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Abstract—A methodology is proposed to improve transaction distribution factors remain popular over large-scale AC OPF
modeling for electrical systems, and associated expense estisolutions. The General Agreement on Parallel Paths (GAPP)
mation, by applying a transmission constraint data reduction method and the subsequent methods underway at NERC’s

technique and a novel transmission model formulation. A linear .
programming model is described, which represents parallel flows Security Process Support System Task Force (SPSSTF) are

and manages transaction tagging and accounting to improve representative of distribution factor approaches [2], [3]. The
model optimality and treatment of nonlinear phenomena. The practicalities of realizing the infrastructure to support the im-
modeling framework is a large-scale approach that provides proved methods outlined in [1] give way to simpler, linearized

screening results to initiate detailed small-scale investigations. \\athods. which suggests the importance and application of the
The methodology also supplements the flow-based transmission ' - ]
method described in [4], [5].

modeling philosophy currently under consideration by the North ]
American Electric Reliability Council (NERC). The proposed The NERC SPSSTF builds on the GAPP method and the

method extends the NERC utility-level model to a subarea-level concurrent GAPP experiment underway. Similar to the GAPP
network model to improve overall transmission modeling detail method, the SPSSTF proposes a transaction information system
and performance. In addition, the model merges an optimizing (T|5) and an interchange distribution calculator (IDC). The
technique with the parallel path and energy tagging features into NERC TIS performs information management operations
one homogeneous model. o ) : ) .
. o similar to those of the GAPP information system. Likewise,the
Index Terms—Power system operations, transmission mod- \epc |DC is functionally equivalent to the GAPP interface
eling, parallel paths, distribution factors, energy tagging, linear L d . . .
programming. participation factor matrix, which characterizes transaction
flows through interconnected systems. Both methods char-
acterize interutility (i.e., utility-to-utility or area-to-area)
. INTRODUCTION transactions. Although generation dispatch within a specific
HE study of the effects of transmission system paralléystem affects interconnecting transmission lines in various
paths is multifaceted and affects the economies of syst&¥ays, these methods focus only on interutility transactions,
operation. Several enhancements to present modeling cafgihout regard to any subarea generation variations. The
bilities were discussed in [1], with a focus on representingéethod described in [4], [5] suggests a way to include the
the characterization of parallel path influences on netwogdfects of subareas in the same DC modeling paradigm used by
behavior. These methods called for increased data acquisitigfiPP and NERC.
improved load and generation characterization, and real-timel'his paper describes an application of a linear programming
information systems to support these elevated modeling dé&) model that uses the aggregation method and example
requirements—all required to implement full AC networldystem described in [5]. The proposed model supports com-
modeling and optimal power flow (OPF) applications. plete energy tagging and implements the reduced transmission
Because the nature of para||e| paths typ|ca||y inﬂuencesCQnStraintS derived in [5] to characterize subarea-induced
broad geographic network, Signiﬁcant amounts of network-smara”6| flows. The costs of generation, network services, and
cific information are required to support AC OPF applicationdfansmission line usage are minimized as part of the LP objec-
The communication network infrastructure required to suppdiye function, subject to various system constraints described
broad-area data dissemination is beginning to take shapeira#his paper. The model can be used as a screening tool to
open access same-time information systems (OASIS) and oti§@ntify system scenarios that require detailed AC analyzes. In
NERC-initiated integrated security network (ISN) projectdddition, the concepts derived in this paper may be relevant to
flourish. However, detailed load and generation parametdhg work underway at NERC to improve the accuracy of the
remain proprietary utility information. Because load antPC development effort.

generation levels are estimated, linearized methods that use
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Ccrt Segment 2 (high) net line usage cost B. Level of Network Aggregation
CEE Segment 1 (low) net line usage cost . _
CEU Transaction- and direction-specific liné) (usage Therg a.re bas_lcally Mo extremes of' network model imple-
cost mentation: a regional view and a bus view. Between these two
Total Total system operating costs extremes, _Il_e the GAPP and NERC mo_dels, which provide a
d Line flow direction identifier (defined or opposite) system _(utlllty or control area) perspective plus paralle_l flow
a, Area () generation level transacuop support. AC load flow and OPF mod.els provide the
a, Subaread) generation level most de_talle_d view at the bu§ level. Trade-offs exist among these
GMaz Maximum segment subares) (power generation alternatlyes in terms of required data to support the network rep-
G%““’ Subarea{) maximum power generation resentation. _ o
G Segment subarea)(power generation level The model for_mulatlon described in this paper proposes a net-
K, Set of all segments for piecewise generator costs work view that I|_es between the sygtem and bgs views. For ex-
k Segment identifier ample, the matrices that characterize transactions in the GAPP
L Set of all interutility tie lines {) a}nd NERC apprgaches represent. a system-tlo-system transac-
ngfz Direction- and segment-specific lind €apacity tion view G, T50)- The_method introduced in [4] suggests
Lﬁloss Segment-specific lind) loss factor that individual buses W|th|n syst_ems often can be cl_ustered a_nd
O:s Ownership mapping among areas( and represented as a collection of S|_m|Iar_sub§1reas, which comprise
subareas) each system. The model_descrlb(id |dn thgs paper supp_orts sub-
oSt Ownership mapping among subareasand trans- area-to—subarea'tran.sact|orGS( Pyoad Ti?)’ where various
mission lines {) _subareas (as definedin [5]) reflectagrouplng of electrically sim-
pline Transmission linelj real net power flow ilar buses_ inalarger areaor system. Moving the level of ne_two_rk
pload Subarea<) power consumption aggregation closer to the bus level improves the characterization
PLess Transmission linelj net power losses of network parallel flows.
Py Transmission linel§ segment flow
Jime Transmission linelj reactive net power flow C. Modeling External Influences
S Set of all subareass) in model
T Area(n)-to-areaf) energy transaction The physical network topology is influenced by internal loads
Tf External network energy transactiont@-;) and generating resources, as well as external network influences
T;f Subareai}-to-subaregf) energy transaction connected at the boundaries of the network topology. The model
yAaa Permissible areag)-to-areaf) contracts described below permits adjustments to network flows caused
Yijt Generator shift factor for subarea energy transactidty external contracts outside of the network under study. Ex-

ternal contracts affect the available network resources without

affecting the LP objective function. In the proposed model for-

mulation, GSF’s are applied to external network transactions
lll. M ODEL OVERVIEW AND OBJECTIVES (T}F) to represent their impact on network behavior and to avoid

inaccurate modeling of transmission capability.
A. Contract Path Versus Parallel Path

_ The con_tract path method and model formulations used fgr Energy Tagging

implementing the method are popular for a number of reasons.

First, many utilities still do business via the contract path Energy tagging is an essential modeling feature designed to
method. Second, model formulations used to apply the methcapture detailed energy transaction accounting. If a parallel path
result in straightforward, intuitive solutions. The complexitynodeling paradigm is applied, a transaction from System A to
of physical network behavior is removed from the modebystem B affects all transmission lines on a scale of 0% to 100%.
details and formulation. Applications of the method have bedterefore, it is important to associate the amount of power that
shown in numerous LP formulations [6]—-[8] that focus oflows through any given line with a specific transaction be-
representing regional real (megawatt) power flows withotdveen the two participating systems. Energy tagging provides
explicitly modeling transmission line impedance parameters.this useful capability.

The primary benefits of representing parallel flows are (1) The GAPP and NERC methods take into account these en-
the advantageous improvement of electrical transmission netgy tags through a parallel path modeling framework. How-
work modeling and (2) improvement of transmission systeever, these models do not optimize the required generation dis-
flow and cost accounting due to improved transaction represgm@atch and associated transmission usage, as the balance among
tation. The model described in this paper represents transactiepstem generation end loads is obtained. The model described
by applying generator shift factors (GSF’s),;, to establish in this paper merges the optimizing characteristic of a simpli-
individual network line flows that result from each schedulefled OPF model and the parallel path representation and energy
transaction. This parallel path implementation offers improvedgging features of the GAPP and NERC models into one ho-
simulation of transactions over those of conventional contrattbgeneous model. In addition, energy tagging is supported at
path approaches. Only real power flows are considered in tine network subarea level, so that both area-to-area and sub-
proposed model. area-to-subarea transactions are tag@egl ( 7:; V.22, where

iy Ymn
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a permissible contract between areas spedifiéd = 1, other- following the predominant flow pattern can be priced higher

wise V4 — 0; andO2°, where0.0 < 05 < 1.0 designates than a contract in a direction opposite to the predominant flow.
the ownership of subareaby areaa). This feature allows the These contract-specific charges are determined independent of
model to satisfy a general area-to-area contract by optimizingtwork service charges based on net flows. A transaction fee

over the respective subareas to determine the most cost-effecti@e be charged even though a net line flow of 0 MW requires
subarea-to-subarea contract to dispatch. no generation to compensate for losses. Contract-specific costs
offer incentives to promote contracts that reduce transmission

bottlenecks (by applying a lower cost) or penalize transmission

E. Line Flow Representation and Loss Accounting users for contributing to bottlenecks (by assigning a higher
] ] _cost). These fees are paid to the transmission line owner(s).

Net line flows represent the resulting flow on a particulafjowever, this fee is set to zero if the generation provider or

transmission line after subtracting the sum of the flows in thge energy buyer of the transaction is the transmission line

opposite direction from the sum of the flows in the defined diregyyner. These costs also ensure embedded transmission and/or
tion (PIL”W). Net flows are important for correct establishmendiyanded cost recovery.

of line losses and associated transmission costs and are deter-
mined through the use of the energy tagging feature described
above. In addition, line ownershi®f’, where0.0 < O5F < IV. M ODEL DESCRIPTION

1.0 designates the ownership of lihby subarea) is supported The proposed model uses a network of nodes and links

to properly account for transmission line usage fees that apply egtimate spot market activities that result in real power
to various transactions. transmission line flows. Nodes represent subarea generating

Line losses are represented as a function of netline flows. TR&ources, subarea load centers, and transmission substation
implementation applied in this paper uses a two-segment, pieggints. A fictitious supernode, comprised of these subarea
wise linear curve P, PJ;***, Lr**). A study conducted by nodes, represents an area of the electrical system that often
the NERC Independent Operating Services Task Force [9] conresponds to a specific control area, utility, or system. Nodes
cluded that annual average loss accounting may no longerd@ connected via links, which represent transmission lines
practical in the competitive marketplace. On the other hand, &t have transfer limitationsL;7), line ownership attributes,
task force agreed that incremental line loss accounting is iBnd two levels of transmission cost and loss accounting. Each
practical and overly complex for large-scale modeling taskgede and link has a set of constraints that describe the physical
Considering the alternatives, the task force’s conclusion SWspects of an interconnected energy system.
ported hourly average line loss factors. The proposed model represents an average cost-based, de-

The model below implements this feature by using a twaerministic formulation with enhanced network model resolu-
segment approach, although n-segments are equally feasiblggrs and improved transmission cost accounting. In addition
long as realistic system data are available to support the requiteédhe transmission costs already described, the model's ob-
modeling overhead. Two segments enhance loss accountingdative function includes subarea generator production costs,
characterizing lightly, and highly loaded transmission line logepresented as convex, n-segment, piecewise linear cost curves
conditions. (Cgiem, GMew, Ge).

Second, the two-segment line loss representation supports &pecifically,the model objective function represents the
two-level transmission pricing methodology based on net liseimmation of all system costs, including: piecewise generation
use. Lines operating under lightly loaded conditions require lesssts, transmission line ancillary service costs, and transac-
utility intervention (e.g., ancillary services or network monition-specific transmission line usage costs and is defined as
toring) than lines operating under highly loaded conditions. As a
result, the model supports two cost recovery methods, availableMIN (Total _
to the transmission services provider, to account for two alter- N
native network services operating conditio6§¢, CF). This S Grs G+
feature permits transmission owners to better represent their net s€S kek,
line usage costs (variable costs) in the formulation. After the L . e - e
model determines the lost energy, the energy deficit is added Z Z [Cz * P+ Oy = P(mg] +

to the line owner’s energy demand, where a separate contract ICL d=0 oL o
to recover the losses is posted and granted to the lowest priced Z Z Z [ (1 - 071 )15 Vi } 1)
generator, subject to other model constraints. [CTY 7120 — QLU [ri31<9]

. X . . . ICL icS j&s
Third, a fixed line usage fee is represented in the formula-

tion. The cost of using transmission capacity is assessed ag addition, several constraints are required to model physical

a fixed line usage cost based on the proportion of the totgtwork and equipment characteristics. For example, the rela-
transaction amount({}"). The GSF’s and energy taggingtionship between subarea and area generation levels is defined
features provide this additional costing mechanism, becauge

the proportion of energy on the line and the transaction owner

are known for each transaction. These costs further depend G, = Z 025 % G, VY g€ A (2)

on the direction of the transaction. For example, a transaction ey
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Similarly, the sum of all generation segments is equal to th
' s91 ©
Loty &

total subarea generation as in © Area -4 Area-1
Se L4 .
G, = Z GY ¥V seSs. ) % Area-2 L7
keK,

The generation supply (dispatch) out of each subarea is ¢
rectly related to the sum of all outgoing transactions. This rele | _S7 .‘\ )

tionship is represented as E
Gi=> T V i€Ss. (4)
J€S F
13
The total subarea demand is comprised of subarea loads &

subarea-owned line losses. The relationship between these
mands and incoming transactions is shown by

Area-3

1
TS — PLoad+ OSIL >l<PdLloss VY jeS. (5) Fig. 1. Four-area system denoting subarea partitions and transmission lines.
E ) ¢ E E f .

1CS d=0 leL
i ) Lastly, the per-segment maximum transfer capability is rep-
The transactions at the area level are determined by sUBzented as

ming all subarea transactions. Because the valid area-to-area o
L7

contracts are constrained b}, the relationship between all (PSGQ)MM _ dkl (12)
valid (whereV, 24 = 1) subarea and area contracts becomes dkl (1 — LEpssy’
T4 = Z Z Op2 x02«T3 ¥V m,neA (6) whered € {0, 1}, k € {1, 2}, andl € L.

i€S jes
. L . . V. APPLICATION TO FOUR-AREA SYSTEM
The power flow in all transmission lines is determined by the

transactions contributing to its flow. This relationship is defined !N [4]: @ method was introduced to group individual system
as buses into a collection of buses defining a subarea. Various sub-

areas were associated with an area, which corresponded to an
pFine = Z Z Vijl ¥ (Tg + Tf) v leL. (7) individualutility. Subareaand areatopology data are mapped to
i€S jES S and A, respectively. In addition. represented the interarea

. . N i transmission lines, which comprised the network topology.
The relationship between the bidirectional power flow in each 5, ijustration showing the network areas, subareas, and

transmission line and its associated directional line segmepts,smission lines is shown in Fig. 1. For the four-area system

(d = 1 implies a “defined” flow direction) is defined as IS| = 11, |A| = 4, and|L| = 10. These sets define the
2 four-area topology [5] used to demonstrate model validation
PEine = Z [Pijﬂ - p(i“lﬂ} v lelLl. (8) and simulation results throughout the remainder of this paper.
k=1

A. Four-Area Interarea Model

The last required constraint characterizes transmission line, . .
g An interarea model was constructed by using the proposed

losses. The total line loss in all lines is determined by Summi?grmulation The AC load flow representation served as the

the individual line segment losses, as defined in . . -
basis for the interareamodel characteristics. For example, the

2 maximum generation of each subarea was taken from the load
Pl = Z Pf,:}g o vV de{0,1}andl € L. flow model generation levels. Similarly, the value for subarea
k=1 loads also was taken from the load flow model. Uniform

©) generation, ancillary service, and line usage costs were adopted

To simplify the model formulation, several physical CONg, foster en unbiased cost influence on the objective function.

itralnts anla retrp])resegted as va_1r|able lower t{:\nd uppter _b‘t’%”L I%ewise, line losses were uniform to eliminate influences on
or exampie, the subarea maximum generation constraintiS, 4t selection. The contract choice and line flows were

s = sE€0. o ini . . imize.
G,)Maz — GMaz Vse S (10) the only remaining variables for the model to optimize. These
conditions were required to cast the proposed model as a DC

A minimum generation constraint could be defined in a simild®ad flow model that used the dispatched contracts and GSF's

way as a lower bound ofy. to determine line flows.
The maximum generation capacity of any single cost curve Recall that the model formulation uses GSF'’s to characterize
segment is line flows as a function of subarea-to-subarea contracts. GSF’s

represent real-power injections under DC (or linear) load flow
(Ge9yMaw — gMar ¢ se¢ Sandk e K,.  (11) assumptions. Likewise, the proposed model only simulates
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real power flows and neglects any AC (or nonlinear) behavior. TABLE |
Therefore, the DC limitation must be kept in mind when COMPARISON OFMODELED LINE FLOWS RELATIVE TO AC LOAD
' FLow RESULTS INMW
benchmarking model performance.
Strictly speaking, the proposed model cannot be expectec
accurately model any transmission line having a significant r

Line ACLoad Interarea Intraarea Contract

. . R 2T . Number Flow Path
active flow. Because this restriction is unrealistic in practice, 1 %33 =33 353 30
relaxed condition is adopted to permit benchmarking model pe 4 13'0 _3‘0 1 1.8 0'0
formance with an AC load flow model. The evaluation used i 6 _11'2 -6'9 _14'7 -4.8
this study examines lines, where g 241 193 24.4 315

|QlLine| S |‘Ple€| \v/ lE L (13) 10 -51.1 -39.8 -533 -602
Avg. Percent Error 43.3 11.5 47.3

to ensure that each evaluated transmission line primarily Ge-
livers real power. For the four-area system, 5 out of 10 trans-

mission lines satisfy this requirement. These 5 lines provide thgniract path formulation produced an average of 47.3% when
representative line-set used to compare various modeling sggmpared with the AC load flow results.

narios with AC load flow results. Specifically, transmission lines The interarea model was constructed under the assump-

14,6, 8 and 10 (de5|gnated inFig- 1 as L1, L.4’ L6, L8, Ll(ﬁon that intraarea contracts would not significantly affect
respectively) form _the line-set used fo_r comparing results. interareatie lines. However,the comparison of average percent
As part of the.|n|t|al model formulation, thellnterarea mOdeérrors shows that the intraarea formulation performed best
represented 90 interarea GSF's. As a result, intraarea contr 2 compared with the AC load flow results. Because a large
did not produce any transmission line flows. The formulatios; 4, 55 contract was scheduled, the intraarea loop-effects on

was constructed under the assumption that intraarea CONtraGEs, 10 were not negligible. On the other hand, 20 additional

would not significantly affect interarea transmission line ﬂOWSGSF’s (an increase of 22%) were required to characterize

The 'merjrﬁ,a mﬁdel W?]S rundforthes;a conditions. The frl]ve NS raarea contracts. Depending on the desired model accuracy,
area-modelline flows showed a 43.3% average error when Cole o tion time, or number of constraints, the interarea model

pared with the AC-simulated line flows. could be preferred over the intraarea formulation. None of these
factors affected model performance for the four-area system.
A larger system topology and complex piecewise generation
To investigate potential modeling improvements, the insost curves could expand the number of constraints beyond
terarea model was modified to include 20 additional GSF'ghe |p-solver maximum constraint limitation. These trade-offs
which represented intraarea contracts. The same generajQist he considered as a particular formulation is selected.
dispatch was achieved,_except for some minor contract adjust gecision to use the intraarea model also should be guided
_me_nts (8.0% change in S2 generation) caused by_ _Chan@;the overall confidence in modeling data accuracy. The ad-
in line losses. The average error under these conditions onal overhead of applying intraarea GSF's may outweigh
11.5% for the f_ive transmission lines when compared with tf}ﬁe modeling improvements, if other model parameters repre-
AC-simulated line flows. sent estimated figures. Moreover, the choice of applying par-
allel path methods over the contract path method also should
consider overall data integrity. The modeling accuracy achieved
To assess the overall performance of the two parallel pa$f) applying parallel path methods can be compromised by data
model implementations, a contract path model was constructggecision errors.
The contract path case was represented by using the parallelyg intraarea formulation provided a high-end estimate of the
path formulation and by adjusting all fractional GSF’s 10 inqq,y in Line 6, whereas the interarea model provided a low-end

teger values, where only 31, and 0 are permitted in the con-ggtimate. Line 6 is a low-voltage transmission line that can be-

tract path case. Contract paths were determined by assigningfliye easily thermally limited. A conservative representation, as
rect-path transmission lines between connecting subareas. [i&;ided in the intraarea representation, would signal the need
interarea generation dispatch was forced by applying subagga snduct an AC load flow analysis to obtain an accurate flow
contract constraints to ensure that generation levels remai mate. The interarea model would continue to dispatch con-
consistent among the three model cases. After the adjustmgpia;s yntil the line flow was in excess of the thermal line lim-
were made, the model was run. The contract path formulatipiyion By including intraarea GSF's, the intraareamodel re-
produced an average error of 47.3% when compared with Higes the likelihood of underestimating the line flows on this

AC results. low-voltage line. The other four lines belong to the high-voltage
network and are less likely to have thermal limitations.
The contract path model also failed to estimate the Line 6
Table | summarizes the line flows for the three model casfiew on the conservative side. In a similar manner, examination
relative to the AC load flow results. To summarize Table I, thef Table | shows a flow of 0.0 in Line 4. In this situation, the
interarea formulation produced an average error of 43.3%, thentract path model did not determine a flow for the line, be-
intraarea formulation produced an average of 11.5%, and tteuse Line 4 was not part of any active contract path. When this

B. Effect of Including Intraarea GSFs

C. Contract Path Case

VI. CONCLUSIONS AND SUMMARY
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situation arises, large line flow errors are possible, which can[2] “General Agreement on Parallel Paths Committee,Ointline of the

cause improper generation dispatch. GAP_P Meth_od for Usg in an Up to Two Year Experimeriflewark, NJ:
" . . Public Service Electric & Gas Company, December 1993.
In addition to these simulations, the method has demonstrategh; north  American  Electric  Reliability  Council “Security

its usefulness in estimating line flows for generator siting and ~ Process Support System Task Force (SPSSTF),”, Princeton, NJ,
increased system demand scenarios [10]. In the generator sitirr:% http://www.nerc.com/~oc/spsstf.html, March 1997.

ituati th t betw th d J.A. Kavicky and S.M. Shahidehpour, “Determination of Generator
situation, the average percent error between the proposed a Siting and Contract Options Based on Interutility Tie Line Flows,”

AC model results was 12.3%. Another example illustrating the  IEEE Transactions on Power Systemsl. 12, no. 4, pp. 1649-1653,

system impacts of a new system load showed an average errgr, 1997- . N »
£20.9% for the five-li Adai | f d 5] J.A. Kavicky and S.M. Shahidehpour, “Simplifying Generator Siting
0 9% for the five-line set. Again, close agreement was foun and Contract Options,” iRroceedings of the American Power Confer-

between proposed model results and AC load flow results. ence 59th Annual Meetingol. 59, April 1997.

In summary, the key concept of this modeling approach is thel6] N.S.Rauand C. Necsulescu, “A Model f(_)r Energy Exchanges in Inter-
connected Power Systems$ZEE Transactions on Power Systemsl.

c_ombination qf clustering bus-level GSF's int(_) subarea defini- 4 1o 3 pp. 1147-1153, 1989.
tions (nonarbitrary network aggregation) that improve network [7] E. Vaahedi, R.J. Poirier, C. Necsulescu, and A.N. Karas, “Benefits of

parallel path representation. The LP model applies the clustered Economy Transactions and Wheeling in CanadBEE Transactions
data to red the required number of transmission constraintsg oa orc Systermsol. 8 no. 3, pp. 12991305, 1993
ata to requce q %8] J.A. Kavicky and T.D. Veselka, “Modeling Regional Power Transfers,”

The model fully supports parallel path network flows and energy  in Proceedings of the American Power Conference 56th Annual Meeting

tagging information to improve model performance beyond the __ Vvol- 56, April 1994. _ »
f hi db . | h'f | [9] North American Electric Reliability Council, , “Defining Interconnected
performance achieved by conventional contract path formula-"" operations Services Under Open Access,”, Princeton, NJ, March 1997.

tions. Under uniform generation and transmission cost condi40] J.A. Kavicky and S.M. Shahidehpour, “Characterizing and Modeling

tions, the model results were compared with AC load flow re- Subarea-level Energy Transactions,"_moceedingg of the American
. Power Conference 60th Annual Meetjvgl. 60, April 1998.
sults and showed encouraging results.

In addition, the model formulation offered several significant
benefits over conventional linear formulations. First, moving
the level of network aggregation closer to the [8] bus level
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