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Abstract

This paper presents a computationally viable means of in-
corporating the DC Load Flow model in the decomposition-
simulation method of multi-area reliability evaluation. The
implementation described herein uses a multi-state generation
model for each area, a cluster-based multi-area load model
which accommodates load correlation between areas, a linear
programming model with DC Load Flow constraintsfor deter-
mining the partitioning statesin the decomposition phase, and
a similar LP model for determining acceptability of sampled
states in the simulation phase. Formulations have been de-
scribed which enhance the speed and accuracy of the method.
The implementation has been tested on 3-area, 4-area, and 5-
area cases, and the results obtained therefrom have been com-
pared with those produced by an explicit Monte-Carlo simula
tion. While the results obtained from both methods are similar,
the current method has been shown to be considerably faster
than explicit simulation.

Keywords: interconnected systems, multi-areareliability, reli-
ability evaluation, DC load flow, simultaneous decomposition-
simulation

1 Introduction

Power utilities have traditionally operated as power pools, to
enhance such operational attributes as reliability, stability, and
economy. This has required the development of appropriate
multi-area tools for planning and operation of interconnected
systems. Some recent and emerging developments like com-
petitive markets, non-utility generation, and open transmission
accesswill necessitate further developmentsin this area.
Several methods have been proposed [1, 2, 3, 4, 5, 6, 7, 10,
11, 13] for multi-area reliability analysis of looped configu-

rations. Some of the proposed methods are purely analytical
[1, 2, 4, 5], some are entirely based on Monte Carlo simula
tion [6, 7], while others are hybrid in nature [3, 10, 11, 13],
with an analytical phase followed by asimulation phase. These
methods have used two types of transmission models — the
capacity flow model, and the DC flow model. Models used in
multi-area studies typically require macro representation, and
thus equivalent models need to be developed for tie-lines [7].
There exists, among the users and devel opers of these models,
a difference in opinion as to which of the two transmission
modelsis more appropriate. For instance, the MARS model [6],
which is used by some utilities, incorporates the capacity flow
congtraints, whereasthe onein preliminary use[7, 14] at ERCOT
incorporates the DC flow constraints. Thereisthus a need for
both types of models; a preference towards one or the other can
be based on the particular application.

So far the analytical and hybrid approaches have almost
solely relied on the capacity flow model, and very little sig-
nificant work has been reported on efforts to include power
flow constraintsin such studies. The need exists, therefore, for
amodel which efficiently includes the effect of tie-line admit-
tances and thereby produces more realistic indices.

Perhaps the most straightforward implementation of the DC
flow model isin the form of an explicit Monte-Carlo smula-
tion, which randomly samples generation state — tie-line state
— load state scenarios from the compl ete state space, and com-
putesthe contribution of each sampled stateto thereliability in-
dices, till the mean computed indices converge to stable values.
This method affords tremendous flexibility in terms of mod-
eling, and is often used to provide benchmark results against
which results obtained by other methods can be tested. How-
ever, smulation is often extremely time consuming, especially
for highly reliable systems.

The method of state space decomposition was identified as
apotential time-efficient alternative. 1n 1980, Cheong and Dil-
lon [8] successfully tested a decomposition algorithm including
DC flow constraints. The method reported in [8] used a spe-
cialy adapted parametrized linear programming model, and
was applied to predict upper and lower bounds for the relia-
bility indices. However, the test system used in [8] consisted
of two areas, each with one generator and one load state. The



need remained for a viable methodology which would be ca
pable of handling multi-area systems of realistic dimensions.
Thework reported in this paper represents amajor step towards
fulfilling this need. The proposed implementation consists of a
hybrid method, using the idea of simultaneous decomposition-
simulation incorporating DC load flow constraints.

2 Theoretical Basis

The solution process consists of two phases, decomposition and
simulation, which are briefly explained here. A more detailed
development will follow in later sections.

2.1 State-Space Decomposition

For any given load scenario, the avail able area generations and
the tie-line capacities will determine whether or not the area
loads will be satisfied. We can, therefore, define a state space
as the set of all possible combinations of generation levels
and tie-line capacities. For a given load scenario, the state
spacecanberecursively decomposed[3] into A-sets(acceptable
sets, comprising states which do not result in loss of load),
L-sets (loss of load sets), and U -sets (unclassified sets). In
the first sweep, the entire state space is regarded as an U-
set, and, based on its highest and lowest capacity states, is
decomposed into an A-set, L-sets, and U-sets. In subsequent
sweeps, each U -set isfurther decomposed into an A-set, L-sets,
and more U -sets. Thisiscontinued till no U -set remains. The
total probability of al the L-sets is the system Loss of Load
Probability (LOLP). Every L-set is also decomposed into B-
sets (comprising identical area loss of load states) and W-sets
(of unclassified loss of load states), and every W-set is further
decomposedinto B-setsand more W-sets, till at theendwehave
only A-sets and B-sets. The B-setsyield the area LOLPs and
area EUEs (Expected Unserved Energy indices). The system
EUE equals the sum of the area EUEs.

2.2 Simulation

While exhaustive decomposition, being analytical, isextremely
accurate, it suffersfrom the disadvantage that as the decompo-
sition progresses, the sets obtained from decomposition get
progressively smaller, and even though the effort expended on
every level of decomposition increases, the contribution to the
computed indices becomesprogressively smaller. Itistherefore
prudent to stop decomposition at acertain point, and subject the
undecomposed state space to Monte Carlo simulation. States
are picked randomly from the undecomposed U -sets, L-sets
and W-sets, each sampled state is tested for acceptability, and,
if found unacceptable, its contribution to the system and area
LOLPs and EUEs is computed. Thisis continued till the stan-
dard errors of the computed indices drop below prespecified
tolerances.

2.3 Simultaneous Decomposition

The method of decomposition described in § 2.1 appliesto one
given load scenario. To perform this for every hour of fore-
casted load, or even for daily peaks, would be computationally

intractable. This problem is circumvented by using a cluster
based load model [9], with an appropriate number (between
10 and 20) of clusters. In the Extended Decomposition model
[10], decomposition is performed for every load cluster, then
the computed indices areweighted by the corresponding cluster
probabilities and aggregated. This can be made considerably
more efficient, with no loss of accuracy, by using the Smul-
taneous Decomposition model [11]. The generation and load
models are so constructed that the states are integral multiples
of the same increment. Then areference load state is defined,
using which the generation model is modified for every load
cluster, and these modified models are interleaved to construct
the composite generation model. Then, using the reference
load state, the composite state space is decomposed to yield the
system and areaindices.

Using an identical concept, maintenance intervals can also
be taken into consideration [12]. A ‘subcomposite’ generation
model can be constructed for every planned outage period,
and these can be interleaved together to form the composite
generation model over the entire year.

2.4 Coherency and the DC Flow M odel

The method of decomposition outlined above is based on the
assumption of coherency — i.e., once the boundary states for
an A, L or B set hasbeen determined, all the states between the
boundaries have the same acceptability or loss of load proper-
ties. Coherency is, infact, thenecessary and sufficient condition
to the decomposition method.

Now when a DC flow model is used the system remains co-
herent with respect to the generation units, but atie-line failure
or, indeed, any change in the values of tie-line susceptances
(which necessarily accompany changes in tie capacity states)
would alter the flow profile, and this may result in atie capacity
violation, thus creating a loss of load state within what would
otherwise have been a coherent acceptable set. (Note that the
usual capacity flow model precludesthiskind of non-coherency,
since the line susceptances do not affect the flow profile.)

Therefore, strictly speaking, the inclusion of the DC flow
model in the decomposition framework necessitates the as-
sumption of perfectly reliabletie-lines. Studieson real systems
[14], however, indicate that because of the relatively low failure
rates of tie-lines, it is the tie-line capacities, rather than their
failure rates, which have a significant effect on the reliability
indices. Moreover, the failure rates of tie-lines can be included
by computingindicesfor agivenfailurestate and then aggregat-
ing theindicesusing conditional probability. Thisway selected
contingency levels of tie-lines can be incorporated.

3 Model Development and Integration

Inthissection, referenceswill be made concerning conceptsand
algorithms which are used to set up the models in the present
implementation. Detailsof a gorithmsreferred to may befound
in the publications cited.



3.1 Generation Model

Based on the capacity states and forced outage rates of units
availablein agiven area during a given maintenanceinterval, a
discrete Probability Distribution Function is constructed, using
the Unit Addition Algorithm[9], for every areaand every main-
tenanceinterval. To enable integration of these modelsinto the
composite model, the PDFs are so constructed that the capacity
difference between any pair of consecutive states (i.e., the step
size) is constant over all the PDFs.

3.2 Load Mod€

Based on the hourly forecasted load datain every areaover each
maintenance interval, amultiarea cluster load model [10, 11] is
constructed for every maintenanceinterval. Thismeansthat for
every interval we have aload model consisting of an appropriate
number (between 10 and 20) of cluster |0ad vectors, each vector
associated with a cluster probability. Each cluster load vector
consists of the cluster load levelsin al the areas.

In these cluster models, every cluster load level is rounded
off to the nearest integral multiple of the step size used in
constructing the generation models. This is done to enable
integration into the composite model.

3.3 Composite State Space

From the cluster load models over al the maintenance inter-
vals, an appropriate load model is chosen for every area, to
constitute the reference load level vector. The same reference
load vector must serve as reference over the entire period under
consideration, so that all the models can be integrated into a
single composite state space [11, 12].

For a given maintenance interval, the corresponding gener-
ation model in every area is modified for every cluster load
level in that interval. This modification consists of ‘shifting’
a generation model by a capacity level equal to the difference
between the cluster load and the referenceload for that area, so
that the margin between any generation level in the modified
model and the reference |oad remains the same as that between
the corresponding capacity level in the original model and the
cluster load. These modified models are interleaved together to
form a subcomposite state space for the given maintenance in-
terval. Thisisrepeated for every maintenance interval, and the
subcomposite models are interleaved to produce the composite
state space.

The above operations result in a many-to-one mapping of
the states in the original state space onto the composite state
space. If thereare N; maintenanceintervalsand N, cluster load
levels, then, inthelimiting case, asmany as N; x N, statesinthe
original state space can map onto asingle statein the composite
state space. This‘condensing’ of the state space is what makes
the Smultaneous Decomposition algorithm so efficient.

It is necessary to preserve the original generation models,
because of the necessity to refer back to these models when
computing the indices.

34 DC Flow Model in Decomposition Phase

For the decomposition of any U -set, two partition vectors are
required:

1. theu-vector, which defines the lower boundary of the A-
set obtained from the current decomposition. (The upper
boundary coincides with that of the current U -set.)

2. thewv-vector, each element of which definesthe minimum
responsibility of the corresponding area. The minimum
responsibility of an area is the minimum level of gener-
ation that area must have, in order that no area suffers
loss of load, while the generation at every other area
coincides with the corresponding upper boundary in the
current U -set.

It is the manner of selection of the partition state vectors that
is determined by the flow model used and the loss sharing
policy considered. When the DC Flow model is used, the u-
vector is determined from the solution of the following Linear
Programming problem [15]:

Na
Lossof Load = Min Ci
i=1
subject to:
BO+G+C = D
G S Gmax (1)
C <= D
ATbo < Fma
_AT bo < Frmax
G,C =0
0 unrestricted
where
N2 = number of areas
Ni = number of tie-lines
C = Nj-vector of areaload curtailments
Ci =i-thelementof C,i.e., unsatisfied demand in areai
D = Ng-vector of net negative injectionsfor No Load Loss
Sharing (NLLS) and actual arealoadsfor Load Loss
Sharing (LLS)

G™ = N,-vector of maximum available net positiveinjec-
tionsfor NLLS and available area generation for LLS;
available generation levels coincide with upper
bounds of current U -set

F{"™* = N;-vector of forward flow capacities of tie-lines

Fmax = N;-vector of reverse flow capacities of tie-lines

G = Ny-vector of net positiveinjectionsfor NLLS and
actual areageneration for LLS

0 = Na-vector of node voltage angles

b = Nt x N; primitive (diagonal) matrix of tie-line
susceptances



A = N; x N, element-node incidence matrix
B = Na x N, augmented node susceptance matrix
= ATbA

In the NLLS case, the solution for the G-vector needs to be
modified to provide the actual area generation; inthe LL S case
this modification is unnecessary. The solution for the G-vector
obtained from thismodel isbasically the u-vector, unlessoneor
more elements of G lie below the corresponding lower bounds
of the current U-set, in which case they are set equa to the
lower bounds.

For the determination of the v-vector, the i-th element is
obtained from the solution of the following L P problem:

Vi = Min Gi
subject to:

BO+G = D

G S Gmax (2)
AT bo < Ffmax

_ AT bo < Frmax
G > 0
0 unrestricted

The determination of the v-vector, therefore, requires the solu-
tion of the LP problem (2) N, times, once for every area. In
the event that (2) fails to find a feasible solution for a certain
area j, v is set equa to the corresponding upper bound of the
current U-set. If (2) yields a solution which lies below the
corresponding lower bound of the U-set, it is set equal to the
lower bound.

3.5 DC Flow Model in Simulation Phase

In the simulation phase, states are randomly sampled from the
undecomposed state space and tested for acceptability using
model (1). The only difference is that the G™* vector is now
determined from the sampled generation states. If the solution
to (1) yields a zero loss of load value, the indices remain un-
altered; otherwise the probability of this state is computed and
the contribution of this state is added to the appropriate indices.
Thisiscontinuedtill the standard errors of the computedindices
drop below prespecified tolerances.

3.6 Computation of Indices

It has been stated in § 3.3 that each state in the composite state
space can be mapped back to as many as N x N¢ pre-images
in the original state space. The same argument applies to sets
of states. So if the probability of a set in the composite state
spaceisto be computed, then the set must first be mapped back
to al its pre-images in the original state space, and the sum of
the probabilities of all these pre-image sets must be computed
to yield the probability of the composite set.

The sum of the probahilities of the L -setsgives usthe system
LOLP, and the sum of the probalilitiesof the B-sets correspond-

ing to each area loss of load gives us the area LOLP for that
area.

Determination of the area EUEs proceeds as follows. For
every composite B-set, all the pre-image sets are determined.
For each pre-image set, the mean generation vector is deter-
mined. Using the mean generation vector and the actual load
vector for the pre-image set, the LP model (1) is executed to
provide the mean curtailment vector. The product of this cur-
tailment vector and the probability of the pre-image set givesus
the contribution of this pre-image set towards the area EUES.
The sum of the contributions of all the pre-image sets is the
total contribution of the composite B-set. Thetotal area EUES
are computed from all the B-sets. The system EUE is the sum
of the area EUEs.

In the simulation phase, of course, only individual states are
sampled; the contribution of each sampled state can be com-
puted directly fromthe probability of the set, and the curtail ment
vector obtained from a single execution of LP model (1).

Thisindicates afurther motivation for switching over to ssim-
ulation after acertainlevel of decomposition. Beyondthislevel,
not only does the contribution of each cycle of decomposition
becomevery small, the number of B-setsproduced at each level
also increases exponentially, thereby increasing the number of
times (1) has to be executed. This drastically increases the
computational burden, since (1) isitself an iterative algorithm.

The above consideration motivated the development of a
more efficient embodiment of the DC flow model. This em-
bodiment, as developed by the authors, is outlined in the next
section.

4 A Computationally Efficient Embodiment of
the DC Flow Model

Consider the model given below.

Na
Lossof Load = Minz Ci
i—1

subject to:
Be +G +C =D
© X =e ©)
ATbe +X, =
—ATho +Xg = Fmex

G, C, X1, X5, X3 > 0and @ unrestricted
where X4, X5, X3 are slack variables.

Thisis not only a restatement of model (1) in standard LP
form, but also has two major differences:

1. The constraint C < D has been discarded. Since the
sum of the areaload curtailmentsisbeing minimized, the
structure of the problemwill inherently maintain C below
D, and hence the constraint is redundant. Discarding
this constraint has the desirable effect of reducing the
dimension of the feasibility space by N,.



2. Thefirst constraint equation, which isthe power balance
equation, is not augmented by artificial variables, even
though it is an equality constraint. Rather, itisleft asan
equality, since one can intuitively see that in the power
balance equation, the area load curtailments effectively
serve as slack variables. This formulation therefore ob-
viates the need for artificial variables, and enables the
problem (3) to be solved directly, without using the two-
phase method.

There are other aspects to this formulation which enable
an efficient implementation. Before these are discussed, it is
appropriate to restate model (2) in standard LP form:

v = MinGi
subject to:
B6 +G =D
G +Xl — Gmax (4)
ATbe +X2 — Frax
—ATbo +X3 = Fmax

G, X1, X2, X3 > 0and 9 unrestricted

The need for artificial variablesin model (4) may be avoided
by using a duplex algorithm consisting of alternate executions
of dual and primal simplex proceduresto ensure both optimality
and feasibility.

In models (3) and (4), the 6-vectors need to be split into

0 = 0/ _ 0//, 0/’ 0// > 0
to conform to the standard LP model. This means that models
(3) and (4) will have constraint coefficient matrices of sizes
(2Na + 2Np) x (5Na + 2Np) and (2Na + 2Np) x (4Na +2Np),
respectively. The feasibility spaces for both models will be of
dimension (2N, + 2Ny).

Now in both modelsif we select the (2N, + 2N;) rightmost
columns to constitute the starting bases, then these starting
bases will be of the form:

[I(ZNa+2N1):| for model (3)

and

I, 0 O
I, In, O
0 0 I

Note that not only are both these starting bases guaranteed to
beinvertible, their inverses can also be formed directly, without
actual inversion:

for model (4)

[I(ZNa+2N1):| for model (3)

and
In, 0 0

Iy, In, O
0 0 I

for model (4)

If in addition to directly constructing the inverses of the
starting bases, the method of product form inversionis used for
the determination of every modified basisinversein subsequent
LP iterations, both accuracy and speed of the LP solutions can
be substantially increased. Indeed, the entire Decomposition-
Simulation can be performed without ever completely inverting
amatrix.

Sections3and 4 comprehensively outlinethemethod actually
implemented by the authors. The next section presents the test
cases and results.

5 Test Casesand Results

In this section test cases and results are reported which support
the validity of the implementation and highlight some of the
salient aspects of the method.

5.1 CaseBank

It is convenient to first define the test cases used in this study.
Four configurations are defined:

A L

configuration 1 configuration 2

configuration 3

configuration 4

Every area in the above configurations is identical to the
|EEE-RTS[16], with a maximum area generation of 3405 MW,
the hourly load model isused with apeak of 3000 MW, i.e., with
13.5%reserve. Every inter-areatie hasacapacity of 300 MW, in
both forward and reverse directions. The tie-line susceptances
are different for the different cases, tabulated below:

CASE CONFIGURATION  TIE-LINE SUSCEPTANCES

CASE1 configuration1l all ties: —40pu

CASE2 configuration2  all ties: —40pu

CASE 3 configuration3  all ties: —40pu

CASE4 configuration1  ties1-2, 2-3: —40pu
tie1-3: —10pu

CASE5 configuration4  all ties: —40pu

CASE6 configuration4  ties1-2, 2-3, 3-4,4-1: —40pu
tie1-3: —10pu

The assistance policy assumed is No Load Loss Sharing
(NLLS). When thereis aloss of load, the curtailmentsare alo-
cated among the areas suffering loss of load in such a manner



as to minimize the total curtailment, while ensuring that the
assisting areasfirst meet their entire area demands. The model,
however, alows implementation of other policies. The Load
Loss Sharing policy, for instance, can be implemented as ex-
plained in thelegend describing model (1). Areaassistancescan
be prioritized by using a weighted sum of area curtailmentsin
model (3). Other policies may beincorporatedin the constraint
equations or as additional constraints.

For thesetest cases no planned outage is considered, i.e., the
entire year is treated as a single interval with full generation
availability, except for forced outages.

5.2 Mode Validation

Thevalidity of the integrated model described in sections 3 and
4 was established by comparing its performance with that of a
model based entirely on Monte Carlo simulation. Briefly, the
two models are defined as:
Simultaneous Decomposition-Simulation using
DC flow constraints; generation model constructed
with step size Zs; N.-cluster load model rounded
off to multiples of Zs. LP models (3) and (4) im-
plemented with direct construction of inverses of
starting bases and product form inversion.

...(DSIDS)

and

Explicit Simulation over complete state space
spanned by load, generation, and tie-line states.
Loads are considered on an hourly basis; hourly
loads are traversed sequentially and generation
states are drawn for the given hourly loads. LP
model (1) implemented with two-phase simplex
algorithm.

... (EXSIM)

For the studies reported here, the following parameters were
used inthe above models: InDSIDS, stepsizewas Zs =50 MW,
number of load clusters was N = 10. The simulation part of
DSIDS was required to converge to the same tolerance level as
EXSIM Was, i.e., in both model sthe standard errorswererequired
to converge to within +2.5% of the corresponding mean val ues.

The models were tested on CASE 1, CASE 2 and CASE 3;
their performances are compared in TABLE 1.

It should be noted that the first difference between the two
modelsliesinload modeling. WhereasexsiM usesexact hourly
load data over the entire year, DSIDS modelsthe load by cluster-
ing the entire hourly load model into a relatively small number
(10 in these studies) of cluster states. The second difference
isthat bsIDsS is a hybrid model, using part analytical approach
and part sampling, while ExXSIM is purely a simulation model.
These two differences can lead to some variation in the results
obtained by the two models. The third differenceisin the LP
formulation and solution techniques. This difference affects
only the computation time and not the accuracy.

The studies reported in TABLE 1 indicate that the results
obtained by the two methods are quite close, but that bSIDS is
several orders of magnitude faster than ExsiM. The agreement
between the results validates the models and assumptions used

in the development of the DSIDS model.

When ExsIM was used to simulate from the 10-cluster load
model, the indices and the CPU times were close to those ob-
tained using the exact hourly load model. The cluster model
basi cally discretizesthehourly load model into N cluster states.
The probability of cluster statesis an approximation of the dis-
tribution of exact hourly loads. Therefore the drawing of a
given cluster state is an approximation of the event of drawing
an hourly load state belonging to the set represented by that
cluster state. This explains why both the load models required
approximately equal numbers of samplings to meet the same
convergence criterion.

5.3 Sensitivity to Threshold Probability

The Threshold Probability po isthe minimum probability a set
(U, L or W) must have in order to be subjected to decompo-
sition. If the probability of a set isless than py, it is set aside
for the simulation phase. The level of pgy therefore determines
the stage at which decomposition stops and simulation begins.
Understandably, the computation time is sensitive to the value
of po. This sensitivity isillustrated in TABLE 2.

These studies indicate that for every topology there is an
optimum threshold probability pg, which takesthe lowest com-
putation time. Though it is not possible to determine the exact
valueof p for every case, values of pg in the order of 10~ to
10~° seemed to perform satisfactorily for all cases studied.

5.4 Sensitivity to Tie-Line Susceptances

The DC flow model distinguishesitself from the capacity flow
model by its sensitivity to tie-line susceptances. Thisisillus-
trated through the following examples:

1. CASE 4 differsfrom CASE 1 inthat the susceptance of
tie-line 1-3 has been lowered, while its capacity remains
the same. Thisactualy resultsin a‘weakening’ of tie 1—
3, so that flowsin the other ties are now preferred. Since
both the other ties connect to area 2, the latter naturally
has a higher reliability than areas 1 and 3, asreflected in
TABLE 3.

2. InCASE 5, thecross-tieiselectrically ‘stronger’ thanin
CASE 6; consequently, areas 1 and 3 have higher levels
of reliability in CASE 5 than they do in CASE 6. This,
too, isreflected in TABLE 3.

Since CASE 4, CASE 5, and CASE 6 bring out the most
interesting aspects of this study, it is relevant to compare the
results obtained for the two models, for these cases. TABLE 4
shows the results obtained from ExsiMm; the resultsin TABLE 3
were, of course, obtained from DSIDS.

5.5 Effect of Interconnection

It can be seen from TABLE 1 that as the number of intercon-
nected systemsincreases, the areareliability levelsimprove, as
expected. However, since in each case every areais connected
to only two other areas, thereis atransmission bottleneck (since



TABLE 1: PERFORMANCE COMPARISON BETWEEN MODELS DSIDS AND EXSIM

DSIDS EXSIM
CASE LOLE (h/year) | EUE (MWh/year) | CPU time! LOLE (hyear) | EUE (MWh/year) | CPU time?
SYSTEM | AREA | SYSTEM | AREA | (hh:mm:ss) || SYSTEM | AREA | SYSTEM | AREA | (hh:mm:ss)
CASE1 152 0.63 282.0 94.0 0:00:30 1.60 0.69 278.0 92.7 3:55:00
CASE 2 1.23 0.35 191.8 48.0 0:02:30 1.26 0.38 191.0 47.8 11:12:00
CASE 3 1.16 0.26 173.9 34.8 0:09:00 1.26 0.30 179.0 35.8 19:52:00
TABLE 2. SENSITIVITY TO THRESHOLD PROBABILITY
CASE CPU time? for different threshold probabilities (po) Optimal
Po=10° | pp=10°| pp=10"] pp=10°] pp=0.0 Pa
CASE1| 0:01:10 | 0:01:10 | 0:00:30 | 0:00:30 | 0:00:30 0.0
CASE2 | 0:04:00 | 0:02:30 | 0:04:30 | 0:08:20 kokx ok 10
CASE3 | 0:21:00 | 0:11:40 | 0:09:00 kokx ok kokx ok 1077
TABLE 3: SENSITIVITY TO TIE-LINE SUSCEPTANCES
CASE LOLE (h/year) EUE (MWh/year)
SYSTEM | AREAS1& 3 AREA 2 SYSTEM | AREAS1 & 3 AREA 2
CASE 1 152 0.63 0.63 282.0 94.0 94.0
CASE 4 2.64 1.10 0.84 418.2 151.8 114.6
CASE LOLE (h/year) EUE (MWh/year)
SYSTEM | AREAS1& 3 | AREAS2& 4 | SYSTEM | AREAS1 & 3 | AREAS2& 4
CASES5 0.79 0.16 0.33 137.4 23.6 45.1
CASE 6 0.92 0.23 0.34 156.4 32.0 46.2

TABLE 4: RESULTS FROM MODEL EXSIM FOR CASE 4, CASE 5, AND CASE 6

CASE LOLE (h/year) EUE (MWh/year)
SYSTEM | AREAS1& 3 AREA 2 SYSTEM | AREAS1 & 3 AREA 2
CASE 4 2.74 1.15 0.92 402.0 139.5 123.0
CASE LOLE (h/year) EUE (MWh/year)
SYSTEM | AREAS1& 3 | AREAS2& 4 | SYSTEM | AREAS1 & 3 | AREAS2& 4
CASES5 0.84 0.20 0.35 144.0 29.5 43.0
CASE 6 0.98 0.24 0.37 159.0 33.0 46.5

tie capacitiesare samein al cases), and the improvement in re-
liahility is not very significant.

Now inthe4-areacase, when across-tieisconnected between
areas1& 3, theimprovement in both areaand systemreliability
levelsis quite significant. (Compare CASE 2 in TABLE 1 with
CASE 5and CASE 6in TABLE 3.)

While these studies have demonstrated the applicability of
DC flow constraints to the method of state space decomposi-
tion for cases with upto 5 interconnected areas, decomposition
models [13] have been used on systems with larger numbers of
interconnected areas and tie lines, and it has been observed that
in such cases the size of the state space, and consequently the
computation time, increases with the number of interconnec-
tions.

10n aVAX 9000, with optimal threshold probability pg (see TABLE 2).
20n aVAX 9000.
30naVAX 9000; a'****’ entry impliesthat thetimewasinordinately long.

6 Discussion and Conclusion

The studies reported in section 5 show that the implemented
hybrid model is much faster than the explicit simulation model,
and at the same time the results from the two models compare
favorably. While the improved formulation and implementa-
tion of the LP algorithm is partly responsible for the increased
efficiency, it is the basic approach that makes most of the dif-
ference. In the purely Monte Carlo approach, the complete
original state space is subjected to random sampling. On the
other hand, the simultaneous decomposition-simul ation process
stratifies the states so that sampling is performed from sets of
stateswhich arecloser in relationship. For instance, inan L -set,
all states areloss of load states, differing only in the areas that
suffer loss of load. It can be seen that even a relatively low
level of decomposition (po = 10~°) can lead to alarge saving
in computation time.



The contributions of this paper can now be summarized as
follows:

1. Integration of suitable models into an analytical frame-
work which can accommodate the DC load flow con-
straintsin a computationally tractable form.

2. Formulation of a computationally efficient embodiment
of the DC flow model, which reduces the dimensions
of the feasibility spaces, obviates the need for artificial
variables, and enablesthe LP formsto be solved without
ever completely inverting a matrix.

3. Development and implementation of a hybrid methodol-
ogy by integrating the aforementioned analytical frame-
work with a suitable Monte Carlo model to enable reli-
ability evaluation of interconnected systems of practical
dimensions within areasonable time frame.
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Discussion

Quan Chen, New England Power Planning, Holyoke, MA: The
authors are to be congratulated for their contribution in an
important and difficult field. Multi-area reliability evaluations
have important applications in power system planning. I am
particularly interested to know the following:

1. How different is the reliability index calculated by using the
transportation model and by using the DC model? For
example, for the Configuration 4 in Section 5.1.

2. What are authors’ comments on incorporating an HVDC tie
line in the model?

3. From my knowledge, the NARP model of ERCOT uses a
Monte Carlo simulation technique and an LP model. Is there
any difference between the EXSIM model (Section 5.2) and the
NARP model of ERCOT?

A.T.Holen (The Norwegian Institute of Technology), A.Johannesen, O.Kvennis (The Nor-
wegian Electric Power Research Institute), Trondheim, Norway:
‘The authors are to be congratulated for demonstrating the feasibility of including power flow
constraints in a macro type multi-area reliability model based on analytical and hybrid soluti
technigues. The susceptance modelling of tie-lines allows a more realistic representation of
flow constraints than a flow capacity model, and we believe the sensitivity of LOLE and EUE
to line susceptance demonsirated by the test cases in the paper justify that it is worth looking
carefully at this approach, particularly for systems where the tie-lines may be bottlenecks for
area and system reliability. This is normally the situation for the systems we are looking at.
Our specific questions and comments are:
1.-Computation time, number of areas and capacity step-size.
‘We believe it is a common experience with multi-area models that computation time seems to
increase rather sharply when of areas are i ing.We think this is also demonstrated
by the test cases in the paper. The number of states, and consequently computation time, also
depend upon the capacity (and load) step size. Do the authors have any experience and/or
advice about the maximum practical number of areas that can be handled with “reasonable”
computation time and state of the art work-stations or PCs? Is inicrease of step size a recom-
mended “medicine” to reduce computational burden or is that hazardous with respect to accu-
racy?
2. The LP optimum criterion.
‘The criterion applied in the paper is minimization of total curtailed load. Recent customer sur-
veys have demonstrated that cost of interrupted load depends a lot on customer category.
Hence, it may be justified to apply dxﬁ‘erem costs for different areas, provided that areas have a
different mix of of the criterion used in the LP solution to
include cost of curtailed power mther than the power uself m:ght contribute to focus on differ-
ent area characteristics and reveal possible issi ks. This is p ‘y becom-
mg more interesting as we are moving towards open access and i d power
2. We would ap the authors’ comment on this.

Manuscript received July 21, 1995,

Gene Preston (City of Austin Electric Utility, member of the
Electric Reliability Council of Texas Reliability Task Force,
Austin, Texas): J. Mitra and C. Singh have given us a new
tool to evaluate bulk system reliability. As a member of the
ERCOT group that helped in the development of the N Area
Reliability Program, I will share some ideas that went into the
NARP program’s development. The authors may want to
comment on differences between NARP and the methods
presented in the paper.

Early in the NARP program development, the ERCOT
committee decided that the transportation model (referred to
as a capacity flow model in this paper) would not give the
correct distributions of power between load areas in the
ERCOT system. This decision eliminated programs based on
the transportation model.

The DC model was created to have incremental flows
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between areas as close as possible to those observed in a full
AC load flow. The original DC model was prepared by a
committee as a cut an try process and took some effort to
calibrate. The process is now automated with a computer
program that creates a DC link model from inter-area tie
flows from the output reports of running full AC load flows.

Experience with the NARP program shows transmission link
capacity limits are reached when relatively large numbers of
generators are forced off line (10 to 30 typically). These
generator outages result in large enough power shifts between
areas to encounter DC link constraints and load is shed. The
Ioad shedding allocation is determined by solving an LP with
loss of load minimized. The authors may want to comment
on how load shedding is assigned to more than one area when
the objective function in the LP has no preference between
the areas. The authors may also want to comment on
computer run time Versus generation reserve margin.
ERCOT’s experience is that a very high generation reserve
margin may require very long run times to find failure states.

Manuscript received August 7, 1995.

J. Mitra, C. Singh, (Texas A & M University, College Station,
TX): The authors would like to thank the discussers for their
insightful comments and queries.

Dr. Chen expressed an interest in comparing indices obtain-
ed from the transportation model with those obtained from the
DC flow model. For CASE 1, CASE 2, CASE 3 and CASE 5,
the transportation model results in slightly more optimistic in-
dices, as shown below for CASE 5, corresponding to Configu-
ration 4.

LOCATION | LOLE (h/year) | EUE (MWh/year)
SYSTEM 0.67 129.2
AREAS 1 & 3 0.14 22.7
AREAS2 & 4 0.29 41.9

The difference results from the fact that in the DC flow model
the tie-line flows are dictated by the network topology and tie-
line susceptances, while in the transportation model they are on-
ly constrained by tie-line capacities; as a result, the transporta-
tion model is more effective in exploiting the tie-line capaci-
ties, and therefore yields more optimistic indices. CASE 4 and
CASE 6 cannot, of course, be handled by the transportation mo-
del, because of its inability to accommodate tie-line susceptan-
ces.

Inclusion of HVDC tie-lines involves a simple extension of
the LP model (1). Since power flows in HVDC lines are com-
pletely controllable and are independent of network topology
and reactances, an inflow or outflow through a HVDC tie can
beregarded as an increase in generation or load, respectively. In
fact, if all the interconnecting ties were HVDC, a transportation
model would be adequate. As such, HVDC ties can be included
in the DC flow framework by modifying model (1) to:

N
Loss of Load = Min Z C;

i=1

subject to:
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B6+ AL Fye+G+C = D
G < Gmax
C < D
(ATp)To < Fpex
_(AT b)Te < Fmax
ch < F(ﬁa}
~Fi < Fpo
G,C = 0
17 unrestricted

where

F4c = vector of HVDC tie-line flows

Fytf = vector of forward flow capacities of HVDC tie-lines
Fj8% = vector of reverse flow capacities of HVDC tie-lines
Adc = element-node incidence matrix of HVDC ties only

All other variables are the same as described before, pertaining
only to AC components.

Dr. Chen’s observation regarding the similarity between the
NARP model used by ERCOT and the EXSIM model described
in the paper is justified; both models are in fact identical.

. M Preston has raised some interesting issues based on his
experience with the NARP program, which, as we have stated
earlier, is identical to the EXSIM model referred to in the paper.
It is true that the objective function in the LP models shows no
preference between the areas when it comes to distributing the
curtailments. However, the manner of this distribution merits
comment. The LP starts out with all curtailments equal to zero.
Since it seeks an optimal solution by moving from one corner
point on the feasible polytope to an adjacent one, and comes to
a stop as soon as an optimal point is encountered, the resulting
allocation of curtailments is such that the number of areas suf-
fering loss of load is kept at a minimum. In other words, the cur-
tailments at the remaining areas do not change from their start-
ing values of zero. Mr. Preston’s observation regarding the in-
crease in run time for large reserve margins is also appropriate.
This can be understood as follows. An increase in the reserve
margin results in improved reliability, i.e., in a reduced LOLP.
This means that in a given number of sampled states, the pro-
portion of loss of load states is lower; hence a larger number of
states must be sampled before the indices converge.

Dr. Holen, Dr. Johannesen and Dr. Kvennas have also ad-
dressed some pertinent issues. It is true that the computation
time increases sharply with the number of areas. This is pri-
marily due to two reasons: one is that the size of the state space
increases; for instance, if every area is identical to the IEEE-
RTS, and there are interconnected areas, then the state space

contains 69" generation states for a 50 MW step-size. The other
reason is that the dimensionality of the LP problem increases
with the number of areas and number of lie-lines, and this has a
significant effect on the run time, since the LP takes up the bulk
of the solution time. As such, it is difficult to estimate a limit
on the number of areas that can be reasonably handled by the
proposed method. This is because this limit depends primarily
on the number of generation states in the areas. It is more real-
istic to relate the computation time to the product of the num-
bers of generation levels in all the areas. As pointed out by the
discussers, the machine used for the computations is also an im-
portant factor. For instance, the 3-area case with complete de-
composition took about 300 seconds of CPU time on a SPARC-
20 workstation with a 50 MHz processor. While increasing the
step-size may affect the computation time, this should be ex-
ercised with caution. Our experience has shown that while the
LOLEs are not severely affected by the step-size, the EUEs be-
gin to diverge if the step-size becomes too large. For instance,
when a step size of 100 MW was used, the fo]lowmg results
were obtained.

CASE LOLE (h/year) EUE (MWh/year)
SYSTEM | AREA SYSTEM‘ AREA

CASE 1 1.65 0.70 360.9 120.3
CASE2 1.27 0.37 242.8 60.7
CASE 3 1.22 0.28 226.0 452

The observation that assigning different costs to different
areas can accommodate variations in cost of interrupted loads
in different customer categories is also appropriate. In fact, a
wide range of situations and constraints may be accommodated -
by varying the cost coefficients in the objective function and by
altering or adding to the constraints. The inclusion of HVDC
ties is a case in point. Another example is that in a deregulated
environment, it may be cheaper in some instances to shed loads
than to import power from another area. This condition may be
incorporated by including in the objective function a weighted
sum of the @ variables, in addition to the curtailments.

Incidentally, there is a typographical error in LP model (1).
In the expressions for the tie-line flows, the 6 vector is premul-
tlphed by the transpose of the matrix (A7 b), rather than by the
(ATb) matrix itself. This omission of the transpose notation has
been repeated in (2), (3) and (4). The model including HVDC
ties, appearing in this discussion, shows the constraint equations
in the correct form.

The authors once again thank the discussers for their valu-
able comments and questions.

Manuscript received October 30, 1995.



