-transaction generation at Buss @. Equation (14)
: [Ghi cos (0 — 0:) + Bpisin (0, — 9%‘)} expresses thimtrinsic reactive power support provided by the
h=1,2,...,N. (8) generators to maintain the specified voltage profile in the ab-

. . sence of any transactions. This quantity is an intrinsic part of

We complete the formulation of the framework by stating,q hqyision of transmission services and as such is not allo-
Sted to any of the transactions that may be undertaken.
&We next consider the network with the proposddiransac-
tions. The presence of transactions changes the voltages at the
buses that are not voltage-controlled and we write these voltage
_Q;@ =B,V +V, Z v, [Gji sin (8; — 6;) magnitudes as

ieH,

—Bji Ccos (6]' - Hi)i|, VRS QC. (9)

) . ) . ) Note thatV;, = V;? for k € Q. For any generator reaching its
This support is considered to be provided entirely by the gengguctive power limit, the power flow imposes the reactive power
ator buses. At each generator lius @, the net reactive power generation at the active limit and changes the voltage frgm
outflow is the sum of the reactive powes,; injected into the o a new valud/. We setV;, = V; in such a case. We rewrite

expression for the reactive power support requirements of t
transmission system. The reactive power equation af lsu@“
is

Vi=V2+ AV, forie Hyg. (15)

line connecting bug to busi € Hy, (11) by using (12), (15), and (16)
QF-0i= Y Qu (10) A
icH, Qri =~ 7Vk2 - Z—zinViO (0}, — 0;)

where o Y

bri Thi + I[;z Vi | Vi — VL-O 1- —( k i)
Qri = —— Vi — 5 ViVisin (0), — 6;) zz; 2

: - Vi (6 — 0:)°

Tki k k—0;
7 [V = Vivicos (i = 60)] . (1) =2 |7 (0= 0 + o (1 - f) AV;

We use the framework of this section for the formulation of the (16)

reactive support requirements of a multitransaction network. .
We further substitute for the voltage angles

I1l. REACTIVE POWER SUPPORTREQUIREMENTS b, =9?+A91; fori € H, (17)

In this section, we evaluate the VAr support requirements O, =0 + Afy fork € Q andk # 0 (18)
under certain simplifying assumptions. The focus is on the

system-wide requirements and so we assume that any locdlf ri; < xi; for all the lines of the network, the no-transaction network
is essentially purely reactive. In such case, the anffles 62 ~ 0 fori,j =

reactive load is locally met at the bus. In other words, W, 5" """y and the reactive power flowing into the line connecting basd

assume that at each load bus the power factor is 1.0. We usetilsg become)?, = —by.,/2V2 + x4 /22, [V2 — VOVi].
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into the second and third term of (16). Furthermore, let Le}\us multiply and divideAV; by the total weighted net load
Zh;o Pylwin

VVO (Ag —AH)Z N
Ao _VEVE | o (MG~ AG)? AV
YA i (A0 =A%) + 2 AV =x— Z Pilwgp,
> Pilwip h=0
+ zk; (0 — 67) (AGr — AG;) (19) h]\:/[o N

and = A% Z [— min (0; 6}(Lm)) wiht(m)}

N
m=1 Pdw, h=0
Vi Z h Wih
AV _ _2k |:"ki (0, — 6;) h=0
ki
Oy, — 0;)°
o (1 _ %>
to travel, the w;;, of the busesh in the vicinity of the busi
L .._have an impact. As such, we use the device of a simple decay
0 L
and recall the definition o}; from (13). We may thus rewrite ¢nction for attenuating the impact of the loads located at far
(16) as buses on the voltage magnitude variation component. A natural
0 AV N candidate is an exponential function of tt@ncentricdistance
Qri = Qpi + Qi + Qi - (21)  ofthe load bus from node We setw;;, = 1if h = i orh € H;,
w;p, = e~ 1 if the concentric distance is two buses;, = e~?2 if

We call Q" thevoltage magnitude variationomponent and the concentric distance is three buses and so on. It follows then
Q%Y the voltage angle variationcomponent of the reactive from (23) that

power injected into the line connecting a generator bus Q

(25)

AV (20) where the weighting factar;;, is used to reflect the local nature
‘ of the reactive support. Due to the inability of reactive power

to a busi € Hj. These components are in addition to the AV AV N (m) )
intrinsic VAr support requiremeng?, of the network. The Qy~ = Z Qri = Z vy t"keq  (26)
presence of the two componerds:” and Q% is attributed icH) m=1

entirely to the transactions. These additional reactive suppgJitere
requirements expressed by these two components result in
added VAr support from the generators. In (16)—(20), is L) _ Z {_Vk

eitherV;? or, in case the reactive limit is reachdd!. We next ke 22,
develop the physical flow-based allocation of these additional

0, —0;)*
Thi (O —0i) +Tpi (1— %)]
iGHk

N

requirements. . m
q > [— min | 0; 6}(L )) wih}
i h=0 AV
IV. PROPOSEDALLOCATION APPROACH N i
o . P,
In analogy to the split in (21), the net reactive power outflow hZ::O i
from a generation buk € @ may be written as k€qQ. (27)

QU = QY — QL = QY + QY + QU (22)  We adopt the approach used in [9] for the allocation of the
real power line losses to allocate the compor@ff . We next

where@? is given by (14) and impose the assumption thet; < =;;. Then, the voltage angle
changes with respect to the reference case are approximated by
Q!];AV — Z QA.V . N A L 1T
k ki using the dc power flow results. Lét= |61,0>..,05| be the
icH, vector of the bus voltage angles computed by the dc power flow
Q%M _ Z QAP (23) using theN x N submatrixB’ obtained from thé N + 1)-bus
<H ! network susceptance mati by removing the slack bus. Let
2 k

D = [d;;] = (B’)~". Itis then possible to write the dc power
The allocation of thenet VAr outflow from busk € @ is ac- flow equations in the form
complished by allocating the compone@s" and@#? among o
the M transactions. The reactive loayf indirectly contributes Bl=— Z s pm). (28)
toward operating the generator closer to its reactive limits. ~
In line with our assumption that the componént" is en- _ "= _
tirely due to the transactions, we attribute the voltage variatidiie allocation of the voltage angle component is based on
AV; at each bus € Q° to the presence of the transactions ifiewriting the voltage angle variation component in terms of the
the system. Using (8), we may write thetreal power Ioad’,‘f approximation
atany bush = 0,1,2,..., N interms of theV/ transactions as 0
~no _ ViV
ki — 5 (—Tki +
Zki

2

(6 — 6;) + ‘2‘ (99 - 9,?))

(ék - éi) . (29)

M

Pl == 3" min (0360 ) ¢, (24)

m=1
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The term (ék - éi) is then expressed in terms of the transactions TABLE |
using the same approach as in [9]. Thus TRANSACTIONS IN THE TEST SYSTEMA
M (@) G )
A A . m | "™ [MW] N B
O —6; = Z W,(CT)T‘/(m) ke@,i € Hy (30) 1| 350 [((8.100%)) [((7.47%){10.14%).(21,23%).(23.16%))
m=1 2 | 324 [((11.93%), [((3.7%).(8.93%))
(13,7%))
where 3| 561 [(0.72%),  [((5.78%).(23,6%),(24,16%)}
(13,28%)}
WI(CT) = /M(cm) - Mgm) (31) 3| 500 [((5.100%)  [((5.100%))
5 | 332 |((2100%)) _ [{(14,19%),(19,29%),21,52%))
with 2™ = 0form = 1,2,...,M, dy = 0for h = 6§ [ 217 [((13.100%)] [((2.100%))
1.9 N and 71 550 [(015%), |((1,19%).(4,14%),(741%),(10,11%),
AR (2,85%)) | (15,15%))
N N ; m) NG
(m) _ _ (m) (m)
P == Zdh,,é,(]”) - Z dhb(y’")ﬂj - Z dhsf"‘”’i : TABLE I
v=1 j=1 ' =1 TRANSACTIONS IN THE TESTSYSTEMB
(32)
We use this expression for each line connecting the generator m [ ™ [MW] s B
ini ot 1 | 2550 [((0,100%)) [((0,22%), (12,78%)}
busk € @, obtaining the voltage angle variation component for T 270 Jlai00%) [(6.22%) (12.75%)
each generator 3 | 161.0 [((0,75%),  |((5.8%),(9.75%),(10,3%), (15,14%)}
M (3,25%))
S0 _ A0 (m) T 3220 [(8.100%)) [((21%), (3,13%), (6,8%), (8 41%),
Qy, - Z Qri = Z Sk £ (33) (13,5%), (16,13%), (17,13%)}
ieH, m=1 5| 1225 [((0.61%), [((1,5%),(14.9%),(18,23%), (19,3%),
(1239%)}| (20,2%),(23,5%),(25,5%),(32,2%),
where (33.3%),(41.5%),(47,24%),(54,3%),
(m) _ (55,5%), (56,6%))
kT o 6 | 1633 [((8.88%), |((27,6%), (28,3%), (29,10%), (30,2%),
ViV, Tk Tk (12,22%)} (31,4%), (38,9%), (42,4%), (43,1%),
Z ki (—frki+ M) — ;) + (02—0?)) xm. (44.7%), (49,11%), (50,13%),
cH Zki 2 2 (51,11%), (52,3%), (53,12%)}
i k

(34)
Note that in (34)V, = V;* or, in case the reactive limit is guently are included in the provision of reactive power support.
reachedV;, = V{. The sum of the entities in (27) and (34)The slack bus of each network has been renumbered to be bus 0.

gives the total amount of VArs allocated to each transaction f¥fe use the values of the voltage setting poiifs & € @ and
each generator the reactive power generation limits as specified for the IEEE

(m) _ . (m) ,(m) B test systems. The voltage profiles required at byisesQ“ are
Qka =Mt m=12,...,M (35 within the range [0.9, 1.05] p.u.
where We defined transactions for each of the two systems to supply
i =M M =12, M (36) the loads in the network. The sets of transactions are specified

Since the sum of the allocated amounts will be an appro>'<r|1—Talbles | and Il for thefest Systems #ndB, respectively. We

mation of the voltage magnitude and voltage angle variatigﬁsseutmofféhgig;g {;i?;’;igﬁgs\;tillgga;{'(;?érsntgobne 2§[ifggmed on
components, we have that may be approximated by . . o y g )
We discuss our investigations of the overall ability of the pro-

QP =Qf -t = Q" +Qf, (37) ' posed scheme to approximate the VAr outflows from the gener-
where ation buses when compared to those computed by an ac power
M flow. Q™" computed using (37) is compared to the power flow
9 = Z Qém). solution of (10) and (11) for each generator bus Q. We
R S tested the robustness of this approximation by uniformly scaling

_ L _all the transaction amount§”™), m = 1,2,..., M. The re-

We next examine the application of the proposed aIIocatl(%r&“S indicate agreement over a broad range of scaling factors.
scheme to test systems. Fig. 1 shows a representative comparisorfedt System for
scaling factors over the range [0, 2]. The unity scaling factor
corresponds to the base case. These results are representative of

We have tested the proposed scheme on a number of differdagt good tracking of the ac results by the approximation in (37)
test systems. We present a representative sampling of thefeg-each of the generating units of the network over this wide
sults on two test system$est System AndTest System B. Testrange.
System As derived from the IEEE 30-bus system by eliminating We study the behavior of the allocation scheme in response to
the shunt capacitors at buses 10 and 24 and by setting all the variation in the scaling factor. We found that the allocation
transformer ratios to 1 p.dest System B constructed using the responds in a physically reasonable way for the various systems
IEEE 57-bus system by eliminating the shunt capacitors at busested. For example, Fig. 2 shows the impacts of varying the
18, 25, and 53. ITest System ,Bhe synchronous condensergransaction amounts on the reactive support requirement alloca-
at buses 2, 3, 6, and 9 are considered as generators and cdlmng’fZ, for the generator at bus 13, for each transaction. The

V. NUMERICAL RESULTS
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TABLE Il
Test System A

70 ~ 4 GENERATOR BUS INDIVIDUAL ALLOCATIONS IN MVA RS FOREACH

60! —— 0 /f (approximation) TRANSACTION FOR THEBASE CASE OF TESTSYSTEMB
'g 5O | e Qlf (AC) 0 2 3 6 3 9 12
> ) ( (m) (m) (m) (m) (m)
S 404 generator at , STZ 2,”:1) 3,a 6,a 8,a 9,a 12,a
O 304 e 0.07 19.76 0.19 -5.71 0.67 -0.33 2.77
g 0.08 1.20 0.31 0.03 0.22 0.23 -5.19
2 20 - 065] 022] -153] -12.83 393 1029] 1018
2 0. 012] 395 147 058] 056] -11.40] -3.40
g 0.76 3322 | 40.96 -0.19{ 79.14| 98.53| -29.78
o 0 0.09 2.09 2.55 -6.38 7.24 -4.17 -5.16

-10 , 177| 6044 | 43.95| 2451 91.75| 93.15| -30.59

-20 : ; . ‘ 2.0

0 0.5 1 15 2 v |-89.25| -78.53 | -42.07| 71.37 (-118.79 4.63 | 145.99
transaction amount scaling factor 5 &, net

k -87.48 | -18.09 1.88 | 46.87| -27.04| 97.77| 115.41

Fig. 1. Comparison of the performance of the approximation of the proposed
allocation scheme with the ac power flow results.

Test System A — AD ,f / A3 (allocation)
14 -
- AQ S /At(3) (AC)
< _ k
< 12 - m=7
S m=1 >
= g
+ 10 - 2
c 7]
2 8 5§
8 m=6 25204
2 ¢ m=3 83
© N bus 3
m=s §So /
kel 4 o~
= m=2 2
[}

g2 g

m=4 =

0 . : . :
0 05 1 1.5 2

transaction amount scaling factor

scaling factor for the amount of transaction 3

Fig. 2. Response of the allocation scheme for the generator at bus 13 to uie

uniform variation in the transaction amounts. ) . .
Fig. 3. Comparison of the allocation scheme response to that based on the ac

power flow calculation to the variation of the amount of transaction 3 with all
scaling factor is uniformly varied over the range [0, 2]. Note th&ther transactions remaining fixed.

for transaction 4, defined with both the seller and the buyer at

bus 5, no reactive power support is allocated at any generaighqe of the scaling factor. We plot the results in Fig. 3 for some
bus. This is correct since, in effect, this transaction doess®t of the generators. For a scaling factor in the range [0.6, 0.85]

the transmission system directly , the generator at bus 9 violates its lower limit. For scaling factor
We consider in more detail the allocated support requirementsy o range (0.85, 1] no violation occurs, the generator at bus

to the generators for each transaction for the base case Cond't“ipﬁrovides additional reactive support and causes a reduction in

The results are shown in Table IIl fdest System .Brhe be- e sensitivities for all the generators. In all cases, the allocation
havior of the allocation scheme is examined with respect to the, s track very closely the ac power flow results.

intrinsic reactive support displayed in the penultimate row. The
final row provides the net reactive support of each generator.
The individual support requirement aIIocatio@é’Z) at busk

for transactionn may be positive or negative. An interpretation A new physical-flow-based scheme for allocating the reactive
of Q,(:’Z) from (35) is obtained by considering the impacts on theower support provided by the generators to the transactions in
allocation of the variation of the particular transaction amourd.multitransaction framework has been presented. The proposed
We consider all transactions with fixed amounts, save for trarscheme allocates the net reactive power outflow from the gener-
actionm for which we vary the amount™). At each generator, ator buses in a physically meaningful way, by explicitly taking
the resulting change in gives a satisfactory approximation of th#o account the interactions with the network and the nonlin-
change in the generator reactive power output. We illustrate tleiarities due to the generator reactive power limits. The logical
approximation using th@est System.BVe hold all transactions next step is to marry the reactive power allocation with reactive
constant and vary the amouttt) with a scaling factor over the power pricing [10]-[12], so as to incorporate the economic effi-
range [0.6, 1]. The scaling factor 1 corresponds to the base casmcy goals. This is a highly challenging undertaking since the
t®) = 161 MW. Using 1 MW steps we compute thensitivi- pricing of reactive power is considerably more complex than
tiesAQ? /At andAQ? /At®) at each value of®) over the that of real power due to generator capability curve impacts

VI. CONCLUSION
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[12]. The presence of positive and negative terms in the reagi1] S. Hao and A. Papalexopoulos, “Reactive power pricing and manage-
tive power allocation of each generator presents a further com)-_ ment,"IEEE Trans. Power Sysol. 12, pp. 95-104, Feb. 1997.

licati Whil tor needs to be compensated for its nI:;:IIZ] G. Gross, S. Tao, E. Bompard, and G. Chicco, “Unbundled reactive sup-
plica _'On' lle agenera . p . ! port service: Key characteristics and dominant cost componitiE
reactive power output for each transaction, the fair compensa- Trans. Power Systvol. 17, pp. 283-289, May 2002.
tion mechanism must explicitly ensure that no double-charging
for the positive and negative allocations occurs. These issues

are being addressed in our current research and the results of

our work will be reported in a future paper. Gianfranco Chicco (M’98) received the Ph.D. degree in electrotechnical engi-
neering in 1992.
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