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Abstract: In this paper we provide a systematic review of
generator-provided readive suppat as an unbunded ancill ary
service under open access transmisson. Through a number of
illustrative examples, we discuss the nature and salient physicd
charaderistics of readive suppat. Also, we aayze ther
implicaions in aquiring VAr suppat as one of the acillary
services. The paper presents the aaysis of the dominant
comporent in the st structure of this ervice This comporent is
determined from the oppatunity costs, which are evaluated from
the foregone profits of a generator in the red power markets in
providing readive suppat instead of red power. In addition, we
discussthe key considerations in the ayuisition and the pricing of
thereadive suppat service

1. INTRODUCTION

A basic requirement in the supply of €eledricity is to
ensure the voltage magnitude is within a spedfied range &
ead bus. Consequently, voltage antrol is an inherent part
of power system operations. Due to the tight coupling
between readive power and voltage magnitude, readive
suppat is the means used to maintain the desired voltage
profile, i.e., to ensure that the voltage magnitude is within
the spedfied range for ead bus of the network, under
normal and contingency conditions. Since the readive
suppat supplied at the various buses diredly affeds the
voltages throughout the system, such suppart has a profound
impad on the operation and seaurity of the power system
and plays a aiticd role in fadlitating power transadions.
This role becomes particularly criticd in competitive
eledricity markets. With the entry of alarge number of new
players and the proliferation of power transadions, the
transmisson system is incresingy being wed in the
common carrier mode. The more intensive use of the
transmisson network results in the more frequent hitting of
the voltage cnstraint limits gedfied in the desired voltage
profil e, thereby leading to congestion more often. To avoid
violation of the desired voltage profil e, the system requires
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readive suppat to compensate the readive power losss in
the transmisgon network. Readive suppart may be provided
by a variety of devices including generators, shurt
cgpadtors/readors, synchronous condensers and static VAr
compensators. Since it is very ineffedive to transport
readive suppart from one location to another, these sources
must be distributed geographicdly throughout the system.

In the verticdly integrated utility (VIU) structure, where
generation, transmisson and dstribution were typicdly
owned and controlled by a singe entity, the provision of
readive power and voltage suppat was bundled with other
services in supplying eledricity to the end users. There was
no neeal for separate msting / pricing of readive suppat
since the utility was virtually asaured that it could recover
the costs of this srvice through the rates charged for the
bundled eledricity. Under open access however, reactive
support and voltage control from generation sources
bemmes one of the six ancill ary services gedfied in the
FERC Order No. 888 [1]. Under the newly emerging
structure with an independent system operator or what we
term an independent grid operator (IGO), the IGO is
responsible for operating the transmisson system to
fadlit ate transadions and ensure its reliabilit y/seaurity. The
IGO functions include the aquisitions of al unbundled
ancill ary services from generation sources. Since generators
providing the services are independent of the IGQO, it is
important to understand the relevant aspeds of ead such
service This is particularly true in the aea of readive
suppat where the physicd charaderistics and operations
aspeds are not well understood by many of the market
participants. Moreover, the st structure is particularly
important since FERC regulation requires cost-based
pricing for this srvice

The focus of this paper is on the provision of the readive
suppart service from generator sources. The paper addresses
the fundamental issues of how readive suppat is provided
as an urbundled service and what the costs to the generator
are in providing this ®rvice We aaume throughout that all
the readive suppat is provided by generators. Such suppart
uses the voltage setting point at ead generator as the
control variable to determine the amount of VArs
absorbed/produced by the generator; the network
interconneding the various generators provides additi onal
constraints that must be satisfied. This paper’'s objedives
areto provide

(1) a systematic review of the nature and the physicd

charaderistics of the readive suppart service



(2) an analysis of the dominant component of the st

structure of the service and,

(3) the key considerations in aaquiring and pricing the

servicein the open accessenvironment.

Since we primarily focus on the readive suppart required
under the norma operating conditions, several important
aspeds of readive suppat including readive power
reserves and the dynamic response caability of readive
suppat [2] are outside the scope of the paper. In many
cases the mnnedion of generators to the grid is subjed to
technicd congtraints requiring the power fador of the
generated powver to lie within a spedfied range. This
congtraint is not considered in this paper.

In Sedion 2, we use anumber of examples to ill ustrate
various aspeds of readive suppat service ad assess the
implications of the physicd charaderistics of this srvice
Sedion 3 presents an analysis of the explicit evaluation of
the dominant component of the readive suppat cost
structure. This component is derived from the oppatunity
costs of providing readive suppat [3]. In Sedion 4, we
provide a number of key considerations in acquiring and
pricing readive suppat as an urbundled ancill ary service
under the open access s$ructure. The paper’s concluding
sedion provides me diredions for future reseach.

2. REACTIVE SUPPORT SERVICES
CHARACTERISTICS

We first focus on the nature ad some saient
charaderistics of readive suppart service that we ill ustrate
with anumber of examples using small power systems

Reactive support is an inherent physical system
requirement

Since éedricity must be supplied within a specified range
of voltage magnitudes, voltage aontrol is an inherent part of
power system operations. Due to the tight coupling between
readive power and voltage magnitudes, readive suppat is
the means used to med the objedive of maintaining the
spedfied voltage profile.

Example 1: We start our discusson with a ssimple two-
bus network with a generator at bus 1 and a load at bus 2.
We asaime that the generator at bus 1 is the single source of
readive suppat. Using the simple 7z -model of the line
conneding the two buses, we asaume losdesqiess and the
line readance is j0.2 p.u. with charging capadtor
admittances of —0.005 p.u. a eat end of the line. The
voltage profile mnstraint is to require maintaining the
voltage & ead bus within the range [0.93, 1.05] p.u. The
excitation system of the generator at bus 1 is the cntrol
used to maintain a spedfied voltage magnitude & bus 1.
Thisis cdled the voltage setting point and is denoted by V,°.
The aility to maintain the spedfied voltage setting V;°
depends on the physicd charaderistics of the generator and
its integration into the network. The readive power Q,°
output of the generator is used to maintain the bus voltages
within the spedfied range. The results of the power flow for
the various cases considered in this example ae

summarized in Table 1.

Case a -- the transactionless system. We wnsider the
system without any transadions. The spedfied voltage
setting point is V,° = 1.0 p.u. Consequently, there is no red
power flowing on the line between the two buses. Due to the
representation of line charging cgpadtance d ead end of
the line, there is an injedion of MVArs at ead bus. The
injedion at bus 2 results in V, rising to a value of 1.001
p.u., whichis gightly higher than V,°. Theinjedion at bus 1,
on the other hand, is absorbed by the generator so as to
maintain the voltage & V,°. The dtuation in this case
ill ustrates the readive suppart of the generator: this suppartt
consists of absorbing rather than generating readive power.

Case b -- a single transaction. We mnsider a 100 MW
transadion from the generator at bus 1 to the load at bus 2.
V,® is =t to 10 p.u. Even without any readive demand at
bus 2, the transadion gves rise to a airrent, which, in turn,
results in readive power losss on the line. These losses
must be ampensated so as not to violate the voltage profile
constraint. The generator MVAr output is Q,° = 20 MVAr
but V, drops to 0.98 p.u. The readive power generated at
bus 1 ads to maintain the voltage & bus 2 within the
spedfied limits.

A, B, and Carethe respedive plotsof V, for V;® at1.05,1.0 and 0.97 p.u.
D, E, and F are the respedive plotsof Q{ for V,° at 1.05,1.0and 0.97 p.u.

v, u 160 g

A /F 1
105 // o 140
(pu) 1B 120 (MVATr)
[¢ D
0.95 \.\\4{/ 100
0.9 80
0.85 60
08 / \ 0
0.75 / 20
07 +————————————— ‘ 0

0 20 40 60 80 100 120 140 160 180 200 220
The transaction amount (MW)

Figure 1. Voltage at bus 2 and readtive support by the generator

Next, we study the impads when the transadion amournt
is varied. Figure 1 presents the plots of V, and Q,°
corresponding to threedifferent values of V;° as the amount
of transadion is varied from 0 to 220MW. Of course, for a
fixed transadion quantity as V,° increases, V, increases. The
readive power output of the generator must change
appropriately to take into acount the interadion with the
network. For a fixed transadion quantity, Q,° deaeases as
V,® increases. Figure 1 also shows that for a fixed V,° Q.°
increases as the transadion amournt increases.

Case c -- reactive load impacts. Next, consider the cae
of non-unity power fador for the load at bus 2. In particular,
we asme the power fador is 0.9 for the load 100MW+ |
50 MVAr. In this case, as shown as Table 1, V, is lowered
to the unacceptably low value of 0.86 p.u., and the generator
readive power output is incressed to 83 MVAr. Thus, the
non-unity power fador load imposes an added burden on
the system for readive suppart. The load at bus 2 may, of
course, aleviate this additional burden on the system by



installing locd devices such as dwrt cgpadtors to corred
for the impad of non-zero readive load.

Table 1. The results on the two-bus g/stem

Case | Vy° im;;_elcri];nce P%\;vg\eflacl:;(j)r Ve Qf
(p-u.) (p-u.) at bus2 (pu) | (MVAn

a 10 0.02 - 1.001 -1

b 10 0.02 1.0 0.98 20

c 10 0.02 0.9 0.86 83

d 10 0.04 1.0 0.90 49

Case d -- line reactance impacts. We explore the impad
of the line readance for the single transadion case. For
example, consider the doubling of the line reat¢ance For
the 100MW transadion V, deaeases from 0.98to 0.90 p.u.
and Q,? increases from 20 to 49 MVAr as the readanceis
doubled. Figure 3 plots the variation of V, and Q;’ asthe
line readance is varied from 0.05 to 04 p.u. It is
straightforward to verify that the larger the line readanceis,
the lower the load voltage becwomes and the larger the
amount of readive suppat that is required from the
generator.

We summarize the nature and charaderistics of readive
suppart illustrated by the various cases of this example;

(1) readive suppat from a generator may consist of

either absorption or output of VArs.

(2) due to readive loses on transmisson lines, the
maintenance of a spedfied voltage profile requires
readive suppart to compensate these readive losss.

(3) the maintenance of a spedfied voltage profile
imposes a requirement for readive suppat even
absent readive loads, the amount of suppat is,
however, afunction of the transacion magnitude.

(4) the voltage setting seleded by the generator is a key
control variable in maintaining a spedfied voltage
profile.

(5) thetransmisson system parameters influence diredly
the readive suppart requirements.

Reactive support must be provided on a system-wide basis

Due to the transmisson network charaderistics, voltage
magnitudes at buses throughout the system are tightly
coupled. The adion of raising alow voltage & one bus may
result in an uracceptably high wltage & one or more other
buses. As auch, it would not be possble to suppat the
voltage magnitudes required by the profile mnstraint at one
or asmall number of locaions. In effed, to med the voltage
profile cnstraint, readive suppart is required from sources
throughout the system.

Example 2: We use the 4-bus gstem of Figure 2 to
ill ustrate this physicd requirement. For this g/stem ead bus
voltage V,,i =1,...4 must be kept within the range of [0.95,
1.07] p.u. V;° and V,° are dealy set to be within this range.
The readive power outputs of the two generators are
denoted by Q,° and Q.°. The power flow results of cases of
Example 2 are tabulated in Table 2.
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Figure 2. The 4-bus s/stem

Case a -- the transactionless system. First, we a&ume
that there is no transadion in the system. With V;° = 1.0 p.u.
and V,° = 1.03 p.u., the voltage difference gives rise to
currents flowing on the lines which, in turn, result in
readive losss. Since, in general, readive power flows from
abus at a higher voltage to one & a lower voltage, then, in
this case readive power flows from bus 2 to bus 1. There is
no ather outlet for readive power since there is no load on
the system. Thus, the generator at bus 2 generates readive
power Q,° = 24.7 MVAr; the generator at bus 1 absorbs
readive power Q. = -24 MVAr. Note that a portion of the
generated VArs is lost on the line. This smple cae
ill ustrates that even when no transadion is present in the
network, the readive losss of the transmisson network
creae the need for readive suppart to maintain the spedfied
voltage profile.

Table 2. The results of the cases gudied on the 4-bus g/stem of Figure 2

V,® \ \E \A Q/’ Q7
Case | (pu) | (pu) | (pu) | (pu) | (MVAN | (MVAD
a 100 | 103 | 101 | 101 -24.0 24.7
100 | 103 0.96 | 094 707 | 1515
b 087 | 103 | 085 | 084 00 | 2828
105 | 107 | 104 | 103 28.0 780
c 100 | 107 | 101 | 100 00 | 1120
d 105 | 103 | 098 | 095 | 1595 | 1213

Case b -- the loop flow effects. Next, we consider the
undertaking of a singe 400 MW transadion from the
generator at bus 2 to the load at bus 4. Due to this
transadion, V, drops to 0.94 p.u., which violates the
voltage profile cnstraint, and bah Q.Y and Q,° increase.
To raise V, to an accetable level, the generator at bus 2
needs to raise V,° to provide more readive suppart since it
isthe seller in the transadion. However, due to the network
structure, the generator at bus 1, which is not participating
in the transadion, is required to provide readive suppart
and Qf = 70.7 MVAr. This is becaise though the
transadion is from bus 2 to bus 4, only a part of the
transaced 400MW flows on the dired path from bus 2 to
bus 4, while the rest reades bus 4 through the network
loops through the path of buses 2, 1 and 4 and the path of
buses 2, 1, 3, and 4. These ae the loop flows due to the
transadion and they require the generator at bus 1 to
provide readive suppart. If the generator at bus 1 generates
no readive suppart, then the transaction would cause V, to
read the unacceptably low value of 0.84 p.u. In addition,
the voltage & bus 1 can no longer be held at the value of 1.0
p.u. and dropsto 0.87 p.u.



Case c -- reactive support leaning. Now we mnsider a
300 MW transadion from the generator at bus 2 to the load
a bus 4. V,° and V,® are set at 1.05 p.u. and 107 p.u.,
respedively. Then, both V3 and V, are & acceptable levels.
The generator at bus 1 produces Q,° = 28 MV Ar athoughit
is not participating in the transadion. Next, consider the
generator at bus 1. By taking advantage of the fad that the
readive power flows from abus at a higher voltage to one &
a lower voltage & bus 1, it deddes to lower its voltage
setting V;° so as to produce less readive power, thereby
leseningits dhare of VAr suppat. As own in Table 2, the
generator at bus 1 by setting V,° at 1.0 p.u. generates no
readive suppat. Meanwhile, Vs and V, are till kept within
the accetable range. However, since the generator at bus 1
withholds its readive output and leans on the system for
readive suppart, the generator at bus 2 beames the only
source of VArs for the entire system. Its readive output Q,°
has to increase from 78to 112MVAr. Moreover, since bus
2 is eledricdly more remote from bus 3 than bus 1, the
readive losss are incressed measurably. Since the voltage
constraints are “soft” constraints, different combinations of
voltage setting of generators may acdieve eualy
accetable voltage profiles. Hence, a generator may take
advantage by lowering its voltage setting and leaning on
othersfor readive suppart.

Case d -- two transactions. We ad a second 15GMMW
transadion from the generator at bus 1 to the load at bus 3
to that of case b. Not only is V5 deaeased, but V, is aso
lowered to an uracceptably low level. The generator at bus
1 hasto raise V;° to 105 p.u. to hold V5 and V, within the
spedfied voltage profile limits. Compared to case a, Q,°
and Q.Y increase by 184 MVAr and 97 MVAr respedively.
These increases in readive power outputs of the generators
may be cmnsidered to ill ustrate the readive suppart service
provided for the two transadions. However, we have no
information to determine how many MV Ars ead generator
provides to ead individual transadion.

We may draw a number of conclusions from this
example:

(1) even in the ésence of transadions on the system,
different voltage levels cause readive losss in the
transmisgon system which, in turn, give rise to the
need for readive suppat to maintain the spedfied
voltage profile.

(2) the maintenance of a spedfied voltage profil e requires
that readive suppat be provided on a system-wide
basis, in particular, a generator, which is not
participating in a transadion, may be required by the
system to provide readive power service to suppart
that transadion.

(3) a generator may avoid providing its dare of the
readive suppat and lean on other generators; it can do
so by lowering its voltage setting point and thereby
withholding some of its readive power output.

(4) inanetwork with multiple transadions, it is difficult to
determine the readive suppat service provided by
ead generator to ead individual transadion.

Thelocal nature of reactive support

A sdient charaderistic of readive suppat, which
distingushes it from red power, is its locd nature. Due to
the unavoidable readive losses on the transmisgon network,
it is neither desirable nor sometimes feasible to provide
readive suppart using remote sources.

Example 3: We use the 7-bus gstem of Figure 3 to
illustrate the locd nature of readive suppart. In this
example, we aume that al load bus voltages must be kept
within [0.93, 1.1] p.u. The power flow results for this
system indicate that the voltage Vs is 0.90 p.u. and is in
violation of the voltage profile cnstraint. Additional
readive suppat needs to be provided to raise V; . We
consider the situation in which the locd readive suppat at
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Figure 3. The 7-bus g/stem with a voltage magnitude violation at bus 3

bus 3 is unavailable and we have to depend on suppat
provided by the generators to med this objedive. We use
the generators at buses 1, 6 and 7, having different eledricd
distance with resped to bus 3. For eat seleded location,
with the voltage setting points of all other generators
remaining fixed, we raise the voltage setting point of the
generator until Vs isincreased to 0.93 p.u. Consequently,
not only the readive power output of the generator at the
seleded location is changed, but the readive power outputs
of al other generators are dso impaded. The comparison
results in Table 3 show that as readive suppart is provided
from an eledricdly more distant locaion, the mntrol of the
readive suppat over Vs bemmes less effedive since the
readive power losss incresse & the dedricd distance
incresses. This is indicated by the ratio of the relative
voltage changes at bus 3 to that of the seleded hus’. 4, is
the change in the total readive losses. Note sincetheratiois
1 at bus 3, the readive suppart at bus 3, if available, is most
effedive. As the dedricd distance increases, this ratio
drops markedly. Furthermore, the supply of readive suppart
at a more remote locaion to improve V; might not even be
feasible. For example, the generator at bus 6 has to increase
its voltage setting value to 115 p.u., which violates the
voltage profile anstraints and would need to injed 246
MV Ar additional readive power to increase V; to 0.93 p.u..
The MVA line flow from bus 7 to bus 5 would then be

! The relative voltage change is the ratio o the change in the voltage
magnitude to the voltage magnitude at the bus.



incressed from 38 to 180 MVA. This may hit a line limit.
For an even more aate cae, the readive suppat provided
by the generator at bus 7, which is the most eledricdly
distant from bus 3, has pradicdly no effed on Vs The
implications of thisfad are that it would be very difficult to
develop a cmmpetitive market in VArs due to the need of
providing them in the vicinity of the required locaion. The
locdion of multiple generators at the same bus is not that
likely so that a singe generator may, in effed, have a
monopdy in the supply of readive suppart.

Example 3 illustrates that effedive supply of readive
suppat for voltage cntrol must be local due to the
inescgpable line losses.

Table 3. Comparison of the readive support required from the generator
buses to raise the voltage at bus 3 from 0.9 p.u. to 0.93 p.u.

s
readive s s | AVz /A g Al
spport | Vi AV NE AQ a
bus (p.u) | (p.u) ! (MVAr) | (MVAr)
1 1.05 0.05 0.7 67 0.48
6 1.04 0.11 0.3 246 23.80
7 1.04 0.11 0.0 321 36.45

Reactive support capability of the generator

A key physicd constraint in the provision of the readive
suppart by a generator is its generation capability constraint
[4]. It represents the hard physicd limitation of a
generator’s cgpabhility for the simultaneous production of
red and readive power. Since this constraint results in a
strong coupling between a generator’s capability for red
power generation and that for readive power generation/
absorption, meding the system requirement for readive
suppart may diredly limit a generator’sred power output.

A typicd loading diagram, or generation capability
curve, is down in Figure 4. The diagram spedfies the
boundary of the feasible operation region of the generator.
This boundary is formed by the intersedion of four physicd
limits -- the minimum loading, the field current, the
armature airrent and the under excitation -- of the
generator. We define two functions Qua’() and Qumind()
mapping the red power output P € [Pin, Pma] into the
cgoabilities of readive power generation and absorption
with Qmaxg(P)e[onmaxg(Pmin)] and Qming(P)e[Qming(Pmin)ao]
to describe the boundary curve in the region of interest. In
this way, a generator’s readive suppat capability is viewed
as a function of its red power production: for red power
output of P°, the readive power output Q° must be within
the range [Quird(P%), Quad(P%)]. Consider the cae when a
generator operates at the boundary paint (P°,Qmad(PY).
Then, if the system requires additional 6Q MVAr
generation, the generator has no choice but to reduceits red
power output by some amourt P MW to med this
requirement. In concept, the evaluation of the positive
quantity oP is simple wusing the value(s) of

(‘;‘Qm‘,jlxg(P)/aP}1 evaluated at one or more points. Similarly,
if the generator operates a the boundary point

Q e field current limit
Qmaxg(Pmin) D
Qual(P%) + Q7 -~ D
QPO T TTTTTTTTTTTN T '
; 1
— | "\ armature
| minimum | i current
\ loading ! limit
0 Pmin >|Im|t : N
| P
Qming(PO) . ‘ ----------
-9 . i /,,—"“-\;/ -
Qnin (i) ~__—Under excitation limit

Figure 4. The generation cgpability constraint (the loading diagram)

(P°. Qnmind(P%) and the system requires additional 5Q MVAr
absorption from the unit, it has to reduce its red power
output by sP MW, 6P is computed using the value(s) of

aning(P)/aPF. For agiven P°, Figure 5 plots 5P as Q? is
varied.

Asp

Qg
Qmaxg.( |Dmin) >

QuirPrar) QuinP)

Qe ()

Figure 5. The marginal reduction 6P in MW output as a function of the
readive support requirement Qg corresponding to thereal output P°
inFigure4

Example 4: For the simple two-bus g/stem of case b in
Example 1, we mnsider a 200 MW transadion between
buses 1 and 2 and assume dl bus voltages must be held
within [0.96, 1.06] p.u.. Figure 6 gives the plot of a segment
of the generation cgpability curve of the generator for the
MW range of interest together with the readive suppart
requirement curve, which isidenticd to curve A in Figure 1.
V,® a the generator bus needs to be set to 105 p.u. to
maintain V, at 0.96 p.u. Consequently, as indicated by the

point (51,619) in Figure 6, the generator neals to produce
86 MVAr to suppat this transadion. This readive
generation is larger than its readive power production
capability Q,,.9(R )= 40 MVAr. Consequently, for the

red power output P, , the generator can operate only at the
point (R ,Q .o (R )). The generator is at its maximum

readive power production limit. Moreover, since d this
VAr output, V,° cannot be held at the value of 1.05 p.u. and
islowered, the plotsin Figure 1 indicate that V, will also be
lowered leading to a voltage magnitude below the spedfied
voltage profile. This leaves no choice but to curtail the



transaction. At the point (ﬁl,leman(ﬁl)) where the two

curves intersed, the unit is able to provide the required
readive suppat of 63 MVAr and hold V,° at 1.05 p.u. The
transadion has to be aut down to 175MW and V; is within
the spedfied voltage profil e.
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Figure 6. The generation capability imposes a hard constraint

In summary, Example 4 clealy ill ustrates that:

(1) the generation cgpability constraint imposes a hard
physicd limit in the provision of readive suppart.

(2) since agenerator’s readive suppat cgpability is a
function of its red power production, the only feasible
way to med the VAr suppat requirement is to
deaease the red power generation and henceto curtail
the transadion.

3. DOMINANT COMPONENT OF THE REACTIVE
SUPPORT COST

Under open access the generator-based readive suppart
is one of the ancill ary services whose aquisition is within
the scope of responsibiliti es of the IGO. Since the feasibility
of a competitive market in this ancill ary serviceis sverely
limited and the aurrent regulatory framework requires cost-
based rates, the determination of the st structure of this
service is necessary. The focus of this sdion is on the
dominant component of this cost structure.

The two clases of costs in the provision of readive
suppart are the fixed costs and the variable sts. The fixed
costs are investment costs and such costs do not come into
consideration when adua costs of VAr production/
absorption by a generator are mnsidered. Since agenerator
may simultaneously produce two “commodities’ -- red and
readive power, there exists a neal to determine the variable
costs for readive power generation/absorption. Some of the
aspeds related to these sts are reported in references [5]-
[8]. Aslong as a generator operates within the limits of its
generation cgpability curve, the variable msts for readive
power production/absorption are negligibly small compared
with those for red power generation. However, once the
generation capability limit of the generator is readed, this
is no longer true. There ae msts incurred in meding VAr
suppat requirements. These aise primarily becaise the
only way to satisfy such requirements is to curtal red
power generation. In other words, due to the generation
cgoability constraint, the fulfillment of the VAr suppat
requirement leaves the generator with no other choice than
to forego some of its participation in the red power market.

In such case, there may be profits that a generator would
forego. We refer to these foregone profits as the oppatunity
cogts, i.e., these represent the value of the oppatunity the
generator gives up in order to provide the system-required
VAr suppat. Although these oppatunity costs come into
being only when the generator reades its generation
cgpability limit, the magnitude of these msts is of the same
order of magnitude & the profits of a generator.
Consequently, we deam these oppatunity costs to be the
dominant component of the @st structure.

We use asimple threebus g/stem to ill ustrate the notion
of the oppatunity costs incurred in providing readive
suppart services.

Example 5: Consider athreebus g/stem with generators
at buses 1 and 2 with cgpadties of 500 and 800 MW,
respedively and a 700 MW load at bus 3. Ead line is
losdess with a readance of 0.1 p.u.. We asame that the
generator at bus 1 is sibjed to the generation capability
constraint shown in Figure 7, while the generator at bus 2
has aifficient cgpadty for both red and readive production
so that its generation cgpability limit is not an isue. The
voltage profile nstraints require eabt bus voltage
magnitude to be kept in the range of [0.96, 1.05] p.u. We
ill ustrate the oppartunity costs of readive suppat under the
Pool and the Bilateral Transactions model structures.

MVAN] Qd(R)

122
79

62

direction of movement onthe
generator capability curve

P
150 200 400 500 (MW)

Figure 7. The generation cgpability constraint of the generator at bus 1

Case a -- Pool model. In this case, the 3-bus g/stem is
operated in a pod model. The generators at buses 1 and 2
submit bids consisting of the price function of MW output
and avail able cgadty. The unit at bus 1 bids $20MWh for
its entire cgadty of 500 MW, and the unit a 2 hids
$30UMWh for its entire cgpadty of 800 MW. Based on
recaved hids, the least cost dispatch to med the demand
and the resultant system mergina price ae determined
without taking the transmisson constraints into
consideration. All succesdul generators are paid uniformly
at the market cleaing price Therefore, the generator at bus
1 is dispatched with P,” = 500 MW and the generator at bus
2 serves the remaining 200 MW with P,' = 200 MW. The
market cleaing price is $30MWh and the unit at bus 1
makes a profit? of $10 pr MW it produces. Its total profits

2 The profits are determined based on the bids sibmitted by the units.
Since a bidder may not necessarily reveal his adua costs, the profits
evaluated need not be the true benefits of the unit.



are $5,000 However, if this unconstrained schedule were
acdually dispatched, both buses 1 and 3 violate the voltage
profile mnstraints, as iown in Table 4. This is becaise
oncethe unit at bus 1 is at its full MW cgpadty, it is ableto
produce 0 MVAr. Note V,® is st to 105 p.u, which is at a
limit of the spedfied voltage profile. The unit at bus 2 then
cannot provide awy addtiona VAr suppat without
violating the voltage profile mnstraint. This leares the unit
at bus 1 as the only posdble source of readive suppart to
relieve the voltage wnstraints. The unit at bus 1 needs to
provide 81 MVAr to maintain V,* at 1.0 p.u. so as to raise
V3 to be within the spedfied limits. However, this amount
of readive suppat may only be obtained from the unit at
bus 1 by curtailing its red power generation. Since the load
remains fixed, the unit 2 replaces the reduced production at
bus 1. Then, the dispatcher has to shift red power
production from the cegoer unit at bus 1 to the more
expensive unit at bus 2 so that the former can increase its
readive power cgpadty to mee the spedfied voltage profile
congtraint. The unit at bus 1 would move on the boundary
curve so as to minimize the reduction in its red power
generation. The power flow result in Table 4 indicaes that
100MW production hasto be shifted from bus 1 to bus 2 so
that the unit at bus 1 can produce 62 MVAr to hold its
voltage & 1.0 p.u. and V3 is raised to 096 p.u. The
deviation in the adua dispatich from the unconstrained
dispatch reduces the profits of the generator at bus 1 by
$1,000. The oppatunity costs incurred in the provision of
62 MVAr are $1,000.

Case b -- Bilateral Transactions model. Under the
structure of the Bilateral Transadions model, generators at
buses 1 and 2 negotiate with the load at bus 3 dredly. We
asaume the load purchases power by undertakinga 500 MW
transadion from the generator at bus 1, and a 200 MW
transadion from the generator at bus 2. The power flows
due to these two transadions are identicd to those of case a
shown in row A of Table 4. These two proposed
transadions result in congestion since Vs violates the
voltage profile mnstraint. The 1GO relieves the cngestion
by curtaili ng the first transadion by 100 MW. The situation
isidenticd to that of case a and is simmarized in row B of
Table 4. Suppcse that the negotiated price of the first
transadion gves the unit at bus 1 a profit of $5MWh.
Consequently, it foregoes $500 in providing the system
required readive suppart in this case. In other words, the
oppatunity costs incurred in providing the required 62
MVAr are $50Q

Table 4. Power flow results for Example 5
(A: unconstrained schedule, B: adual schedule)

S bus 1 bus 2

c * s * s * g s V3
h|{ Pr [Qumac(P1)| Vi P, Q> V,

g MW) | (MVAD | u) | mw) | (MvAn | (pu) | (P-u)
A| 500 0 0.93 | 200 339 | 105 | 091
B | 400 62 1.00 | 300 208 | 1.05 | 0.96

In both cases, the generator at bus 1 gives up a valuable
oppatunity in the red power market to med the readive
suppat requirements. Since, the readive suppat has to be
aqquired from this unit, the mpensation of these
oppatunity costs may be necessary so as to give incentives
to the unit to provide this srviceto the system. For instance
in case a, while the unit at bus 1 is paid at the system
marginal price of $30MWh for the 400 MW it adualy
produces, the pod dispatcher might also have to
compensate the lost profits of $1000for the 100 MW that
was <heduled but not produced. Similarly in case b, the
IGO may have to cover the oppatunity costs of the system
required readive suppat. Then, the generator at bus 1
would be indifferent to producing either 500 MW and 0O
MVAr or 400 MW and 62 MVAr, as the total profits from
the two commodities are identicd.

We note that, for alarger system, there may exist multiple
ways of redispatching the system to relieve the transmisson
congtraints. Since the oppatunity costs of readive suppart
of a generator depend dredly on the way in which the
system is redispatched, the oppatunity costs are heavily
influenced by the discretion of the IGO. Moreover, a priori
quantificaion of the oppatunity costs is difficult due to the
many uncertainties. The oppatunity costs can  be
determined, in effed, only ex post.

We summarize the dominant cost component
charaderistics of the readive suppat illustrated by
Example 5 asfoll ows:

(1) as long as the generator operates within the limits of the
coability constraint curve, the operating costs for
readive power outputs are negligibly small compared to
those for red power production; once the generator hits
ageneration cgpability limit, the system requirements for
VAr suppat can be met only by curtailing its red power
production; such curtailment forces the generator to
forego profit-making oppatunities in the red power
markets and these profits constitute the oppatunity costs
of providing readive suppart services

(2) the oppatunity costs are not only dependent on the
generator’'s physicd charaderistics, but also highly
dependent on the dedricity market structures, its rules,
and the discretion of the IGO

(3) to ensure the required readive suppart is provided, the
IGO may have to give incentives to the generator by
compensating the oppatunity costs © as to make them
indiff erent whether they providered or readive power.

4. REACTIVE SUPPORT SERVICE ACQUISITION

The physicd charaderistics of readive suppat
illustrated in the various examples above make the
aqquisition and pricing of this ancillary service very
different from those for the MW/MWh-based ancill ary
services [9],[10]. While readive suppat is a system-wide
requirement that needs a cetain level of centra
coordination to ensure that it is effedively met, the locd
nature of VArs virtualy foredoses the setting wp o a
network-wide cmpetitive market in readive power. Even if
VArswere avail able in some geographicdly small region, it



is unlikely that there would be sufficient number of sources
to enable the existence of competition in VArs. Under such
conditions individual generators would be &le to
manipulate and strategicdly game the situation and absent
the setting yp of appropriate rules of the road, some
exorbitant prices could result. Hence, the 1GO faces a
considerable challenge in discharging Hs responsibility for
the aquisition of readive suppat service The fad that
markets in VArs are not in placebrings about the necessty
to develop aher medhanisms for this srvice One posshle
meansisto base the aquisition of this srvice on long-term
contrads negotiated between the 1IGO and VAr providing
generators. Such a scheme has been adopted by the
Cdlifornia 1SO. The pricing of readive suppat service is
likely to remain cost based, as is the cae today. However,
the price signds need to be gpropriately spedfied to
provide incentives to generators to generate readive
suppart. The prices of such contrads need to be designed to
ensure that all costs, including any foregone profits -- the
oppatunity costs, associated with the provision of this
service by the generator are mmpensated. In this way, a
generator is indifferent whether it generates MW for a profit
or provides the readive suppat the IGO needs. Under this
structure, generators recave fair compensation for their
VAr generation and the IGO ensures adequate supplies of
readive suppart for system operations. In addition, the long-
term nature of the structure dlows the 1GO to develop
aternative schemes to proted against gaming by
strategically locaed generators.

5. CONCLUDING REMARKS

Readive suppat for voltage mntrol is an integral and
criticd part of power system operations. The important role
and the physicd charaderistics of the readive suppat
service have been ill ustrated through a number of examples.
The dominant component of the readive suppat cost
structure has been determined from the oppatunity costs
that arise when a generator has to forego profits it could
otherwise colled in the red power markets to provide this
service

There remains considerable alditional work on severa
aspeds of the unbundled VAr suppart service An important
extension is the dharaderization and quantification of the
role of readive reserves that are esential for maintaining
appropriate margins for the spedfied voltage stability limits
and for ensuring the voltage seaurity of the system in
withstanding posdble mntingencies.

Further work is orely neealed in establishing the
relationship between transadions on the system and readive
suppat. While the spedficdion of transadions is made
purely in terms of red power, the role of readive suppat is
esential for enabling the undertaking of the transadions.
The dlocaion of the readive suppat service and the msts
involved among the transadions on the system are topics of
current reseach. Another topic asciated with competitive
eledricity markets is the role of readive suppat in the
evaluation of available transfer cgpability (ATC). We ae
planning to report shortly our investigations of voltage

stabilit y/collapse @mnsiderations in the ATC evaluation. A
further topic under investigation is the study of the posshble
exercise of market power through the spedficaion of
voltage setpoints. The results will be reported in a future
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