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Abstract- This paper presents the
details of a computationally efficient
automatic voltage contingency selection
algorithm developed for implementation at
the AEP's new system control center in
Columbus, Ohio. The methodology is based on
the quantification of the real-time
system-wide impacts of the transmission
branch (line and transformer) outages on the
load bus voltage profile via the fast
computation of a quadratic system
Performance Index (PI) for every branch, and
subsequent sorting of the results according
to the severity of effects. The algotithm
enjoys superior computational complexity
compared to the previously published work.
An application of the algorithm to the AEP
EHV real-time data base is presented as an
illustration.
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- Post-outage voltage magnitude and
angle vectors corresponding to the
outage of branch 2. , respectively

= Permissible voltage deviation at
bus i

I, Post-outage quantity corresponding
to outage of branch t (superscript)

g
Q

b
9,

bah
QtP

- Conductance of branch 9

- Susceptance of branch 9

Shunt at p side of branch 9

NBUS - Number of buses in the system

bsh Shunt at q side of branch 9

NLOAD - Number of load buses in the system

NL - Number of branches in the system

QS - Scheduled reactive power at bus i

calQ - Calculated reactive power
i at bus i

SPv - Scheduled voltage magnitude at
i bus i

V, 6 - Base-case voltage magnitude and
angle vectors, respectively
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R = Reference case quantity
(superscript)

WV
i

A real non-negative weight
associated with bus i

m = Order of the voltage performance
index

AV = Voltage magnitude correction

y(i) - Set of adjacent buses to bus i

B*',,B" = Coefficient matrices of Fast
Decoupled Load Flow (FDLF)

1.] - A vector quantity

diag{.} - A diagonal matrix

11 . 11 - A vector norm
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O(.) = Algorithm computing time

I NTRODUCTI ON

The traditional procedure for on-line
steady-state security assessment at the
current energy control centers is by
evaluation of a large number of cont ingency
cases. The computational burden that this
task imposes on the present day computer
installations has prompted the need for the
development of systematic ways for the
automatic select ion of meaningful
contingency cases. The objective is to
reduce the number of potential cases under
consideration and, at the same time, to
determine the ranking of these cases
according to their severity of effects for
further analysis .

The current practice typically
simulates the contingencies either:

o By selecting the outages to be studied
from a pre-compiled list of meaningful
contingencies, or

o By operator selection, depending on the
power system state as given by a state
estimator or any other on-line power
system monitoring facility.

The former approach is an off-line
planning practice applied to the on-line
situaticon. Such a method fails to recognize
the fact that system states assumed for the
preparation of the contingency lists may
differ from the real-time operation
environment. In fact, what is understood to
be a single contingency in a planning study
may very well be a double, triple or even
higher contingency in a real-time operation
environment .

This analysis heavily draws on
traditional Transfer Capability Curves and
concentrates on the Key Facility Index
provided by the system planners. Moreover,
it has a local scope and not a global (i.e.,
s ys tem-wide ) one .

The second method (i.e., operator
selection) may prove to be burdensome even
to experienced operators. As operating
conditions in most systems become more
stringent, the number of contingency choices
increases and no amount of experience
guarantees proper selection of troublesome
cont ingency cases .

These considerations suggest the need
for a systematic method for the automat ic
selection of contingencies that should be
examined. The approach taken at AEP is to
rank the outage events according to t he i r

severity so that only the higher ranked
cases would then be studied in detail. The
methods developed here to generate such
rankings involve the use of system
performiance indices. A system performance
index must be a single-valued function whose
magnitude reflects the severity of
out-of-limit bus voltages, reactive power

injections or branch real and reactive flows

resulting from a given contingency. Hence,
in these studies, a system-wide performance
index is defined as a penalty function type
of index which penal izes any vio lat ions of
the bus voltage profile, reactive power
injection limit and transmission branch real
and react ive f low capab ility constra in ts .

One such index is u sed to rank
transmission branch and inject ion
contingencies in terms of the severity of
branch overloads. A different index is used
for ranking transmission branch
contingencies on the basis of their severity
in terms of the out-of-limit vo ltage
profile. A third index is used to analyze
transmission branch contingencies in terms
of tbeir impacts on reactive power
injections at the generation buses.

It is significant to notice that a
single performance index encompassing a
mixture of generically different variables
such as bus voltage magnitude, branch real
and reactive power f lows, or real and
reactive power injections, does not seem to
be appropriate, since the effects of some
limit violations may be masked in the
process of aggregation.

F ive
Automatic
t ec hn iques
follows:

areas of application fo r the
Contingency Se lec t ion (ACS)
have been envisioned at AEP as

I. Selection of transmission branch
contingencies adversely affecting the
real power f low (MW) at the transmission
facilities (algorithm PSEL).

2. Selection of transmission branch
contingencies adversely affecting the
voltage prof ile at the load buses
(a lgor ithmb VSEL) .

3. Selection of transmission branch
contingencies adversely affecting the
reactive power injections (MVAR) at the
generation buses (algorithm QSEL).

4. Select ion of real power (MW) in ject ion
contingencies adversely affecting the
real power (MW) f low at the transmission
facilities (algorithm IPSEL).

5. Selection of reactive power (MVAR)
injection contingencies adversely
affecting the reactive power flows at
the transmission facilities or bus
voltage profile (algorithm IQSEL).

Computationally efficient algorithms
for the implementation of the automatic
contingency selectors in the aforementioned
areas have been under development at AEP
dur ing the pas t few years [1]. Algorithm
PSEL is fully described in [2]. The present
paper illustrates algorithm VSEL, whereas
QSEL, IPSEL and IQSEL algorithms will be the
subjects of future papers.

The essence of the algorithms is to
quickly rank cont ingency events in such a
manner that sequential contingency testing
could be carried out (with an on-line fulII



AC load flow function, for example),
starting with the most severe contingency
(in terms of causing transmission branch
overloads, abnormal vo ltage prof ile or
reactive power problems) and terminating
when the sequence of contingencies no longer
poses problems.

VOLTAGE PERFORMANCE INDEX

The voltage Performance Index (PI)
chosen to quantify the system abnormalities
due to the out-of-limit bus voltage prof ile
is defined as:

v SP
w v V

NLOAD i ~ I m

()
max

This performance index takes into
account the voltage magnitude constraints at
a11 the load buses in the system. The
permissible vo lt age d e v i a t io n
A+mafepresents the threshold beyond (above
and below) which bus voltage magnitudes are
outside their limits, thus yielding a large
value of the index J(V). Note that when all
deviat ions from the specif ied bus voltage
magnitudes are within their corresponding
AV. , the performance index J(V) is

Ismall. The upper and lower bou-nds on the
voltage magnitudes at bus i areAa hence,
implicitly specified as ( Vi+ AVi ), and
(v i- AV1i ), respectively.

In the context of real power
contingency selection of [2], it has been
observed that situations may develop where
the limit violations may not be recognized
(masking effect). There are two ways to
deal with this phenomenon. One approach is
to increase the order of the performance
index, m. Although this approach is quite
effective in mitigating the effects of
mask ing, it introduces computational
complications in the implementation of
automatic contingency selectors. The second
approach for reducing masking effect is by
partitioning the monitored network into
smaller subsets and perform mu lt iple
rankings.

The system can conceptually be broken
up into local areas and rankings can be
performed on an area-wide basis as opposed
to a system-wide one. A local area is a
logical subset of the monitored facilities
which may, or may rnot, correspond to a
geographically or electrically contiguous
area. A local area might be the set of all
765-345 KV transformers, for example.

Nevertheless, the underlying automatic
ccrntingency selection algorithm is identical
regardless of the mode of implementation.
Network partitioning achieves masking effect
reduction by breaking up the summation of
(1) into several smaller summations to
reduce (or, ideally eliminate) the adverse
effects of aggregation.

AN OVERVIEW

At AEP, the f irs t function to be
developed within the automat ic cont ingency
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se lect ion area was the real power problem of
[21. An efficient DC load flow-based
formulation was successfully implemented
(algorithm PSEL). The authors made an
attempt to pursue a similar course of
act ion, namely, a DC load f low approach to
automatic voltage contingency selection
( i .e ., a pure Q-V formulation). The
rankings thus obtained were unreliable when
checked against the results generated by the
full AC load f low simulation of each branch
outage and explicit substitution of the
post-contingency voltage magnitudes into the
performance index of (1). The first
impression was that the well-known
decoupling pr inc ip le of the rea l and
reactive power related variab les would not
apply in this context .

It was concluded that a better
procedure would be to first update the bus
phase angles due to the branch outage,
before correcting the voltage magnitudes.
This essentially implies one full iteration
of the fast decoupled load f low of 131 . The
authors of [41 apparently reached the same
conclusion concurrently. This procedure can
be summarized as fo l lows .

ALGORITHM IP-IQ

beg in

(1) form and factor the coefficient
matrices B' and B";

(2) for all the transmission branches in
the network do begin

(3)

(4)

(5)

(6)

end

update the nodal admittance
matrix to reflect the branch
outage;

solve for the bus angles using
the real power portion of FDLF
equations and network
compensation;

solve for the voltage magnitudes
using the reactive power
portion of FDLF and network
compensation;

compute the performance index
va lue;

(7) sort the performance index values in
descending order;

end

The computat ional complexity of this
algor ithm wi ll be analyzed as fol lows. For
sparse matrices, the worst case computation
time for step (1) is proportional to NBUS.
Step (3) takes constant time. Step (4), on
the other hand, is at least proportional to
NL, since its time is proportional to the
number of the entries in the adjacency list
of the factored B' matrix. Step (5) is also
O(NL). Step (6) requires CPU time
proportional to NBUS, and finally step (7)
can be executed in O(NL log NL). Since
steps (4) and (5) are O(NL) and these steps
are executed NL times, the worst case
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compytational burden of this algorithm is
O(NL ) which is quite intensive. It will be
shown that a substantially more efficient
formulation is feasible and its performance
for the AEP EIIV real-time data base wi 1 be
compared with the algorithm 1P-lQ for the
same base-case.

Some preliminary equation manipulations
are presented in Appendix I which serve as
the basis for further algorithmic
der ivat ion.

POST-OUTAGE VOLTAGE DERIVATION

Consider equation (Al.8) of Appendix I:

(2)1 LQ]= K + K 6

MQ = A sparse NBUS-vector with values +1
and -1 at entries p and q ,
respectively

The post-outage phase angle vector 65
can efficiently be computed by applying the
Sherman-Morrison-Woodbury inverse matrix
modification of [51 to the DC load flow
equation as follows [2]:

6 = 6 - c6(a') N6(m5

wherer

8 = 6 - 6
t P q

-1 t -1 -1
C - { b + M ( B') M I
Q 6 t t

This equat ion is the cornerstone in the
derivation of the algorithm VSEL. Upon the
occurrence of a breaker switching operation
(a forced or scheduled branch outage), the
network topology is modified and a new
ranking needs to be determined. Suppose the
switching operation resulted in the outage
of branch Q interconnecting buses p and q.
Then,

[-Q= Ko+ K666 (3)

Assuming that transmission branch Q is
represented by an equivalent iv model, the
compensation to K due to the branch outage
would consist oP three terms corresponding
to the series element and two shunts. KR
on the other hand, only depends on tie
series elements. Equation (2) thus becomes:

Mk = A sparse (NBUS-l)-vector
+1 and -1 at (non-slack)
and q, respectively

with values
entries p

Substitute (5) in (4) to obtain:

IV]= (K0 + b N + x6 u6 + X6 T0) +

't I,-1
{ (K + A M6) (6- C N0t(B ) MI)I

The FDLF
hand, implies:

formu lat ion,

(6)

on the other

-I = (K + b6N6 + xIu + X2u2) + (KI+ Am) 6

(4)
where,

b - b ( V - V )
Q t q p

R sh
X --V b
66 P 6P

R sh
x --V b
62 q tq

N = A sparse NLOAD-vector of at most
Q. two non-zero entries corresponding

to buses p and q with values +1 and
-1, respectively.

U Q A sparse NLOAD-vector of at most
one non-zero entry corresponding
to bus p with value +1.

U - A sparse NLOAD-vector of at most
one non-zero entry corresponding
to bus q with value +1.

A = A sparse NLOAD-vector of at most
two non-zero entries corresponding
to buses p and q with values

R R
_V ( g + a b ) a nd V ( g -a b )

q 6 61 p 6 66Q

[Q ] = B Q [AV]
V

or ,

(7)

an in t m-1 o t ( 8)

and in terms of the base-case B" matrix,i

t if t 1-1 AQ
[A6 {B + b N6N}N i

and

6 - 1 _ It -1 t
Q ][ AV] {((B ) C6(B ) N N (BFI[116AQI

where,

-1 t "-1 -71ct -bPI+N (B ) NIt

(9)

(10)

(11)

(5)



The voltage profile update due to the
outage of branch £ can thus be generated by
substituting (6) into (10). The post-outage
voltage magnitude then would be:

J(Vi) = L { (Vk)tDVt - 2(Vi)tDVSP + (VSP)tDVSP) (17)

where,

ax- 2 Vmax -.2)D = diag (AA) _OA
t =V = V + (AV]

(18)

(12)

or,

Q " -1 ^ " -1 " -1v = V + (B) K + b (B )N + X (B )U +

" -1 n-1
x2 (B) u2 (B) K6

' -1 '-1 '1-1- Ct6 (B ) K (B ) m + 6 (B) A6

"-1 =t ' -1- C 0 (B ) AM6 (B ) MN

-1 t it~ 1 t
- c6(B ) N Ni (B K0 - C9b (B")- NtN(B" ) N

- c6x6 (B ) N6lN6(B ) u6 - c6X6 (B3 ) N6NQ(B ) U

A "-1 t -1 n-1
cXQ (B NN Ng (B) K XS +B NN(

QCt( N() N N6(B ) K(B ) Q

"-1 t ,'-- c0(B )N61N6(B AA6 +

'1 -1 t " -1)t -1(ct1(tB)N6Ni(B ) A tM96(B ) N6 (13)

where,

t

FINAL FORM OF PI

To analyze the voltage performance
index vof (1), note that for the special case
of W = i 1 ,2. ..,NLOAD, and m = 2 and
for tfie post-outage state, (1) becomes:

NLOAD t SP
J(V ) =- I ( x

2 vmax
i=1 Ai

NLOAD tV.
= h 1: ( i

i=l Ie

SP 2
1

A?ax
(14)

In vector form, (14) would appear as:

Substituting (13) into (17) would
generate the expanded version of J(V ). The
performance index value for the current
base-case cond it ion, J(V), can eas ily be
extracted in the expans ion of (17 ), i .e .,
given

J(V) = ½ {VtDV - 2 VtDVSP + (VSP)tDVSP) (19)

then,

J
J( V ) - J(V) + (correction sum} (20)

Equation (20) implies that the
pe'rformance index va lue s for different
brancb outages can ef f ic ientl y be calculated
by simply updating the base-case PI. The
{Correct ion Sum} of (20) inc ludes many
scalar quantities generated as the result of
several matrix multiplications. Some of
these terms are common to all the branches
in the branch list and hence, need to be
computed only once per execution of the
ACS. On the other hand, a number of scalar
quantities appear repeatedly in (Correction
Sum) which are scalar functions of the
branch under study, the FDLF coefficient
matrices (i.e., B' and B"), the performance
index parameters and the "Reference" case
data (i.e., K and K1 ). Hence, they can be
generated odf-line for every branch in the
branch list and subsequently stored. They
need to be updated only upon the
introduct ion of a new reference case or a
permanent topological change (breaker status
change) or on operator request. The
off-line scalars are listed in Table I.
Each entry in Table I is a scalar quantity
corresponding to branch Q and since there
are NL branches in the monitored system,
twenty-eight vectors of size NL are required
for storage. Notice that only physical
branches corresponding to lines and
transformers are processed by ACS.
Fictitious branches introduced by the
external equivalent function (REI in this
case) are exempted from ACS for obvious
reasons.

J(V ) = ½ (D Vt - D0V ) (D V - D V ) (15)
as:

where,

Equation (20), then, can be rewritten

J(V ) - J(V) + {sum 1} + {sum 2} + [sum 31

Do = diag {(AVmax) l, . . (,, )1 }
1 NLOAD

(16)

Expansion of (15) yields,

where, (Sum 1) includes branch independent,
base-case dependent terms, (Sum 2) consists
of branch independent, reference-case
dependent terms, and (Sum 31 contains the
terms involving the off-line scalars of

41
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Table I.

The ingredients for generation of the
terms in {Sum 21 and (Sum 31 are known
before the next execution of the ACS and can
be computed off-line and stored. The only
terms that need on-line computing are
confined to {Sum 1}.

TABLE 1

OFF-LINE SCALARS

t -1 -1
K (B") D (B") A
06
o

6 -1 -1
R (B") D (B") U
0 6,2

6 -1 -1
K (B") D (B") U
0 Y.1

Y11C (6B") D5(6B") N
0 6

t -1 -1
K (B") D (B") K B M
o 1 1

t -1 t -1 -1 -1
M ( B') K ( B") D ( B") K ( 6')
8 11

t -1 -1
N (B") K (B') M
t 1 Q

t -1 -1
A (B") D (B") K B M
8 1 18

t -1 -1
A (B") D (B") A
Q 6

t -1 -1 -1
U (B") D (B") K (B') M
62 1 8

6 -1 -1
U (B") D (B") A
62 8

t -1 -1
U (B") D (B") U
62 62

t -1 -1 -1
U (B") D (B") K ( B') M
61 1 8

t -1 -1
u (B") D (B") A
61 e

t -1 -1
U (B") D (B") U
61 62

6 -1 -1
U (B") D (B") U
t1 61

6 -1 -1 -1
N (B") D (B") K (6') 1
t 1

6 -1 -1
N (B") D (B") A

6 -1 -1
N (") D (B") U

6 -1 -1
M N (6B") 56DB") U

t -1 -1
N (B") D (B") N
6 8

t -1
N (B") A

t -1
N (B") U
6 62

t -1
N (B") U
6 61

t -1
N (6") N
6 6

+6 -1
M (B') M
6 6

C
6

IMPLEMENTATI ON CONSI DERATI ONS

The real-time environment in which the
ACS functions operate is envisioned as
fo 1 lows:

The state estinlator provides a model
for the AEP monitored system. The outside
areas and the unobserved portion of the AEP
system would be represented by the external
equivalent function. A pre-processor would
combine these two models to generate a
real-time base-case which would be accessed
by ACS. At the present time, only branches
residing in the AEP monitored area would be
processed. This, however, is a data
limitation issue and not one caused by the
function itself. Future inter-utility data
exchange between neighboring power systems
would resolve this problem. That is, ACS
would be enabled to extend its domain to
include some key external facilities which
are critical to the security of the AEP
system.

The K matrix represents the network

TABLE I I

REAL-TIME RESULTS

AC BRANCH AC-LOAD 1P-1O ACS
RANK p q FLOW lP-10 RANK ACS RANK

1 9 45
2 5 2
3 38 37
4 11 22
5 49P 61
6 6 13
7 14 4
8 35 66
9 8 14

10 1 5 16
11 4 15
12 9 9
13 4 49
14 54 31
15 13 61
16 61 65
17 34 32
18 27 11
19 27 11
2( 44 21
21 12 16
22 43 62
23 32 64
24 5 60
25 11 17
26 5 3
27 5 14
28 19 11
29 68 70
30 20 68
31 2? 70
32 15 67
33 59 16
34 59 1 E
35 17 12
36 1 13
37 34 35
38 1 0 65
39 52 20
40 30 31
41 34 42
42 51 22
43 17 18
44 10 65
45 19 19
46 55 42
47 3? 32
48 12 47
49 68 71
50 30 35
51 30 35
52 32 31
53 50 47
54 3 1
55 4 13
56 25 24
57 29 28
58 7 45
59 36 37
60 41 42
61 59 48
62 49 45
63 36 33
64 32 33
65 43 44
66 4e 39
67 24 23
68 20 1 9
69 29 43
70 29 43
71 69 69
72 34 41
73 2P 64
74 4 1 40
75 62 46
76 43 44
77 29 30
78 63 62
79 57 32
80 36 1 6
81 29 66
82 21 46
83 25 26
84 30 56
85 26 59
86 41 39
87 23 22
88 28 56
89 28 59
90 4 7 67
91 53 37

. 57865E+02

.561 60E+02

.55363E+02

. 54880E+02

.54700E+92

.54573E+02

. 54552E+02

.54505E+02

. 5441 4E+02

.5421 9E+02

.54189E+??

.54124E+02

.54064F+02

.53991E+02

.53938E+02

.53933E+02

. 53 91 2F+02

.53883E+02

. 53851E+02
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.53586E402

.53557E+02

.53516E+92

.53514E+02

. 53512E+02

.53504E+02

. 53501 E+02

.53498E+02

.53479E+02
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.53436E+02
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.53377E+02
.53355E+02
.53348E+02
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.53324E+02
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.53298E+02
.53273E+02
.53268E+02
.53268E+02
.53143E+02
.531 02E+02
.53093E+02
.53078E+02
. 53072E+02
.53067E+02
.53063E+02
.53030E+02
.53005E+02
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.52843E+02
.52825E+02
.52829E+e2
.52777E+02
.52770E+02
.52737E+02
.52725E+02
.52716F+02
.52679E+02
.52650E+02
. 52646E+92
.52693E+02
.52567E+92
.52532E+02
.52932E+02
.52506E+02
.52375E+02
. 52316E+02
.52227E+02
.521 56E+02
.521 54E+02
.52091E+02
. 51979E+02
.51979E+02
.51944E+02
. 51793E+02
.51500E+02
. 50031 E+02

.58093E+02

.56020E+02

.55375E+02

.54706E+02

.54626E+02

.54027E+02

.54367E+02

.54423E+02

.541 75E+02

.5426PE+02

.53966E+02

. 53986E+02

.54016E+02

.53974E+02

.53858E+02

.53933E+02

.53832E+02

.53796E+02

.53756E+02

.53671E+02

.53679E+02

.53771E+02

.53479E+02

.53598E+02

.53502E+02

.53476E+02

.53440E+02

.53434E+02

. 534 31 E+02

.53424E+02

. 53421E+02

.53408E+02

.53400E+92

. 53399E+02

.53341E+e2

.53356E+02

.53373E+02

.53349E+02

.53333E+02

.53330E+02

.53375E+02

.53281E+02

.531 63E+02

.53270E+02

. 53214E+02

.53245E+02

.53227E+02

.53266E+02

. 531 51E+02

.53207E+02

.53207E+02

.53068E+02

.53035E+02

.53026E+02

.52961E+02

.52994E+02

.53010E+02

.52884E+02

.531 86E+02

.52969E+02

. 52821E+02

.52837E+02

.52734E+02

.52935E+02

.52762E+02

.52702E+02

.52807E+02

.52649E+02

.52729E+02

. 52721E+02

.52666E+02

.52667E+02

.52569E+02

.52644E+02

. 52591E+02

.52530E+02

.52482E+02

.52497E+02

.52464E+02

.52464E+02

.52281E+02

.521 54E+02

.52049E+02

.521 69E+02

.52050E+02

.51947E+02

.52003E+02

.51980E+02
51829E+02
.51718E+02
.4971 1E+02

2
3
4
5

7
6
9
8

1 5
12
11
13
16
14
1 7
18
20
22
21
19
25
23
24
26
27
28
29
49
31
3 2
33
34
39
37
36
38
40
41
35
42
51
43
47
45
46
44
52
49
49
53
54
55
59
57
56
61
50
58
63
62
66
60
65
69
64
72
67
68
71
70
75
73
74
76
78
77
79
80
81
83
85
82
84
88
86
87
89
90
91

.57042E+02 1

. 5471 2E+02 2

.535999E+02 3

. 5341 5E+02 4

.52748E+02 6

.52075E+02 12

.52096F+02 11

.526006+02 7

.53131 E+02 5

.51781E+02 22

.52179E+02 10

.52547E+02?

.51976E+02 14

.52321 E+02 9

.51971E+02 15

.51861E+02 20

.51753E+02 23

.51936E+02 17

.51°06E+02 19

.51679E+02 24

.51651E+02 26

.51682E+02 13

.51790E+02 21

.51662E+02 29

.51498E+02 42

.51614E+92 28

.51583E+02 31

.51603E+02 29

.51564E+02 33

.51557E+02 35

.51558E+02 34

.51597E+02 39

.51498E+02 43

.514097E+2 44

.51505E+02 40

.51472E+02 47

.51509E+02 39

.51464E+02 51

.51483E+02 45

.51465E+02 50

.51555E+02 36

.51417E+02 53

.51500E+02 41

.51384E+02 54

.51466E+02 48

.51476E+02 46

.51343E+02 57

.51465E+02 49

.51569E+02 32

.51374E+02 55

.51374E+02 56

.51236E+02 60

.51935E+02 18

.51154E+0Q2 63

.50977E+02 68

.51262E+02 59

.51230E+02 61

.51966E+02 16

.51635E+02 27

.51311E+02 56

.50845E+02 76

.51536E+02 37

.50921E+02 74

.51450E+02 52

.50973E+02 69

.5105E+02 64

.51213E+02 62

.50933E+02 72

.51034E+92 65

.51029E+02 66

.50813E+02 78

.50950E+02 70

.59925E+02 77

.50948E+02 71

.59021E+02 73

.50747E6+2 80

.506516E+2 82

.65115E+02 67

.59013E+02 75

.504416E+2 87

.50468E+02 99

.50549E+02 83

.90761E+02 70

.50747E+02 81

.95365E+02 89e

.50464E+02 86

.50533E+02 84

.50220E+02 89

.50056E+02 90

.51533E+02 38

.48414E+02 91

structure and is consequently sparse. Some
small entries in K1 represent "loose"t
couplings between buses and are essentially
noise effects. One can, then, introduce a
threshold, h, below which K1 matrix entries
could be considered neg igible and hence,
replaceable by zero. The introduction of
this approximation is justified by the fact
that the proposed algorithm itself employs
some approximations and, therefore, only
significant entries of K should be
retained.



The automatic contingency selection
report is interpreted as follows:

The transmission coordinator or

operations engineer in the control center
examines the ACS branch ranking and would
further analyze the "top" ranking
contingencies by the study mode of the
on-line load flow function. The question
that naturally arises is "at what point the
examination of the sorted branch list would
terminate?." In other words, a Stopping
Time (ST) resembling a similar concept in
stochastic processes is needed [6].

A natural stopping time in the ACS
report for further analysis would be the
base-case value of the performance index,
J() . Such heur ist ic ST is only one of
several feasible stopping time criteria and
further real-time tests may suggest an
alternative.

A systematic way of determining the
"goodness" of the current "Reference" case
(i.e., an earlier base case typically
preceding real-time by several hours
depending on the time of day) used to
-generate the coefficient matrices K and

K1ii' by the following procedure: 0

begin ,

R
IF (116 - 611< e) THEN

Retain the current reference case;

ELSE

Generate an alarm/log;

Replace the reference case by the
current base-case;

Re-generate KR and K1 matrices;

END IF

end

where e is a system dependent threshold to
be determined experimentally. The
justification for the above validation test
is that the bus phase angles closely track
the daily load curve and do vary after each

Economic Dispatch calculation ( EDC), in
contrast to the voltage magnitudes which
remain fairly constant over a long period of
time in normal state. If the validation
test fails, an alarm and/or a log would be
generated to inform the operator to dispose
of the given reference case and re-form the

corresponding coefficient matrices from the
current real-time data to be used for some

period of time depending on the location on

the daily load curve.

REAL-TIME RESULTS

The algoritbms VSEL and IP-1Q were

tested for the AEP EHV real-time data base.
The exact AC solution for all the
transmission branch outages were obtained

and the corresponding voltage performance
indices were computed and subsequently,
sorted in descending order. The
corresponding PIs for lP-lQ and VSEL
algorithms were also computed and listed
according to the AC solution ranking, as

well as their own "stand-alone" ranking as a

measure of their capture rate. The results
for h= .05 are compiled in Table II.

The AC solution demands approximately
22 minutes of CPU time on an IBM 3033
machine running under OS-MVS operating
system. The solution to lP-lQ requires 96
seconds on a VAX-11/780 machine running
under VAX/VMS operating system. The on-line
portion of VSEL requires only 5.6 seconds on

the same machine with results almost
identical to lP-lQ but at considerable
savings in CPU time. The base-case
performance index value for this run is
53.53819. Using the performance index value
corresponding to the base-case as the
stopping time results in capturing seven

out of the top nine contingencies with the
remaining two contingencies being close
runner ups.

The numerical results correspond to a

5:00 p.m. base-case and a 2:00 p.m.

reference case which is an extreme case for
illustration. In an actual production
environment, the reference case validation
test would be performed on an hourly basis
and the results of the ACS would more

closely track the AC load flow-based
r e s u 1 t s .

.CONCLUSIONS

Automatic Voltage contingency selection
is an algorithmic procedure aimed at
redwtcing the number of branch contingency
cases necessary for the assessment of the
steady state voltage security level of a
power system. The objective of the
procedure is the determination of a ranking
of branch contingencies according to their
expected severity. From this sorting, the
branch contingencies may be studied until a
stopping time is reached. Branches ranked
below stopping time would not warrant
further analysis. An application of the
algorithm to the AEP real-time data base is
presented. An extreme case is deliberately
chosen to push the function to its limit.
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APPENDIX I

REACTIVE POWER MISMATCH IN MATRIX FORM

The reactive power mismatch at the load
bus i in the Fast Decoupled Load Flow (FDLF)
algorithm of 131 is expressed as:

(Al.1)
AQi _ QlF QLal

Vi Vi Vi
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The second term of (Al.1) , in turn,
equal s :

Cal
Vi = I) Vj(G.SSinP - B CoseO)

- 35-y(1) 3 13 13 13 13
1

(Al. 2)

Using a truncated Taylor series
expansion for Sin®ij and CosEOij, one would
o b t a i n :

Ko - A non-sparse NLOAD-vector whose ith
entry is:

1
i- i + E V..iBR

vP jcy(i) I 13
1

(Al. 9)

K1 = A sparse NLOAD X NBUS matrix such
that for load bus i,

Sin i=eij =-i -
i13 13 1 3

2 2Cos e I - -e 1 - ½(8 - 83)2

K (i, j) = V (G. + a. .B1 )

K (i,j) = I VR (GR + a.R BR )
1 j Cy (1) 3 1 13 13

i si

j 1 (Al. 10)

1- ½(61i - 8) (&i - 63) (Al. 3) Notice that with the introduction of
the Reference Case, (A1.5) would become:

aij d i iD
Cos e = 1 - a. (8. 8.)

1

(Al. 11)

(Al. 4)
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where,

(Al. 5)
aij (6i i)

Substituting (A1.3) and (Al.4) into
(Al.2) yields:

vi + jB. V (Gii + aijBij)(6i
j eY (x) j ay(i)

(AI.6)

By appropriate regrouping of terms in
(Al.6), one obtains:

1Qi Qi + V.3B + V (G.. + i
3 13 j6y(i) 3 13 13 13v v1 :- i

- { V. (G. + a. .B. .) )6.
jLy(i) 3 13 13 13

(Al. 7)

Transformation (Al.4) is significant,
since by an intelligent choice of a

topologically equivalent base-case,
hereafter referred to as the "Reference
Case", one can make the reactive power
mismatch a linear function of the bus

phase angles (and not a quadratic one) as

shown in (A1.7). The reference case should

precisely have the same configuration as the

current base-case (i.e., the same nodal
admittance matrix). It might have been

given by a state estimation solution at some

time T, earlier than the current time t, and
would be used to compute (AI.7) in a closed
form matrix notation as follows:
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(Al. 8)[Q] = R0 + K 6

Where,
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or,


