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-~ presence of uncertainty in the fuel and maintenance costs.

. The scbpe'of this study aims to éncompass in detail some
of the most prominent features ‘involve'd in the pairamétcr and sfate

. . ' B : - ' . ]
estimation of electric power systems. L :

The main items presented in this study include a review of
. ' . . -

-state estimation methods, a detailed development and formulation of

the AEP algorithm and its progfammeq irhplcmentation. In" addijtion,. "

a method is proposed for the improved pricing of power production

based on a stochastic model. Attention is also rocused on the error

e .deteéting capabilities of thélalgorithm. ' L.

) .Two numerical examples-are presented which demonstrate
the siccessful application of the method developed to obtain statis-

tically o'ptifnal parameters for the incremental cost curve in the

~ ’ -
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NOMENCLATURE

'

- DESCRIPTION
denotes c.onjuga.ti‘on.

a caret over a, symbpl denotes the estimated value.

denotes the magnitud'e of the qu

vertical lines.
L .
numbers in these brackets designate éWuation
. nu@.n-rs. N

numbers in these brackets refer 'to the
bibliography. -~ - - o o .

denotes transpose of the matrix)

" ®denotes inverse of the matrix.

1
bl

bus incidence matrix relating network nodes
to lines.
a fIixed known cost. h
’ ! »
appropriate submatrices ot’ A’ plor p-type
: : s ' v
. and q-type buses.

appropriate sul.)rnatriceslor A for p-type

and g-type buses.
= P A |
. a suitable matrix-relating x to z .

vectoré, as deﬁned in (3.25) and (3.26)

-
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- SYMBOL - . DESCRIPTION
' Cn , " slope ot the 'linea.riz.et.i incremental cost curve.
Dn: - intercept oflinearized incremental cost curve

\-/—" ' : on the.ve‘r_tical axis. : .

: Dp; Dq - diagonal matrices, as deﬂne,d"uji (3.12) and (3.'13).*
E{ 1 ckpected value.
F ' total production cost.
F_L | augmented cost tunction.
Fn " production cost of unit n.
G.l | Generator at bus i.
H a known matrix describing a linear fclationshi‘p
f between - z\_ and " x
H  H . diagonal matrices. with elements Vi / z
pa - S a P .
) and V _/=z.  respectively.
"’ ) q J. .
I ) . identity matrix. l
(I% . incremental cost of unit "'i..
(I'I"L).1 ,incrgmﬁ;n%al- transmission loss associated with
anit i.
J;Jp; Jq . objective functions t0"b_e minimized.
K ; K vectors with elements V y. * and
P q : ' = P "hLP :
. 2 * -
v , respectively. o ‘ .
q YJ'q. P Yy . o



SYMBOL

" reactive power at j and k.
-

line ).

trom bus p to bus.q.

C - vii -

AN
ta

'f‘ A

 DESCRIPTION. . . S _-

load at bus i .
megavolt: amplres .
mlc'gawétt's. :
mega#ars.

real genef_ated powe; or un'gt n. ‘

tofal demand in-t_hé system.

t.ota‘l loxses ip the syst.em..l

real i;ower at j and k.

error cc;variance Ima._f;:ix : R=E {\j‘vt ]

real part ot the complex impedance obtained

trom the bus impedance matrix with'a composite |

" load bus as reference.

complex bus power iy-e. s, = P + jQ‘,l .

complex pchr flow from bus p to bus g on

complex power'.ﬂow from bus q to bus pon

line j.
-
complex measured and ca}‘culated line 1low

)

complex measured and calculated line flow from-
bus q to bus p.
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SYMBOL'

tr

" bus voltages at buses p é.nd q‘;:-":'”

" DESCRIPTION

N - - |F '
‘trace of a matrix. (sum ot diagonal elements)
measurement error or disturbance .

line voltage vectors. _ .

L x 1,_-.'d'iagona1 atrices of weighting factors.

. suitables matrices for estimated st variables .

A
(x = -Wz+WD').

state vector.

known vgltage vecdtor. /

".line shunt admittances at buges p and q. ‘

: known measurement vector® o

series impedance on line j .

suitable coetficients as defined by (A10) and (At1),
.bus ‘voltage phase angles.

randormn variable representin'g ﬁncertainty in incre-
mental cost. | -
Lagrange multiplier matrix. ‘ .

Lagrange multiplier.

mean, or expected value of x .
P

?

random variable describing error in operating,costs.

" minimum error covariance matrix for.x ;

‘ Ia At
E {(x-x){x-x) }-
minimum error covariance matrix for z
. A ALt : b
.E{(z-z)(;-*z)}.

covariance. matrix ; E { (- p) '(x -p.)t] .
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.digital ‘computer techhology ha.ve revolutionized the field of state
\by @ dramatic lmprOVGment in system mcmtormg and I

' 5pread usage or}ugh speed multlprocessor real-time ¢

-1 -

CHAPTER 1

e

INT.RODUCTION

During the past.several years, tremendous advances in

cst1matxon in electnc power systems This d'evelopment-is marKed

ower systems which has been brought abesut 1argely y the wide=

Data acqu151t1on systcms are being incor ated as an-
1ntegra1 part or several major. electncal ut111t1e5 to momtor actual
CODstLODS in order to support the System operators and productlon
supcrvxﬂors in the operat:on of thexr system. -Moreover, the-y enable
the system operators to have readily avaﬂable up-to-date information
about the system variables and system structure These include

the ‘status of the circuit breakers generatmg eqmpment transformers

line-end op_er_i indicators, selected bus voltages as well as the real-

‘and reactive line pow-e'r ﬂows. ThlS, coupled with existing and

planned computer facilities, prov1des the system ppérator wnth
greatly expanded telemetering facilities and the means of improving °

the security of the system’. The implementation of state estimation

.techmques rurthermore provides the system operator with a reliable and

complete data base that allows for tlghtex‘ security margins which are

essential in providing the customer with a,\,hlghly reliable power supply.

" As has been frequently pointed out , state estimation not only

B

t. Reference may be made, in partiﬁjular, to an invited papef_by
F.C. Schweppe and E. J. ‘Handsch'in 1397, detailing this point.

B



provides a reliable data base .compz‘isihg the bus voltage magnitudes’

-/anddiflicult-to -mgasuré voltage phase angles, but.may also help '

to detect bad data points by means of error checking routines. More-

~over, it may help to give a better un&ers_tanding of the d);na.mic.

" behaviour of the systch and to suggest an improved metering confi-

’
i

guration.

The gene r:_il theory ﬁnder-lying. statel estimation techniques:
is reviewed in chapter two, which focuses on urider.stﬁﬁding the-

basic estimation problem by examining the intformation that is ava#able

. prior to the measurements or obtained during measurements. On the

basis of the information that is available one can say that the Least.

squares technique is well suited for.on-line data processing in electric

. power systems. This decision is reached keeping in mind that the

estimation algorithm is simple enough to be used on a process -computer

with limited storage capacity and computing speed:

: . - . 1 .
Chaptér Three describes in detail the so-called AEP method

which is used to obtain an ecstimate ol the state of the system from - .

- measurements of the power Hows in Yhe lines. Ifthe lines are mea-

(WS

sured at both ends; a redundant set of measurements will be obtained.
A simple but illustrafiv_e example is/ given on the application of this

methéd.

«Chapter Four applies the method or Léas[ squéres (which is

. basic to the AEP mcﬁthod) to obtain statistically 'optimai_parametefs'

describing a linear incremental cost curve for a generating unit in the

1. The abbreviatibn AEP stands for the 'ﬁ.merican E_lectric

Power Service Corporation, New York.



presence ofuhcezjtaint-:y in the fuel and maintenance costs. The
estimation of the parameters is carried out from the knowlédge of
ailocated real genérgt’ed powers i.e. inputs to the estimator are the

incremental and bperating costs of each generating unit.

The concluding chapter attempts to interpret the results
" obtained in the context of theoretical predictions set out in the earlier
chapters. This is followed by a bibiiography and appén.dices that

‘compléte the thesis.

All the programming has been done using Fo;‘tran programming

language on the IBM 360 System Model 65/



CHAPTER 1L

ESTIMATION TECHNIQUES: A REVIEW

Ila. General : Although the concept of estimation is quite oldL

it has found w1despread apphcatlons in the past few decades, parh— '
cularly in thc field of engmecrmg sc1ences. In the area or powar sys-—
_tcms Schweppe [40,41,427 rirst suggested the ldea orf developmg
static state estlrnators for. control functmns as somat.ed with the system -
. operating under ;teady-state condltlo.ns. I—Ie outlined some modellmg
concepts and computational problems associated with the implemen-
tati'on. of these estimators. Since‘ then, the 'recognized need for on-

line solutions to problems in the ole’ctric' povi:er industry has stimulated

" the development of new estirhation techniques [ 9, 1‘0, 25,26,27,31,447,

The basic estimation problem consists‘in,o.bta.ining an estimate
of some variables (usually the state variables) rrorﬁ measureménts or
a set of observations made on the syotem " The problem of developmg
a mathemat1ca1 model describing how the observations are related to
the state v.a:ria.bles is of considerable i'mportance. Irf the model is
-wfong, the subsequent estifnation procedures and compotzltional efforts
are of no use. A Ilea.son.abllypr'ecise model could no doubt be formu-
lated, but it may be so complex thot no existing method could be applicd

to solve it.

For simplicity, therefore, assuming that there is a linear
relatioﬁship between the set of measurements and the state variables,
one may write

z = Hx # v .- ' (2. 1)

1. Legendre (1805) and*Gauss (1809) 1a1d the foundatxons of
estimation theory.

=5



z = Known measurement set, m iféét.or
x = state variables to be cs’timate-cli. n vector
' H = known . m x n matrix . ‘ S

v =  measurement error or disturbance, rn vector

A typical estimate for (2.1) can be expressed as ‘ ' L

S A ‘ _
x = Wi + Wo _ , : . (2.2)

in which \W and Wo are suitable matrices. o o k »

*** Figure { schematically depicts the flow of information during

-power system state estimation. In many existing and proposed control

centers, telen}'etered data is received at periodic intervals of the ordeér
61’ few Seconds. This _data (repre_sehted by data acquislitibr_l system in
Figure 1) is fed into the state estimatqr'\ﬁhich pxjov'ides"the operator
with reliable esfimaté.s' J/\‘l\ of the s_t.lite \}Ea'.ri‘ab.ules. If bad data is preslent
in.the i,nl'ormatioﬁ l;)eing fed in, the estimator has the capability of |

detecting .such erroncous data .’ ' ‘ ‘

“There are three important models for the estimation procéss [38] '
that depend on the 'mformation which is available on"x or v prior to

the measurements or obtained during measurements! These models are:

Least Squares Model: nothing is said about x or v.

Bayesian Model | : x and v are randgm variables with a known '
- distribution.
Fisher Model. - © x is completely unknown but

-v is a-random variable. -

1, The output of the state estimator provides a reliable data base from
which control and dispatching decisions are made and various display,
monitoring, alarm,logging and interrogation functions are fed.



UOT3BRUIN}SS 23jels BULINp Bo.w UoIjRWIIOIUT 101 urex8e1p IneWLsY2S | *814

— _ | NOLLISINODV |
~ AVdSId ANV . - | VIV
ONISSIDOMd vivd | | - R
> b 3svg
~ , — > SANOD3S
HolvdsIa Lo s LY
SLNONODT - HoLvlLe 3ALvy
- vivd = ONINNVIS
CoNwoLliNow - | b o ] sunn
o - R . \/ : 3 .
ALEND3S | 31Vis IYNIWYIL.
—_— e L | 310n3y
COMINOD. | lmaw
ADN3NOZMA avol | . o | .4
i



Néxt the models for these eatkmators are dlscussed in deta11
Although only the Least Squares ‘model ha,s been appll.ed in the rollowxng
chapters the other models are given for the sake of completeness.

The estimators are defined” 1.n matrlx and vector notatlons which ma}ces
their implementation a litfle eas‘ler on a dlglta.l computer using standa.rd

matrix subroutines. - \(’

IIb. Least Squares Model : The Least s'quares methed is the oldest

and most widely used estimation procedure. Somec of its popularity is due
to the fact that nothing.is assumed about the probability distribution
concerning the state variables x or rﬁcasurei’ncnt érrors v. The Least
squares technique has a very s1mp1e mterpretatlon in that it provides the
state estimate which mlmmwcs the sum of the squared resxdua‘ls. A
residual is defined s the difference between the actual observatmnl‘:.a.nd
the observation predicted by. the sta‘t‘te estimate through the mat.he‘nia.tica.l‘
modell. Given a set of observations z, the estirmates /:\r.; arc obtained

by minimizing the objective function

Jx) = (z - Hx)' ™ (2 - Hx) o o (2.3)

in w'hichl ’R“1 nmay be identified as a positive de.ﬁnite weigh_tingrmatrix.
Normally,it is quite reasonable to usé weights which are elements of
the inv*erse of the errox.' covariance matrix. The weighted Least squares
‘method ‘provides stat:.stmally optlmal estimates which are well defined. |
Taklng the derivative of (2. 3) one obtams
-ang:l = -ZHtR_i(Z - Hx) ‘ | .' (2.4)
. Setting (2.4) to zero o.ne-obtains the estimate

& - mtr-lu)"tHtR-! . o " (2.5),
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-

" In order to evaluate the pqrrormance or the estimator, x.

and v may be assumed as random variables with

R ) _'- . . A B ] .
Then ., it can be shown [29 71 that x is unbiased’ since

Iic.

E(x}=wi E(v]=0 i E(xv] =0

é

Bayesian Model : ' Esth‘nétes obtained with this -njethod are

based on the Bayes rule. Bayeéian estimates could be obtained pro-

+

'~ vided one makes use of the prior inforination about the probability

distribution of the state variables x and the measurement errors

V.

h ] i

Let x and v be random variables with mean and covariance

'matrix given by |

t
B (xy o= pa Efx-pix-p) ) o=

H

E (v

It
o

q; E.‘[Wt ]“‘Z'R 7 B {xv‘t—]

. A .
The estimate x 1is given by

. A : ’ -
x = Wz + Wo . (2.7)
which also gives a minimum error cévariance matrix.
The estimators , W and Wo are given by
TS SRS PR T S|
W = (HR H+y ) HR
| ¢ -1 1 -t L
Wo = (HR H+ ¢ ).y E {x3}
- The minimum error covariance matrix is given byl
: . A I
£ Eflx-X)(x- % - (2.8)
or ' | . R . ‘,
' — ot Tt -1 _
e r = ¢ - ¢yH (HyH + R) H¢ _ . (2.9)
1.

<L he covariance matrix predicts the magnitude of the estimation

error and hence provides a measure of contidence for the
estimated state. o



[ ]
+ Writing (2.7) in the rollovJ’ulg form

8 = E[-x‘}-l-;nyHt(HtkHt +R)',1{z-‘HE[x_1) (210

: R o
L . . N .
it is clear that x is unbiased since .

E(x] - E(x] =»
A esian model is one which ié completely defined in the
probabilistic sense. It uses all the pr.ior information about the proba-
bility distribution of the random variables. But in eﬁgineering o
' practice it seldom occurs tl:at such ‘inrormation. is available. Thus,
‘ Bay.esia;n_meth,ods have a limited appl"%c_;ability.‘ ' ‘.l

lld. Fisher Model : This model is characterized by the

assumption that the state variables are.com'pletely unknown and the

measurement error i's a random’variable.
Assume that ' o ¢
. _ . t
E {v) = 0 E{W'j= R

The estimate

R = wz . o : (2. 11)

gives the minimum error covariance matrix.

" The estimator W is given by
' 1 -t t -1 .
w = @t rlmtatr (2.12)

The minimum error covariance matrix is given by -

{ 1

g= HRH L (2.13)
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Ag,can be seen by comparing (2.5) and, (2.11), the Least squares and
_ Fisher estin"l'a.tes are equivalent. It follows that the only j.;veigh'tilng
matfjix' that prdduces sta.tié.tica.ily optimal estimates is the inverse -
of the érror_covariance matrix R. '
To prove (2.12), let
X = Cz . o (2.14)
be the minimum variance linear unbiased estimate such tlha‘t
E‘[;\c'l = E {x]
. - A 2. ’ ) ] ) . . . -
-and E {|x- x| ] be a minimum . . But ‘ Ve

tr E[(x-%) (x-%x)' ] ' -

£ ]x-%%)

tr E [(x - CHx - Cv)(x -.CHx - Cv)t]

. y i '
t
tr CRG e (2.15)

. A
where [0r an unbiased estimate one requires CH =1 (Since E {x} = CHx)

, . ¢ » . )
Thus, one rmust minimize tr CRC subject to CH =1. Using a

Lagrange multiplier matrix p , the lem reduces to minimizing
; o .
‘ ¢ ¢ Co
tr (CRC - CHp )
Taking the derivative with respect to C and equating to zero one obtlains

t. t

RC™ - Hp =0 : (2. 16; .
Thus ‘
’ t -1 N . -
_ Multiplying both sides or (2. 17) by H and notin‘g that CH = I one obtains
' % B ' ' ' .
A - mtr™ H)! B : (2.18)
Substituting (2. 18) into (2.17), one gets . _ h ' ‘ p
- oot =1 -1t - : o ’, _
C = (HR - H) HR : L (2.19)

~ This completes the proof. . - ) ' 1



RERENY
/\
. The lea.st. squares 'techﬁique' is pei‘ﬁaps the bes't suitcd for
power sybtem state estxmatmn It is very slmplc to-use and ylclds ‘
good rcsults partxcularly when the nonse dlsturbancc is small With,
the proper cho_icc ot the weighting matrix, this methocl provxcjes sta‘-'
tistically optimal estirﬁatcs. . On the bagis ot the kind of intormation
available and the suita};ili‘ty for on-line data processing, the .Least
fduares me'thod is used i.n the :zollowing chapters to esfimatc the

state variables in a power system.

Within the Sc;)pfc ol state estimation one may consider two
pr‘ocesses; 'a static process givinlg rise .to static state estimation.
[9 107 and a dynamic process giving rise to dynamic state estimation
[ 8 31, 38, 44, 487 . In the static state estiﬁ)qtibn process, such as
the AEP method of chaptcr III a snapshot scan o1 the system state
15 consxdcred to tham the measurcmcnt.s. A snapshot scan implies
that all the meters are read ;’:lt the same instait of time and ted into
the computer as -o_ne'lvect.or. These snapshot scans are rcc;’eive_d at .
periodi'c intervals of the order of a tew seconds.” The steady -state
model ol'a power system could .be 1nterpreted as one scan. However,
it is not satlslymg to employ-a static- statc 1ogu: on a txmt,-varymg
system. In dynamic state estimation, the dynamic behaviour ot the
power sysé:em, including the Id’ata acquisition system, must be modelled.
Considering the time behaviour or' the system state, a dynamic model

[ 8] may be défined by a relation of the torm

x (t+ at) = x(t) + w(t) . S (z.20)
i.e. the state at time (t + at) will be the same as, that at time t,

except'lor some uncertainty represented by a white-noise process wit).

™/
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" If the obaservation equation.(2.1) is,non;‘;lin\c;r, it,is
possible to obtain a solution by either using iterative techniques |
) & . ) o : :
or by a lineirjzation process. In any case) an understanding of
static state estimation provides the proper framework for analysis
...
of dynamic systems.

Although a power system.is subjected to random disturbances
as well as time-varying lo®d de mands, the minute-by-minute
changes in the state variables and line flows are small. Hence,
under normal operating conditions, a quasi-sfca._dy-state mode’

may be assumed,

‘ . ‘ 4
Lo . : o



" TEmetered data.

" <13 .
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CHAPTER 1II
¥ ' :

AEP METHOD FOR STATE ESTIMATION

This method utilizes line power How measurements to provide

-

\ . . .
an estimate of the state variables. It is a very simple and eflective

method ar%d is under various stages of implementation at several power

system control centers [35] . This method réquires modest: computing

and storage réguidgments resulting in less programming etfort. It &
also has excellent cojvergence characteristics which are an essential

- prerequisite Tor on-lije implementation,

.

"11Ja. Problem Description : - The 'state! of a power system may
be represented by a vector, thé state vector, made up of bus voltage

maghnitudes and phase angles. [n-other words, with the knpwledge of

@plex bus voltage'?s, one knows the total distribution ot line tlows in a

‘power system.

R 1f real and reactive power flows in all transmission lines are

considered to be 'a set of measurements, one can use the method. of

- Least squares to obtain the state estimates. . If line tlows at both ends

ol a transmission line are measured, a redundant set of measurements
are available which actssas a safeguard against possible loss of

T
. -
g !

iII b. Problem Formulation and Mathematical Development : '

™:  Consider aTypicdi-line hetween two buses as shown in Fig. 2.
The line has been replaced by the usual n - equiva.le‘nt_ circuit. The -

important parameters are .



<

g
1

I3

-4 - L ' ,\
L]

bus voltages at buses P. and q

power Oow from bus p to bus g on line j

g,

po'u.fer dow from 'bus. q to bus Ip on line j’ \

series impedance on line j

line shunt admittance at buses p and q
Al .

respectively including all elements to -gréund.

Fig. 2 Typical line between buses p and q

~
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Typical instrumentation needed to provide one of these line power

Hows ié_ shown iﬁ Fig\i. o T
: : 5 s .

R 9 . . . B - ' "."’

I LINE
[ 1. . L '
PT '
oMW AlD .| CONTROL
€+ TRANSDUCER CONVERTER
f
ot oo , - .
MX N AD .| CENTRE
=~ TRANSDUCER CONVERTER |

'Fig. 3. Typical racility to obtain line power flows
According to Dopazo [10], the'errors in a digital gathering

station, similar to the one shown in Fig. 3, are typically :

Analog to digital'convergiion: " 0.10% of rall 's‘céxle ' o,
MW‘ and MX transducers : 0.25 - 0.5% of mll scale
Instrument trans fo_rfne.rs' . 2% of MVA measured.

From F‘ig. 2 the line power flows are giv'en by
. N
- (V_-V) .
Vs, = v —L2_—9 4 v 4 C(301)
J. P9 P "‘j P P |- .
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S

J,ap -
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in which - signifies conjugation.

: L;ctting'
v,
R

V.,

J,4p,

one obtains

5.
‘J-Pq

S,
J‘l 4p

v -V
p 9

vV -V
q P

v =B Ty v
P .'&j P

-

v —hz-fip— vV

a | 5

Detine the j - vector for the line tlows as :

) 1
1 » P4
S = S i S =
s
1 ,.pd

- %

Y.

P

kS

.y.

-4
S ;

1 ] qP‘
S,

J o+ 9p

s
L ., 4p

(3.2)

(3.5)

{3.6)
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and the state vector of not m'or_e than n - | variables is defined as :

- ~
M

-

The Least squares -estimation problem cbhsists in minimizing
the',mnction L
: ' m c ¥t m c
J.{x} = (8 - 5 ). WIS - S ) (3.7)

P . pa Pa . Pp P4 | P4 :

m . .
in which S - are the measured line flows and S° € are the calculated
line flows from (3. 1) trom the knowledge of the state variables to be
estimated. The term Wp is an ¢ x 1 diagonal matrix of weighting
factors.’

Similarly for the line fows at bus q one obtains
. i . E . . .
m ¢ t m . c )
J (x}y "= (5 - 5 W (S -5 3.8
q e ap | | a®qp. 7 Sqp ) (3.5

_ Defining the line voltages in vector form as
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v v
1, pq v 1, ap
v = v ) v v
P J + P9 ,Q' }  4p
v - . T
L, P4 . . L, 9gp

‘it is péssi_ble to express (3.5} and (3. 6)_ as

.. )‘I( N .
s = H v + K . ' (3.9)
Pq P P P . ) . o
S = H_ v+ K : . (3.10)
qp q q S : _
in which
H = diagonal matrix with elements Vp J 2 . e
p . J
Hq . diagdnal matrix with elements ‘Vq/ z,*
. 1
- 2 e
K= vector with elements |VPJ y. *
P L : P
. . ' ' P e
K = vector with elements |V | y:
Q ) 9 "9

The matrices so detined are valid for all buses p and q.
Substitutihg (3.9) and (3. 10) into (3.7) ~and (3. 8')’ one obtains

: % © ek Em ke
Txy = (H v Pl v m <y
P PP PP P P P PP

or

T (%) (vpm-‘vc) Dp(vm—vc)_ (3.11)



4

in‘which -
' * : . L
D =H W H o . (3.12)
‘ P P P P ‘ o :
Similafly ﬁ
) m ‘ é- t : ™m B~ & - .
J (x) =(v - v D (v - ‘ 3.13
gt g q’ ‘q(q. ! - 13
in which _ . .
. . ) * . " . - 3 .
D = H W H. - . (3.14)
q q qQ 4q . SR

The matrices 'Dp and Dq are diagonal matrices and they
are'a function of the state variables. _ C /"
The line voltages are related to.the bus voltages through a

relation ol the form

v = AV ‘ a | ' (3.15)

in which A~ is a suitable bus incidence matrix with elements

1, -1, or 0. The 1'0116wi.pg notation is used:,

. irthe ith . . . th
Ajk = #1 ifthej line is connected to k¢ bus and
L
. o th
directed away from the k' bus.
. .
Coth - . & th :
A'k = -1 irthe j line is connected tgk bus and
AL '
th
: directed toward the k " bus.
o th . th
: A,K = 0 irthe j line is not connected to k  bus .

To obtain a meaningful solution, however,.the voltage at one bus
. (or fnore) must be specitied. In-'practice, the voltage at two or three
buses are measured to ensure against loss of this important piece of data

without which the state estimator algorithm would be disabled. .
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" Partitioning (3. 15) into known and unknown state variables
- one obtains 'I‘c.wr_ bus p: |
v = A x .+ B x , - (3.16) |
P - Bp . B P . :

+in which -xg 1s a 'known voltage vector and. x are the unknown state -
variables . The matrices Agp and 'Bp are appx}opriate sub -

matrices or the bus incidence matrix.
‘Similarly for bus q one obtains -
v = A x +'B x | o (3.-17)
q ‘ga g Q. - v
Substituting (3.16) and (3.17) into (3.11) and (3.13) one gets:

m .

t . #
J(X)=(vm—A x -B x} D (v -A x -B x) (3.18)
P P EP E P P P Ep g P
: . t . M . el -
=) = vm‘-A x -B X D (v -A x -B x 3.1
q( ) (q g9 8 Cl) q(_ q BEqQ g 9 ) <( .9)
A ' . . .

In order to proceed .with the static state estimation process

one must minimize (3. 18) and (3.19) ‘with respect to the state variables.

Before this is done, however, one must make the following assumptions:

(é.) The dependence of D a-ﬁd D on x will be. introduced’
iteratively.

(b) Although' the line ‘voltages are not measured directly, it
will greatly simplily the problem.ir these are assumed

independent of x. This, in essence, means that

.

m . m
dv dv :
B _ 9 . S - 0
dx - . dx ’

o

.'1. This artifice linearizes the set of equations at the current

: iteration., Also, D and D are new weighting matrices.’



=21 -

. Taking the derivé.tive ot (3. 18) and (3. '19) with respect to x

“and remembering that Dp and Dq are diagonal matrices one obtains:

. ‘ '
dJ () t m . '
_P___i = 2B DI(v. -A x - Bx) (3.20)
dx | P pP g8 P
dJ (%) ot m ‘ ‘
— = 2B 'D (v "-A x - B xY} (3.21)
dx .9 a9 q ga'g Q -
Setting (3.20) and (3. él) to zero one gets: -
A t . m
(B D BYx ='B. D (v -A  x) (3.22)
P P P P P BP £
Btfp BI% = B'D (v oA x) (3.23)
qQ .9 q Qa 9 q ga g g
Recognizing that B = -B_ and A__=-A and summing (3.22)
i « 4 P B4 Ep . ' )
and (3.23) one finally gets :
N t . . a L . " “ . .
fB_ (D +D)B 1x = B (D v op v ™M +c (3.24)
P p 4 p P P P aq P 4
inwhich -~ ' | |
c = -B'D A. x_ . . (3.25)
. P P P gp  B. : .
c = -B'p A x . ' (3.26)

q P 9. 8P g
Equation (3.24) is the basic iterative rorrﬁula for the solution .

of the state variables.

-

Jilc. Solution Procedure :

. m m
Step 1. Measure the line powers 3 , S
e . ‘ Paq. qp

1
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Step 2 : Make an initial estimate for the state vector.

_I | | .-‘1
Step 3 : .. Caleulate H , H , K , K , D and D . .Decide

: . cp e’ p T Tp q

on the Weighting tactors W , W,
P q

- : m m
Step_ 4 : Calculate tb?‘fne VOltages vp “ and vq . from the
' }cnowledge

and S . (Use equations (3.9)
-49p . S

and (3.10)) .

Step 5 Calculate the state vector using (3.24)
Step 6 : Repeat steps 3 thr'ough 5 until the change in x between

two successive iterations is less than a predetermined
, :

tolerance.
Error detect'ion is a prbblénd that is orten. encountered when
a set of measurements is fed into a digital computcr for processw
Completely erroneous results may bé obtained ir some of the bad data
lies outside the limits given by probabdlw theory. These bad data
could be caused by many things, such as railure otf A/D converters,
" sensor failuré, noise o.utbu_r_sts in commaunication lines etc.
Such bad data. must be eliminated in order to obtaih fneaningrul results.’
" Error detection and correction has been the topié of :xﬁuch recent in-
terest[ 12, 19,.23, 30, 35, 397 . One way to detect Ia.nd correct bad
data'is to compute the magnitude of the varia;nce between the. computed
-and measured power Ilows and chmmatmg or correctmg those measu-
rements that exceed a variance la.rger than the specified value. This-
error correctlon procedure could be eas11y mcorpora.ted in. the AEP

algorithm :
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. ) . -
It .2 = Hx + v and E{Vv'}=RA;E[V}=0_

then, _ . _.;. : | . |
- Q-:' 1—1 pH) u' R 1'7. : (Zi2Ty
Z:E{(x-x)(x—x)]
or po= (R TWY (3.28)

Simi'llarly rqf z

I A . ‘ . N
z = Hx ‘ ‘ “(3.29) -
(z-2) = H(x -x) + v : , _ _(3.30)

The error covariance matrix ftor :r is.
A A t
£, Bz z) (z-2) ¥
C A . oA ¢
or (r = E {[Hix-x)+v] [H{(x-x)+v]]

t -1, -1 ¢t - :
or 3 =H(H R H) H +R C(3.31)

1§ o, is an element of this matrix, then a measurement is

. ' - J :
in error it g+¢ = , in which - J is a i y
, Zj G,sp . ‘osp LS» suitably chosen
specitied standard deviation.

»

Il d. A Numerical Example :

Consider the simple system shown in Fig. 4.



Fig. 4. Three bus power system

'.fhe system.co_nsists of two gene rating unifs, two loads and
three transmission lines. - The voltage at bus 1 is fixed and measured at
one péi‘ unit and a phase angle of zero dé‘g rees. The transmi:eision lines .
are all identical and may be represent‘,éd by an.equivalent circuit as shown

"in Fig. 5, on.a 50 MVA, 120 KV base.

0.021+j0.0872

.QK .
L
|
|

Fig. 5. Equivalent ircuit of fransmis sibn lines ‘
Load L is assumed to be\constant at S'L1=0.6 +j0.4. Lioad ins

T ) ) N - . ) ‘ 1 "

a typical industrial load as shown in Fig. 6.and tabulated in Table I .-

Generator G, supplies a constant po er Soo = 0.6‘+j1.0.

1: - In practice, the state estimaéion process is carried out every 437

seconds. Howevér, there is no loss of generality, as far as the objettive
" of'this numerical example is concerned, to consider an hourly. scannihg

rate for the remote terminal units.

)
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Fig. 6. Typical load variation

Table I. MW and MX séhgdulcs for load L

2

MW (pu)

7

Time (h) MX (pu)
0 0.75 0.50
| 0. 66 0.40
2 0.58 0.24
3 0.50 0.20.
4 0.43 0.18
5 . 0.36 0.12
6 0.44 0.14 .
7 0.52 0.20
-8 0.59 0.34
9 0.68 “0.44
10 0.80 0.60
11 1. 00 0. 68
12 S 1,16 0.82
13 1.29 0.90
14 1.30 0.92
15 1.30 0.92
16 1.29 0.90
17 1.23 0.84
18 1. 15 0.72
19 1.14. 0.70 ~

A



Table I (Cont'd...)
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Time (h)

MX (pu)

MW (pu)
20 1.07 0.54
21 1.04 . 0.52
i} o2z 0.93 0.50 \
_ 23 0.79 0.32 :
24 0.66 0.28

-’
-
——

T,he“ﬁﬁe voltages may be expressed in terms of the bus voltages

i by a relation of the form (.se.e equation {3.16)) :

vl',i» 1. Vi ‘-11 . 0 \VZ
VZ,l . =. 1 - ‘ + 0 -1 V3
v3,2 0 1 -1

. for the p - type buses.

Similarly for the q - type buses one 'obtains (see e_quation (3.17)):

v - 1
> [ v | i | 0. v,
- -1 - ' 1 s
Va3l = .o F 0 3
| 0 1|t '
Vi3 . 17

The line flows for the p-type buses are given by.( see equation (3. 9)}-

— _ | =

. 2 ¥
%*
%1
g v ‘ E " 2 5%
i = o ‘——% o Ll v b Yy Ye s
|
2
: v % 2k
0 0 | _2.
532 e vi 2| V2 %2




_ 27 " .‘ o 1 .

. ' A :simji.la.r relation holds fo’&th'e' q-type buses as g;v'cn by.
(3.10). P AR ! " '
|  The 'exact! power flow in the lincs was obtained rrom the

load flow solution. These values are tabulated in Table II.

‘IIIe. Results and Observations B ' .

The estlmated bus voltage magnitudes a.nd phase angles are
. ob?med by thc AEP method tor 0%, * 10% and + 20 % measurement
errors in the line power flows. ' T'he results are shown in Flgs._ 7
‘through 10. As can be clearly seen from an exz‘lrhiunat‘io‘n or tk}és'e
graphs, the estimated state,vari.eibl'e's ai'e_ all within reasonable limits
and consistent with the mca;sureﬁlent erfor.' The solution for no error
in the measurements _cloir_lcides with the.solution obtained trom the
load flow. ' - : , ) '

A ligting of the Foftfén program ror'tf;e AEP method appears

in Appendix C. The convergence of the iterative procedure was quite .
rapid. -The inverse ot the matrices was obtained using Gaussian
“elimination. Sparse matnx techniques were not reqqued since in

this simple e:\;ample the matrices to be inverted are all full.

A redundant set of measurcments were used to obtain the state
estimates . As pointed out by Poretta [35] , the AEP state estimation

‘algorithm allows weighting of the individual line power flow measurements

.through the weighting matrices W and Wq .+ For this example,
- B P
Wp and Wq were assumed to be identity matrices,

o

a4
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" Table I, Line Power Flow

~.

O |

é'z.fdr Varying Load [MW/MXT]

Line 2

Line 3

™

: u,. . From bﬁ;“f tlo bus 2 From,bus 1 to bus 3 From bus 2 to bus 3
5 Fror bus 2 to bus 1 From hus 3 to bus 1 From bus 3 to bus 2
T | . MW MX I:\dw " MX MW MX

~0.13575 | -0.53124 ‘0.{{)261 -0.03821 | 0.45848 | 0.49203
°1 o7 0.50802 | -0.30068 |0.00122 | -0.44934 | -3..50125
. -0.16598 '-.0.56{17'5 0,24197. | -0.1094L o.’4z72\6l 0. 45476
£ 0.17273 0.54523 | -0,24058 | 0.06985 | -0.41941 | -0.46985
N 720,19205 -0.61672 1 0.18817 | -O. 21835 | 0.39975 | 0.39705
1 0.20024 0. 60292/ -0.18662 | 0.17897 -0.39338 | -0. 41900
5 -0. 219'1; -0, 629'624_ 0.13504 -0. 24677 | 0.37211 0. 38186
1 o0.22787 0. 61807 \| -0.13361 0, 20678 ~0.36640 .| -0.40678
-0.24296 | -0.63597 | 0.08868 [ -0.26135 | 0.34796 |0.37400
1 0252 "0. 62601 | -0.08732 |0.22094 | £0.342711 | -0,40097
-0, 26623 -0.65469 | 0.04242 | -0.30151 -| 0.32387 |0.35226

o 0.27611 0.64768 | -0.04075 | 0.26217 | -0.31928 | -0.38218
> | -0.23902 0. 64859 | 0.09527 | -0.28720 | 0.35144 [0.36013
¢ .0, 24845 0.63977 | -0.09361 |0.24793 | -0.34635 [ -0. 38794

-0.21227. | -0.62962 | 0.14829 i -0.24627 | 0.37905 10.38216
"1 0. 22095 1 o 61782 | -0.14678 | -0.20659 -0.37323 | ~0.40663
170, 18956 -0..58458 | 0.19515 -0.15187 | 0.40305 |0.43240.
° 1 019695 0.56760 | -0.19400 |o.11111 | -0.39601 |-0.45116
T.0.15942 -0. 55153 | 0.25553 [ ~-0.08175 | 0.43416 0.46929
7| o.16583 0.53065 | -0.25408 |0.04254 | -0.42591 |-0.48253
-0. 11914 0.49746 | 0.33688 | 0. 032549 | 0.47583 |o. 52884

0 012417 0.47113 _0.33494 | -0.06707 | -0.46556 |-0.53293

— 0. 05018 -0.46719 | 0.47184 0.09964 | 0.54562 |0.56238

1 005438 . | 0.43761 | -0.46685 |-0.12323 | -0.53315 | -0.55675|

B 0.00502 = | -0.41538 | 0.58167 |0.21031 0760178 0. 61788
"1 -0.00178 0.38206 { -0.57343 |-0,21987 | -0.58657 |-0.60012

.1 0.05044 Z0.-383.45 | 0. 67113 0.27931 0.64751 .|0. 65148

Bl o.0a764 | 0.39843 | -0.65976 | -0.27556 -0.63019 | -0.62445

/ | \
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. 0.12289

“Table 1T, (Cont'd) ...
Ling 1 Line 2 ‘ Line 3
@ From bus I to bus 2 From bhus 1 to bus 3 From bus 2 to bus 3
‘é From bus 2 to bus 1 From bus 3 to bus 1 From bus 3 to bus 2
T Mw MX . MW CMX MW | MX
T 0. 05383 037613 | 0.67628 | 0.29471 |.0.6513 | 0.65923
11 _o.osua | o0.34072 | -0, 66651 -0:28922 | -0.63349 | -0. 63075
0.053825 | -0.37615 | 0.67828 | 0.29470 | 0.6513 | 0.65925
51 o 05139 | 0.34073 | -0.66651 | -0.28922°| -0.63349 | -o. 63078
" 0.05036 -0.38349 | 0. 67111 0.27928 | 0.64756 | 0.65151 ‘
-0.04757 | 0.34847 | -0.65974| -0.27553 | -0.63025 | -0.62447
1002945 | -0.40641 | 0.62936 | 0.23059 | 0.62638 | 0. 62744
L7 -0, 02634 0.37263 | -0.61969 | '-0.23415 | -0.61031 | -0.60587
0. 00197 . T0.44993 | 0. 57345 | 0.13874 | 0.59813 |0, 58104
B0 o ootss | o0.41894 | -0.46600| -0.15187 |}=07ED399 | -0. 56814
I -0.00142 -0.45701 | 0. 56643 -| 0.12389 | 0.59461 |0, 57346
21 6. 00538 0.42652 | .0:55924 | -0.13819 | -0.58075 | -0.56182
-0.02490 -0. 51248 '| 0. 51746 0.00713 | 0.57004 | 0.51368
01 002995 0.48626 | -0.51182 | -0.02892 | -0.55818 |-0. 51107
-0.03523 | -0.51982 | 0.49708 | -0.0080g [ 0.55956 [0.50573
sl 0.04045 0.49425 | -0.49189 ':0.01® -0. 54812 | -0. 50494
C0.07342 | -0.52866 | 0.42301 | -0.02881 [ 0.52122 [0.49587
2. 07891 | 0.50415 | -0.41925 | ~0.00044 | -0.51079. ~0. 49956
i C0.12038 | -0.58941. | 0. 32824 | -0.15735 | 0.47254 [0.42887
I o27as 0.57108 | -0.32560 _0. 46440 | -0, 44289
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rig. 7 Estimatcd voltage magnitude tor bus. 2 °
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“ Fig. 9. Estimated voltage magnitude for bus ‘3 -

'
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Fig. 10. Estimated voltage phase angle for bus 3
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CHAP'_I‘ER IV N

INCREMENTAL COST CURVE PARAMETER ESTIMATION

IVa. Gene'fal :

[

To dispatch a power system ecohomical.ly' the operating costs
are minimized as the load chanées in time: To achieve this _objéct:ive
an accurate Kndw'_lédgc of the parameters 61" Ehe incremental .cosf curve
is orimporltance} In this chapter, the method of Least sqﬁax;es.is
'ap-plie:d to obtain statistically oﬁtimal parameters in the presence of

error in the incremental cost.

IVb. Mathematical Development :

The incrcnicnta_l cost of operating a generating unit is a
measure of the change in cost input ( 4 F'} with respect to power output

(4 P).. Theé incremental cost curve describes a plot of the sloi)e

- -
-

(o F/aP) in dollars per megawatt-hour versus the power i_nput in

megawatts.

In most cases, the.incremental cost of a generating unit may
M - . L ..' - 0 . . b
be represented by a piecewise linear chigracteristic consisting of one

or more segments of the form

dF.
n

= + D ' A
dP Cn PG n ' _ (4 )
G n -
. n ) .
in which F_ and: PG are the operating cost and generated real powers.
L n : :
mn . .
of unit n, respectively, and Cn and Dn are the parameters to be

i

-

estlfnatcd.
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1r cne assumes ‘that there is some uncer;tamty in the operatlng '
cost ol a umt caused by uncertain pncmg ol energy resultmg from
environmental constraints, ‘rluc_tuatm_g\ fuel co.sts, etc., one may wish
to estimaté the paramétcrs Cn and Dn assuming a,rclatioh othe'l
(rorm '. e
dF
n

@ - CaPg v Pt ofy | {4 2)
: Gn : n

in which ¢ isa random variable representing the uncertainty in the
n ’ . .

operating cost, or equivalently, in the inc remental operating cost.

Clearly, small changes in the pararheters will arfect the

economic allocation of real generated powers.

L.etting'

A TP _ { 3).

hﬁ = cC P + D + ¢ . L (4. 4)

Fig. 11 "depicts a t:,rpical lincarized incremental cost curve.
The dotted lines merely represent the changes in the slope caused by

-small changes in 'C
Expressing (4.4) in matrix form one obtains

H -

. 4.5
A P,C +D +¢ (45

e

in which PG is 4 square diagonal matrix.

Assuming that D is known, it is possible to define the runctmn

1

L , -1
IC)y = (A-D- PGC) RO (A-D - PGC) _ (4.6-).
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e \
._.~~ : PGn(MW) | ' 3

Fig. i1. Incremental cost curve for a gencrating unit.

in which R is the error covariance matrix given by

. t . )
R =" E (e¢) . : : (4.7)
_ An estimate of C may be obtained by minimizing (4. 6) with

respect to C. The result for this estim‘ate is given by

A - -1 -1 - _
c = (.PtRiP-} P "R (x - D) , (4.8)

Clearly, since _PG is a square diagonal matrix, (4.8)

reduces to
A

-1 - e '
C = P (A-D) . _ - (4-9)



= 37 . ‘ . . ‘ .'

which is the result of the state estimation process when the number of

measurements is equal to the numbcr of est1ma.ted vanables

An estimate of D may be obtained from the cost equahons

which may be written as a ‘an order polynomial in PP [22] :

i t A ' :
F = D > Pe }JJC : .
| PD o+ 3 t ALty (4.10)

in which AI." iz a nxcd known cost and y is a random varlable des-
" eribing the c'rror{ in the operating cost. Its distribution is sm‘ular

to that of ¢

The bcst_isti?h‘_ate of D is given ‘by

A i N 1 A _ S -
D = eatl (F - AF) Y 'PGC - _ (4. 11)
‘ . . A
_ Equations (4.8) and (4. 11) are solved simultaneously for G
A ‘ . '

and D. S -

| }(ionéeptually, it is possible to think of the estimation process
as a device in which the input variables {measurements) are given by
the operatmg cost of the generating units as well as their incremental

costs. From thesc measurements the parameters C and Dn \7,%‘

estimated: This is shownrschematlcally in Fig. 12.

Fig. 12. The System Model.
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IVc. Numericai ExamplesY:
. The method developed has been successfully applied to 5-bus
and 25-bus power systems which have been described in a paper by

“

 Gungor et al.-[ 177 .

(i) 5-Bus Power System This System, which consists of three -

generating units, four loads and seven branches, is shown in Fig. 13%

Fig. 13. -The 5-Bus power system



“Pér unit impedances and line charging susceptance on a

{00 MVA base are given in Table III.

Table fII_ 5 - Bus System Impedance and Line’

_;39 -

Charging Data

1

',i

. Bus Code -Impcdzince Charging
L1 -2 - 0.02+j0.06 j0.030
1 -3 0.08+j0.24 j0. 025
2 -3 '0.06+j0. 18 j0.020
2 -4 0.06+j0. 18 j0.020.
‘2-5 0.04+j0, 12 j0.015
.3 -4 1 0.01+j0.03 j0.010
4 -5 0.08+j0.24 j0. 025

“The initial bus voltages, generatlon-schedule and system

load are listed in Table 1IV.

¥

Table IV 5-Bus Systermn Loads and Initial Generation

-

Bus Voltage Generation Load
Magnitude Angle MW MX | MW MX
{ £.060 0.0 0.984 | 0.0 [0.00 | 0.00
2 1.056 0.0 0.400 { 0.3 | 0.20 | 0.10
3 1.044 0.0 0.300 | 0.1.]0.45 [ 0.15
4 1.041 0.0 0.0 0.0 »0.40I .0.05
5 {.030 0.0 0.0 0.0 | 0.60 | 0.10
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The cost functions in $/h° are given by the expressions

F. - 140 4+ 200P. 4+ G6OP

1 | <, Gy
4 = 12 ) 2‘
rz 0 + 150PG + TSPG

, 2 . b
F = 80 + 180P_ + 70P_ 2
3 7 a, + "Fa,

. and the incremental costs are given by.the cquations

. ?\1 = 270 + 1.2.PG
‘ . ' t w
Y = 1 . v
| }\2 5 + 5PGZ
L= 1.8 1.4P
k3 : + s G3

in which the gen(.ratt,d powcrs must be expressed in. pcr unit.

The economic dxspatch solutlon (see appendu:es A and B) is

given by
: @
P = 0.426039 A = 2,51125 ; F = 236.09835
G1 i i
PG = 0.690571 Ay T 2.53586 FZ = . 259.35227
2 | L .
= . 231 = 2.57032 - = 200.2
PG"3 0.550 ; )\3 | Vo 1"3 0.23436

The parameters Cn and Dn are estimateéd using (4.8) and

(4.11) -with a constant —é— % error in the operating costs of each

1
genecrating umt and a varxable error of E’ %, 1%, 2% and 3% in the
incremental costs. The error covarlance matrices are as 5urned to be

" identity matrices. The results are given in Table V.

s
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. A . |
. . _ o
Table V Estimated parameters 'Cﬁ and D'l_l for the 5-Bus system.
e T o &1 & 15 |5
Error &y 2 3 1 2 3
/o . -
0| t.2. 1.5 1.4 2.00 |5 1.8
%' ' 128881 | 1.482339 | 1.380583 | Z.0a2852 |1.524872 |1.823532
. r - N ) . . \ ‘ .
| 1187829 | t.519062 | 1.427297 | 2.030295 |1.512192 |1.810680|
> | 1305720 | 1.592506 | 1.520728 | 2.005182 |1.486833 |1.784976
3 | 1.423611 | 1.665951 | 1.614156 | 1.980069 1.461473 | 1.759273

A.s can bc sLen from Table V, fhe cstima.ted. parameters are
within reasonable limits and" consistent w1th the errors considered.
D;spatchmg the systcm (sce Appendlces A and B) with the estimated
parameters wﬂ,l produce a different allocation ot gencrated powers
This new economic allocation should, however, be close to the onglnal .

., generation schedule. Thls can be seen in Table VI.

Table VI The new gencration schedule for 5-Bus system.

Error P P :’__ P
~ : .
0 0.426039 "0.690571 0.550231 .
-;— 0.425970 0.690528 0.550182
nt 0.426021 0.690561 0.550219
2 ] 0.425955 0.690508 | 9. 550167 7
3®. | 0.426109 0.690630 " .0.550291
R
Viar
. N
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Thc co¥t convergem.e charactcrxstlc for the 5- bus powcr
ystcm in the case of 0% error’is shown in IMig. 14. Thlﬁ characteristic

has becn plotted rrom the results of the comput.cr program ror econom1c

dmpatch solution (See appenrhx 1_3) . The convg:rgence ot the

‘_ iterative prc)cedure was quite rapid, In all cases, .convergence to a

tolerance of 0.00001 was achieved in eight iterations.

- e

 ACOST (3/h)
727.2 B

Fig. 14 Cost convergence. characteristic for the
' 5.bus power system in the case of

09% error. o



- 43 -

'('ii) 25 -Bus Power Systérh :

In order to’ see the rosults on a large power system, a:

25-bus system or Flg

15 is considered next.

‘This system consists

of fwc generating units, twenty rour loads.and thirty five! branchcs

Table VII gives the impedance and 11.m. charging data in pcr unit

on a 100 MVA. base.

- l.
L

Table VII 25-Bus System

. Impedance and Line Charging‘ Data

Bus Impedance Line-charging
Code Susceptance
{-3 0.0720 ++ j0.2876° j0.0179
1-16 0.0290 + j0. 1379 j0.0337
1-17 0.1012 + j0.2799 j0.0148
1-19 0.1487 + j0.3897 j0.0224 .
1-23 0.1085 + j0.2245 j0.0573
1-25 0.0753 + j0.3593 jo. 0873
2-6 0.0617 + j0.2935 - j0.0186
2-1 0.0511 + jO.2442 jo.0155 ~ -
2-8 0.0579 + j0.2763 jo. 0175
3-13 . 0.0564 + jO. {478 j0.. 0085
3-14 p. 1183 + j0.3573 j0.0185
4-19 0.0196 + jO.0514 jo.0113
4-20 0.0382 + ;0. 1007 j0.0220
4-21 0.0970 + jO.2547 j0. 0558
5-10 0.0497 + j0.2372 j0. 0577
5-17 0.0144 + j0. 1269 jo. 1335
5-19 0.0929 + jO.2442 j0.0140
6-13 0.0263 + j0.0691 j0.0040
7-8 0.0529 + j0. 14065 j0..0078
7-12 0.0364 + j0.1736 50.0110
8-9 0.0387 + ]0. 1847 70.0148 -
8-17 0.0497 +30.2372 10.0572
9-10 0,0973 + j0.2691 j0.0085
10-11 0.0898 + j0.2359 ©j0.0135
11-17 | 0.1068 + j0.2807. 10.0161
~12-17 ' 0.0460 +10:2196 10.0139
14 ~15 0.0281 + 10,0764 J0.0044
15-16 0.0256 +30.0673 j0.0148
17-18 0.0806 +30.2119 jo.g122
18-19 0.0872 +)0.2294 j0.0132
20-21 0,0615 + 10.1613 10.0354
21-22 0.0414 +0.1087 10.0238
22-23 0.2250 +30.3559 ]0.016?
22-24 0.0970 +30.2595" 30.056 -
24-25 0.0472 + j0.1458 j0. 0317 ]
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’/' . . .
THE initial bus voltages, generation schedule and system

load are given in Tabiq VII.

Table VIII 25-Bus System_ Loads and Initial Generation

|
. Voltage : Generation Load
‘Bus | Magnitude Angle SRR )
' pu’ Degrees | ‘MW MVAR | MW _MVAR}
o 1.020 0.0 54 0 00 0
2 .889 0.0 100 -17 10 3
3 %’5‘9 0.0 150 4 50 17
4 0.891 0.0 50 -4 30 )
5 | 0.885 0.0 200 -47 25" 8-
6 0.905 0.0 0 0 15 5
7 0.884 0.0 0 0 15 5
g8 | 0.886 0.0 0 0 25 0
9 0.875 0.0 0 0 15 5
10 0.883. - 0.0 - 0 0 15 5
11 0.892 0.0 0 0 5 0
12 0.892 0.0 0 0 10 0
13 0.914 0.0 0 0 25 8
4 0.935° 0.0 0 0 20 7
15 0.942 0.0 0 0 30 10
16 0.963 0.0 0 0 30 io
17 0.902 0.0 0 0 60 . 20
18 0.888 0.0 0 0 15 . 5
19 0.896 0.0 0 "0 15 5
20 0.882 0.0 0 ~g 25 8"
21 0.894 0.0 0 0 20 7
22 0.912 0.0 0 0 20 7
23 0.972 0.0 0 0. 15 5
24 0.940 0.0 0 0 15 5
25 0.959 0.0 0 0 25 8




By

1
v

Thedegsl tunctions in § / h are givéﬁn"by ‘the expressions
A .
15 P :

F = 40 + 180 - ;
| S g
o : o 2
F, = 60 + 170 Pg' 4 30P,
: 2 . Y2
T - = 100 210 P 2
3 t 210 Poo ok 12 Py 2
. - 3 )
= 254 200 B l so‘p 2
+ Gy Gy
. .
0 P

F ')ngdlmop 4
s TR Tag Yo,

and the incremental costs are. given.‘by' the equations

1.8 + 0. :
8 POBOPG

)\ll =
b e
= 1.7 - J60 F
)‘2 HO :'PG )
T2 ,
= 2.1 0.24 P2
o )\3 + IQ3
S\V‘ N = 2.0 + 160Pv
g - T TG .
. - T4 e o
= 1, - 0.2 : -
Ay 9 + 0 0_965

must be expressed in per unit.

P
g

in which P , P yevres
S % G5
The economic dispatc:h {See appendix A) solution 15/({/—\



!
P, = 1420540 & N = 2.22796 ; F, = 327.30244
- g 7 -y X, =.2.153 yOFL.= 205,

pc;2 0'75.6377 LNy 5383 T, 05.74727
P, = 0.784106 1 A = 2.28819 ; F, = 27264012
: = : = 2:41 g = . :
Pq, 0.259369 1 N, = 2041499 4 F o= 82.25558

E . 2.409550 -4 A, = 2.38191 ; F._ = 635. 7g71
PGS 2.400550 5 A, 91 5 T &

B .

Proceeding in a similar manner to that of the 5-bus system, .

: A A .
the estimated paramecters Cn and Dn arc obtained for the 25-bus

system and shown in Table- [X .

an

i
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Again, it can be sccn‘rror.n ‘Té_blc 1X that the estimated
paramctt_iﬁs are wit.h.ip rcasonable limits and consistent with the
errors considered. D_iépa._tch'mg the 25-bus ﬁqwer system

(See appendix A) with the estimated pa.razlncters will'jproducé a

new economic allocation of gcner‘é;t.z:d.powersT This new gcncratién, :

schedule is close to the or¥ginal sc':hcdulle, as can be scen in Table X.-
. . :—“""r .

Ta

Table X. The new generation schedule tor 25 -bus sfs-tém.

E:/:or , PG1 PG2 1?(33 PG4 ‘Pcs
0 1.42654 L756377 784106 | 0.259309 | 2.40955
1/2 1.42657 ;756369 | 0.784048 259385 | 2.40958
1 42650 .756402 | 0.784158 | 0.259358 | 2.40952
2 t.42650 L7564 15 .784201 | 0.259340 | 2. 40949
3 42649 0.756428 .784207 |0.259336 |2.40947




CHAPTER V.

[}

SUMMARY AND CONCLUSIONS

This thesis has prcsented three basic state estimation
methods: the Least squarcs model, the Bayesian model and the
Fisher model. Thcs«, mdth.:qmtlcal models ha.w, been prcscnted

in vector and matrix notatlon which makes their implementation

easier on a digital computer ing standard matrix subroutines:

The AEP method for statig gtate ¢stimation is based on the Least

squares xﬁédel and one .obtiihs the estimate ot the state from mt;a—
sured line flows. The method is easy to conceive, bi.m'plt. to
'Lm.plement and very etliceint. MLasur(_rncnts at both cnds of ® 1me L
are very eftective in dctccting and identifying bad data points.

'It is apparent that state estimation gives more weight to lines ot

lower impedance and allows, Lhcréfore, the separation ot poweg
system into_'ar.eas.‘ The AEP algorithm was chosen for this study

on the basis ot the desirability of the data required and on the cttecti-

veness and simplicity of the mathematical formulation. .

\

S'mce the matrices Dp and Dq depend oniy on bus voltage
magmtudcs, wh;ch have small variations thh system conditions, the '
as qurnptton that DI-) and Dq are lndependcnt or x in the apphcatlon
01 Lquatxons 18) and (' 19) is quite rﬂasonablc-and'Justlﬂed With
this- aesumphon the statc estimation algorithm is greatly simplitied.
This approximation in a way, 18 equwalent to keeping matrices D_and
Dq constant at its tinal value during the iterative procedure since the

“bus voltage magmtudes can be predicted quite accurately at the instant

matrices D° and D- are.computed.
P [
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This study also includes a method of estimating the para-

meters describing the linear incremental cost curve Irom actual’

values corresponddng to an economic dispatch solution. The inputs

to the'estimator re the incremental cost of each gencrating u.rllit
and the actual operaVnyg tbsts.' Since these may not be known
accurately, the estimated parameters may ditfer from the actual
parameters trom which the ccoﬁomiq solution was obtained. In this
way a n_lcthod has been provided for the ‘imprrovcd pricing ot power

production.

Several major clcctri‘cai utilities, iﬁcluding Ontario Hydro,
are in the proccqs of carrying out lr_as1b111Ly studles aimed at deter-
mining the gOOdanb and practhallty of state estimation algorthms
When onec considers all the lactors and c1rcum5tlances involved in
develop'ﬁng a concept of thié nature, ore lreels that s‘tate v:.:stimation
algorifhlms for oﬁ -line ir'nplementatio-n will soon be the rule rather’
.fhan the exccp'tiori. There should be little doubt tha£ today's interest
in'this field will bccomc tomorrow's dermand for such cmment pro-
Cedureﬂ: Evcry day new ideas are qugg,estc,d which expand better
‘and supersede the existing'ones. More work is needed in describing
the dynamic behaviour of the system and at devising on-line contingency

methods during abnormal conditions.’
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APPENDIX -A

» EGONOMIC DISPATCH

One otthe primary objcctiv'cs in the céoﬁomic operation of
" power systems is the scheduling of the. real power olutp'ﬁts of generators
To minimize total fuel consumption while supplying all load rcquircnmcnts.
This sqhecluliﬁg process i.e. economic allc‘)c'ation of generating capacity,

is known ds Economic Dispatch,

The total production cost F (in dollars per hour) can be
expressed as a sum of prod-uction costs F, or cac:l;l gencrating unit ‘i.
3 AR .

The problem amounts to minimizing the cost function

n o ‘
= - - "y ’ ' '
g EoOF PG ) | (A1)
1:1. i .
subject to the constraints
’ » P = P_+P = 1,2 ' A2
) a‘ .i_.. G - D + L . ] 1= ' g v ow s g n. ( )
i=1 i ‘ .
and. P . P . P S (A3)
' G, . .7 G. 7 TG . '
: i, min 1 . i, max

real generated power of unit i

11

where P

G,
1 . n -
pD = total Ioad dcmaftd, PDz ?Hi pDi
PL = the real power losses. ‘ f

G
b

Using the Lagrangian multiplier method, one obtains the

augmented cost function :

. n : ‘n . :
¥, = £ F -\ (f P, -P_-P ) (A4
L i=t b LS TG D L .o -~
1. " Additional constraints may be included as discussed

in [20,34]
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in which }\L is thé Lagrangian multiplier. Talciﬁg the partial derivative

ot (A4) with respect to PG and cquating to zero, one obtains
. o

dF. a I a P .
R R SR (A3)
Note that PD is considercd to be a constant while taking the derivative. -

Letting,
a F,
' ‘ 1
Increment ost - = —— .
ncremental cost- (IC )_1 ' 5P . . .
. G. o
. . v aP‘L ' .
and Incremental’ transmission loss (ITL) ., =
: 1 aP
G,
i
(A5) can be written as
i ¢ .
= : | ) 1 =1,2,... :
(1c), A DE20TLY ) G is 2 (A6)

’

It should be noted that there are n optimum dispatch cquations (A6) plus

'_ -

the (n+1) h equation (A2) to solve for (n+l) unknowns P 'PG sy

. | 2 .
s A . .
pG L |
n 3 |

The incremental trans‘mission lusscs(IT;L_.),l are obtained from - )

th

: loss equation. There are two methods which arce commonly used in
argiving at the loss equation.

i

(i) B-Coefficients Method: " This method {1,20] expresses the
loss equation in terms.of coctficients for the network and the real

powers. The loss equation is given by

P =

P B > AT
L T I (AT)

E
m n m mn | n




B : . \
and incremental losses are given by ' A-/

? PL _ , B
= ya o . : -
a P . & an Pn : ' (AB,)

m ’ n B

in which an matrix represent a set of coefficients reflecting the

a

 the loss equation

P - JE;i %gthjkm.jpx +RQ )+ B@QP -PQ ] (A9).
where ajk .= _J_—.———\Vj] \VR\ Cos (b}. * b ).‘- (A 10)
Ry N - Ty

"ik vl DR TS (A

in which R'l s arc obtained from the bus impedance matrix with
K .
composite load bus as refercnce. The bus voltage magnitudes as well

as the phase _angleé v.1, v lv 6., 6 K are obtained from the load
, . j .

k J :
fow solution. Inthis casc | . , \
n .
. (ITL)i ~ 2 v ja. P - g Q ) (Al2)
‘ Kot kK ik kK ' .

Solution Procedire lor Economic Dispatch

STEP 1.  Obtain the bus im'pcdancc matrix with composite

load bus as reference for the network,

T
G,' G G

STRP 2 . Assume initial‘v_alu’és ‘for P .
: ' { 2 - n



-. Hh2 -

STEP 3 . Compute all bus powers S =P+ j Q.  and ‘all bus
— : i i i

voltages using-the load flow.

EP 4. alculate pc S P, - P
STET . Calculate power 105?(_3 1 L 'z PG, ID
i=1 i
I .
STEP 5 . Calculate (ITI_,)i using (AB) or (AlZ2).
"STEP 6-.. Choose an appropriate value for the Lagfarigc multiplier
o _KL and compute ('IC)_1 using (A6)
STEP 17 . Calculate PG 's ugfa known relatioh ol form
T - Gy ) S .
P = + R S + o
G a t B, (I(_,).1 + v { ([C_).1 b
STEP 8 . Check for convergence ie. whether
n ’ _ ‘
|i):1 : PG._ - PD - PL b is less than a predetermined
= 1

tolerance. Irnot; repeat steps 6 through 8.

‘STEP 9 . Repeat steps 3 through 9 until the change in P, i.c.

. Gy
- . | P (new) (old} l between two successive iterations
. Gi - PG - ) : S

. 1
is less than a predetermined tolerance.
A computer program lor the economic dispatch solution appears
in Appendix B. The bus impecdance method for arriving _at the loss
cquation is used in this computer program. The load flow as mentioned

in step 3 is based on the Gauss-Seidel iterative technique.



- r ‘ .‘ll . .. . N -63.-‘

TN

< '3"-;\,5’

APPENDIX B

LISTING OF THE FORTRAN PROGRAM F.CSR

ECONOMIC ‘DISPATCH SOLUTI(()Q/

Py

‘&_
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SREAL IC, TTL LMBDA, LO 55E5

v THTEGEP nnnwcn ”YPE? TYPEZ,T1, Tz P=NJ,L0nnﬁ,nw,qr —aom;?m,GL1,

' 1TP1,TP? . ‘ -
IorlrnL TYP1,TYP2,0T1,0T2 . ' e
COMPLEX ZPRIM,YPRINM,ZBUS, YBU,,V,,,YbuuuT ¥C,CoNIG AT,C2,CT2,

1¢3,CT71%, 80, n1,nz ‘CMPLY,Y¥YBN50,SFLOW

COMPLYY zun,o Zanst, zausz znugz Ypgso, Yquq1 . !
NTHENSION zpnrn(v 7),!?27"(? 7),Ynn5(%,>),V(%y,5(5);
1stuwr(5,J),YL(%),VMAP(S},OHIN(S),D(S),Q(%),FROM(?),TO(?),
20MAX (S), RS (DY, DG (BY . PD(5),OD(S) , TT1(W),T2( 1 A(T,%,AT(5, D,
YBIS0 (5, 5), 80 (5, T) JALFA(3),BRTA(3) ,5AMYA(3) ,DELTA(3),TC (3)
DIMTNSIOY SFLOW (S ,ai,PH!X(T),U"IV(7),L(3 N, D(3, 3y,9G0L0(7),
IVMAGO (5),728051(7,7) ,ZBUS2 (L,4) ,C2(7,4), ‘
20T2(4, 7y a4, ), 20083 (3,3),03 (4, ) ,CTI(3,4),R2(7, u),
?A1(}),B1(1),L1(3},1*1(3),?(3 3y

¢
r o . - ‘ .
o SIAD NUMEDE OF NODES AND DFAKCHSS,THF STMRER AF GENEEATORS AND Lo pe
TEAD 1, NODF, ARANCH, GENS, LOADS
1 FOEMAT (4I5)
BAGT=100.0
HD1=NODE-1
GN=GTENS+1 :
GLEGENS+LOADS
GL1=GL~1
LB=2*BEANCI : g
TYp2E,THIIL, i
S0 =, TRUE. ‘
NT2=,FALSE.
-
" .
c ATAD THE BUS TNCINFNCT MATPIX
C
C
DO U0 I=1, ARANCH
nAoun T J=1,N0DF
HEAD 51,A(I,.0)
AT(I,I) =A(I,0)
87 CONTINDE
" . Ty . .
C PUAD THE DPRINITIVE IMPEDANCE MATPIX ’
c AND ODTATE THE DRTMITIVE ADMTITTANCE KRATRTX Lo
C : :
<

her 50 T=1,BRANCH
FERAN 57, (Z“DIH(I,J),J 1, nxnwgw}
PEAD 1,rROj(I),TO( }
51 "U?ﬂA"(?FT0.0)
50 CONTINIR
CALL MATINV (YPRTM,ZPRIM, BRANCH,LD)"
’

CHEARD THE SHUNT ADMITTANCE AT EACH NODT

eV aEels]
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-
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S RVERES!

RN
HE

Uiyl

DO Bubh I=1,N0DE

NO uHusE J=1,N0DE
YSHUNT (T,d) =(0.0,0,0)
CONTINNE :

YSHUNT (1,2)=(0.0,0.030)

CYSHUNT(1,3) =(0.0,0.025)

YSHUNT (2,3} =({0.0,0.020)
YSHUNT (2,4) =(0.0,0,020)

CYSHUNT(2,5) =(0.0,0.015)
YSHUNT (3,4) ={0.0,0.010)

YSHUNT (48,5) = (0.0,0.025)

CYSHUNT(2,1) =(0.0,0.030)

YSHIUNT (3,1} =(0.0,0.025)

YSHUNT (3,2) ={0.0,0.020)
CYSHUNT (4, 3) =(0.0,0.010)

YSHUNT (4,2)=(0.0,0.020)
YSHUNT (5,2 =(0.0,0.01%)
YSAUNT (5,4)=(0.0,0.025)

t

YC (1) = (0.0,0.0)
YC{2)=(D.0,N.0)
¥ (3)=(0.0,0.0)
Cuy=(0.9,0.0)
{C{5)=(0.0,0.0)

" TGLTRANCTES

IP5=1,0F-5
Rps1=5,0zZ-4
IP§2=1.08=-5,

- 65 -

READTTHE CHARGTNG SH”NT'CAPACITopﬁ

FOPM THE BIS ADMTTTANCE ¥ATRIX

CARLL O ADMIT (A,AT,YBUSH, NODY, BRANCH, YPRIM

OBTATH THZ B80S IMPEDANCE MATRIX WITH A COMPOSTT® LOAD AS JEFNRENCT
OUTATH THT IMPRDANCE MATRTIX FOR REFERENCTY FRAMFE 1

!

&
Ny 17 1

=1
pn 10 J=1
ZBUST(I, ) =(0.0,0.0)

¢!
¢

1N CORTINNE .
7200S1{Z,2)=(0.016857,0.0505715
ZRUS1{3,2)=(0.0125714,0,03771u4)
ZRUS1(0,2)=(0.016857,0,0505719)

| LRUS1(5,2)=(0.0125714,0.0377144)

| 2ZRUS1(h,2)=(0.0130285,0.0802R58)
ZBUST1({T7,2)=(N.0157142,0.0471417)



0y

L ZnNs1(7,5) =

66

GRTATN THE

Y

ZBUS1 (2, 3) = (0. 0125714, 0. 0377 144)
ZBUS1{3,37=(0.0297143,0.089143)
ZRYS

7RUS 1 (6,

2BUST(2,0)=(0.01A857,0.0505775)

ZBUS1(3,0)= (0. 01zsv1p 0.0377144y
zuﬂs1(u,u)=(0.0168%7,0.0505715)

ZRUST(5,4)=(0.0125714,0.0177144)
ZBUS1(6,6)=(0.0134285,0.0402858)
ZBUST(7,4)=(0.0157142,0.0647143)

ZRUS1(2;5)=(0.01257 ).
78US1 (35, 5) = (0.0297143,0, oaq1un
43051 (4,5)= (0.0175714,0.03771uy)
ZBUS1(5,5)=(0.02A47143,0,.089143)

znus1(6,53:(0.__62857,0.o7qasvm
(0,/0171428,0.0514287)
LBNS1(2,6) = (P.0134285,0,0602858)
723051(3,6)50.0262857,0.0788572)
ZBUs1(u =(0.0134285, 0. 0402858)
ZRN31 (4, 6) = (0.0262857,0,078R572)
ZBUSA(6,h) = (0.0317143,0.0951429)
ZBUS1(7,6) = (0.0195237,0.058571%)
ZRUST(2,7)=(7.0157142,0.047143)

_ 1(4,3)=(0.0125714,0.0377144) °
CZRUST(5,3)=(0.0297143,0.089143)
3)={0.02/2857,0.0788572f ",
CZBUS1{7,=(0.0171428,0,0514287)

2B031(3,7)=(0.0171428,0.0514287) .

7RUS1(0,7)=(0.0157142,0,0687143)

CABUST(S,T) = (0. 0171428,0.0514287)

ZBUST1 (6,7} =(0.0195237,0.0585715)
2RUS1(7,7) = (0.0436507,0, 130952)

TMPEDANCE MATRIX FOR

nn Ko I= e

D A5
DPEAD 51,C2 (J:,J) .
CT2(J,T)=CONIG(C2(T,.
CONTINIT .

CALL 72 (75”51,215“52,CZ,CTE,N“DE

)

AOBTAIN THT IMPIDANCE MATRTX

DO 56 T=1,5%

DO K6 J=1,58%5

2EAD 51,C3(1,d)
CT3(J,I)=CONIG (CI (T, )
CONTINUT

,ENS,

ITPENCD FRAMT

LOADS,

FOR REFANCE FRANT

B

£

L GY,GL)

3

[eEeNSRERY

CALL 73(2;3‘] 12, ZBII%3,C'¥ CT3,GENS,GH, 8)

UBTATH THE 30US ADMITTANCE MATRIX WITHVTHL" -'\DDI""I’) AL sHUNT ?L?\C"AN(‘

+
.

CALYL. ADMITI1{YBUS,NODE,YSHUNT,YC,YBIUS0)
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[

[T I SR i

[ I

9]

“a

SLACK FUS  VOLTAGE. THE SLACK BUS 15 NITMB

-k

'vm 00
PG (1 -

nG(1
. PO

an {1 ‘
PN )-Pn(fy.
U(Lﬁ.OP(1)~QD(H
S =CHPLX (P (1),0(1))

).
)
)
)

FEAD THR VHHW:P ;\WYP"1 AND TYPR2 BI57ES

TEAD 5, TYPREY,TYDPR2
FOHMAT (272) :
'?EAD 6, (T1(1y,I=1,TYPE1}-
EAD A, (T2(I),T=1,TYPF2)

A

. b EQQMX”(16TS}

A
STT, THEI ACCELEZATING FACTOR

ACCEL=1.4

TR

THE STATEMENTS THAT. FOLLAW ARE FOP TYPT 2 RU%Tﬁ WHLY

TF ( JU0T. TYP2 )

@l
Q
3
[}
-3
~J
~d

PTAD THE VOLTAGE MAGNITUDE FOXx TYPE2 BUSES
“ . .

nY 7 T=1,TYPR2 E
Ir( YPE2.72.0.0) 60 TO 7.
‘i—-'T")[I] .
PERD 2, V(M1),pc(ﬂ1),po(¢n
pnoru(%1)—pﬂ(nn
a0 (41)=0.0
DG {%1Y=0.0
DM =G (M1)-0D(H1)
P (K1) =PG(M1)~PD(H1)
S{M1Y=CHMPLX (P(4%1),0(M1})
V¥ATG (X1} =CABS(V (M1))
VHAGO (M1} =VMAG (M)
CREAD 2, QMAX{M1),0MIN(MT)
7 CONTINUE
2 FORMAT(AF10.0)
777 CONTINUE
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S

o oo

19

199

100
3
1001

1130
1031

..68-

~ e 'f
READ TMITIAL ‘bTIHATEJ FOP TYPT? BUS VOLTAGFS ' S
DEMAND=0.0 S : : R
D0 19 . T=1,TYPRY. ' . ~
M1=T1(I) ' ,
PEAT 14,V (M1),PG(M1),0G(M1) ,PD(MT), 3D (M) - . e
FOEMAT (6F10,H) S : L
PG (1) =0.948
P(H1Y=PG (1) -PD (M) * o : : SN
VM) =06 (M1) ~QD (M) . B - . \vau\
DEMAND=DEMAND+PD (X1) ; L R
S(H1)—C1FLK(P(H1),)(M1)) : : R
CONTTNITE . . o T
FEAD ™D CNEFFTICTENTS F0P THE COST CHURVES
FEAT W0, (ALFA(TY ,BETA(L) , SAMMA(T) , [=1,03N5)
‘zan 100, (A (Tl,ﬂ1(1),t1(T).I T,6nNS)
FORMAT . 9)
PHINT TR, NoDE, BRANCH, GENS,LOADS, Tys 1,Tyw“g
POPMAT (T, ' NODE=C T2/ H, PBRANCHES=1, T2/ 11, ' GERRRATORS =2, T2/
110,V LOADS=Y, T2/, 'Tvpv1=',tz/ﬂu,'TYPFJ-!,TZ) .
FORMAT (215) :
FRINT 1001
FORMAT (1HOD, *1US Twcrg NCE HA“?TX')  oa
PRINT 1030, ({A(T,d),Jd=1,080D2) ,I= T,H”\wtq) . e
ovﬂﬂ"(13(z( F4.0)) : . . :
FOTHM] (e (21, FU.0)) , - ' ' o o v
FONKAT (6 (2X 1PF15.5)) : Coe

100

13Ny

N0y

1005

16

1007

10700

1910

2039

1611

1012

PETNT 1003

FOEAAT (140, "PRIMITIVE IMPIDANCT MATRIXY)

PEINT 1004, ((ZPRIM(I,J),J=1,BRANCH) ,T=1, BRANTH) -

SORMAT (U (2X,1PE15.5)) _ | _ ‘§
DRINT 1005 :
FOEMAT (1HO, 'PRIMITIVE ADMTTTANCE MATATYX?!)

PRINT 1”0&,((Y“R’H( od) ,J=1, BRANCHY ,I=1, BRANCH)

PRTHT 106 .
FORMA™ (1HO, *BUS ADMITTANCE AATHIX NITHOUT SHIUKT PTACTANCL')'
PEINT 1002, ((YBUSO(I,J),Jd=1,N0DT),I=1,%00%) :

PRTHT 1007 — :
FORMAT (1HO, '2US ADMITTANCE MATIIXK WITH SHUNT HEACT NCE'W(:
PPINT 1002, {(YBOS(L,J) ,J=1,N0DE),T= 1,u0nJ

. PEINT 1009 ’

FORMAT {1HO, 'TYPEDANCE MATRIX® QR REFERTNCE FRAME 17)
PRINT 1002, ((2BUS1(I,Jd},Jd=1,RL),T=1,5L)

PRINT 1010
?OHM&T(1Hb,'T?ANSFORMATION MATATX 7
PRTIAT 2030, ({C2(T,d) ,J=1,G6N),I=1,GL
FORMAT (8 (2X,F10.4})) .

PRINT 1011 | , .
FORMAT (1HO, *IMPEDANCE MATRIX FIR REPERENCE FRAMZ 27)

PRINT 1002,((5Buq2(I,J),J 1,68),I=1,GN) '

PETINT 1012 _ .
FORMAT(1HO, ' TAANSPORMATINON MATRIX FROM FAANE 2°TO FRAMET 39)
PRINT 3039, ({C3(I,J),J=1,6ENS),T=1,5M)

204 FRAMT 1 7o FRAME 2"
} ' '
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31030 ropnn"(ﬁ(zx F10. u)) '
PRTNT 1013 . T '
1013 FORMAT{1HO,'TMPEDANCE MATRIX FOR REFERINCT FEAMF 3°)
~© PRINT 1004, ((ZBUS3(I,J),J=1,GENS), T=1,GENS),
PRINT 10174 ‘ o
1016 FORMAT (1HO, *INITIAL VOLTAGF AND POWERS AT THFE BUSESY) : S
DO 1015 T=1,NODE - : '
PPTNT 1016,T,V (I),T,5(T) - s
1016 FOPMAT (1H ,'V(',I? Yy = L TIPTRIGL5, V40 L 1PE1S.5,2X, 'S (Y, T2,y = °
1IPR15,.5,3+43';1P715.5) ' : ’ : ’

1915 CONTINUE . ) ' - ' o o
CPETNT 1017 . I \ A
1017 POPMAT (1HO, 'GENERATED POWERS AND oFﬂhuvw
' NG 1018 I=1,N0DE

" pRINT 1019, ﬂ\ps(r),r PD(I),_,OU(T1 : -
1019 FORMAT (0 ,'Pr(',rz ') = 1, 1PE15.5,2K,1PD (1, T2, ') = ', 1PR15.5,
12X,'0D(",12,') = 1pr15.)) o . o,
1014 CONTTENT - ' , o L
DO 1121 I=1,TYPR2 , . . .
M1=T2 (1) ' '

1121 CONTINIF
TopdTHT 1020
1020 FORMAT(1HQ, *COST LOnFFICI"NTf')' . - :
PEINT 1021, (A1(1),;B1(I),C1(I),I=1,GIN3) .
CPRINT 1021, (ALFR(I},BFTA(I),GAHMA(I),. 1,57NS)
L1021 FGRHAT(B(ZK 1P¥15.5))
CALL csr(n1,E1,c1,rc,nﬂNs,c05T,BASF)
PRTHT 1022,C05T .
1022 FNPMAT (THO, *INTTIAL COST = ',1PE15,.5)

~a

2
I . . -
oo SFT THT TTERATION COUNTE® FOR THE LOAD FLOW .
C MAKE AN TNITIAL ESTIMATE FOR THE INCR¥MENTAL £NST JF ZECHIVED poWDw
o 7 L . . .
5 : _ L
LUBDA=0.3 _ ‘ ) . <

'wn-1
DO 1040 T=1,GENS
1040 “GOLO(I)‘D"(.)
9%9 CONTINDT
no 756 I=1,%0DE
VMAG ¢1)~vwnrn(fg
756 CONTING

aay

“

CUMPUTZ ALL THR 3US POMERS AND RIS VOLTAGES F&OM A LOAD FLOW
\\\ . . - .

N
N

(S NS

[

. CALL LFEQ&(NOD" VHAGLOMAX, OMIN,5,YBUS,T,0, TYPET, TYPR2,ACCEL,
12p5,T1, YPJ,Q°1 , 0T2)
DO 601 J 1 NODE , .
“(J)"W“PL(’(Jri : B
J(J) =ATMAG (S(J}) a ' .
PG {J) =P (J) +PD (J) -
- PG {IY =0 (J) #QD (J)
6501 CONTINUE ~

O
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3 . ' - 70 - , . ) '

C fgonpuTr THE LO”LF : ' N

¢ .

C "

LOSSPS=0.0 : co o
DO 5200 T=1,80DF ‘ . : v
5000 LOSSES=LOSSES+PEAL(S (1)) ' . B ~‘.f
PRTNT 701,. LOSS®S, DENAND : o T
© 101 FOPMAT(1HO, 'LOSSES =',1PV15.>,hx,-nrnnun =, IPTI5.4)

(. :

t.‘ - o : . ’

S COMPITE THF PARA@EEERS_FQF THE TTL'S )

" B } . o .

-t : ‘ 4 L C

N CALL  BAPAMAC,D,2BUS3,V,GENS, NOGDE, DELTA, F)

. : &, . '

o . -t ,

- CoMPUTE TH® TTPLYS G

¢, - | ,

T Co. . ’ b
DO ROG, M1=1,0FNS e T : !
auM=9, 0 : .

“onnt 7060 K=1,GENS -
: Lu~=,nn+pr(x)~c(n1 Ks«or(x)tb(“1 K)

< ING C CONTIENR .

IPL(ﬂ1)-2.0~5Wﬁ o ’ ; .
jhﬂﬁ CORTTEOM: . - - . s B

C ,

(" COMPUTT THR ICYS

Y ‘ -~ '

r . . »

BEMOA=5.07-1 X
KT=0 ‘ .
bk CORTTHUE
' DO 8O0 M1=1,6ENS ‘
IC(™1) =1 30n*(1.D-ITL(H1))
400 LﬂanHU’ ] :

N . "\. d .

< COMPUTT TUE GENFRATED POWFRS AT TYPED uw"af ANMD TOTAL.GRNEPATION

~ . . )
FN=0. () " - ‘ ) "' A

. o0 77 W1=1,6538
“b(ﬁ1}-ALFA(“1)+Bpxk(%1)*IC(H1)+F\FHA("1)*('f(H1]**ﬂ

. GEN=GPRN+PG (M) - - .

17 CONTINUFR : :

Bt ,.-(ﬂ W\ND+10“S ?} .
r\1="f'f'*1 ’ v . ' .
, IF ((KT %0, 20y .0?. (KT. £0.50)) DLMDA=DLMDA/10.0
IF{TP) 78,780,.79 TN ‘ .

7% LMBODA=LMHEDA+DLMUA ; . o 4 ‘

TR0 PO RG66 C U

.19 LMADA=LMBDA-DLYMDA LR ' . ;
TF(ABS(TP) .GB., EPS1) GO TO 6h6H6

790 [ couTINUE " L RS : ,
PRINT 965,TD / Co e N o

965 “EOERMAT(2X,'TP 7 ', 1PE11.4) o c-

- : " : .
) s : .
. . . - ‘ , . . LS
* . .- . . .
. -~ ST . - . A .
- - ’ ) . . : oL




~Anean .

Rt )

T2

330}

AT

EEN

211

CCHECK FOR CONVERGENCE IN THE

NG 72 M1=1,4FNS

. PGDF= AH"(“"(M1)~PfOLD(HH}

PGOLD (K1) =P5 (M)
IF(PADF=-EPS2) 992,992,790
CONTINUE .
TF (M1 .GH. GENS) GO TO 991
CONTLINUE

CCONTINUR

DG KA M1=1,G8N5
(M) =G (M) -PD((M )
‘(“1)”CHD!X(P(H1),((ﬂH)
CONTIND® ¥

1

CALL ©ST(A1,R1,01,P6,GENS5,008

CALL MONIT (MU,PR
WU ERUER

L3 (M .67, 19) 50 To 991
STO 399

CONTTHNOT

Srop
NN

GENERATHD

T, BASE)
,%,LwnnA,TTL,IL,,l‘s

KIHP

PONTRS

LUOGT)

CUALL FLOW q?LUH,FFOﬂ,TU,UPhWCH,HOWE,Y?V?M,V,YSHWNT,YU)

-7



. -T2 -
SUBHNAUTTING MATINV(Z,Y,N,M2)
COMPLEX 2,Y,B,D,E :
NTMONSION 7 (H,N) ,Y (N, ,N),B(50,90)
10 1=, N ' :
po 19 J=1,%
10 B(I,dN) =Y(I,J}
M1=1041
DO. 100 I=1,H
no 200 .J=K1,M2
MI=T4+H &
TF(M3-J) 12,13,12
13 LI, J)=(1.0,0.0)
GO TH 200
12 ML, d)=(0.0,0,0)
200 CONTTNUE

100 CONTIENE | ‘ SPRPEEL
o0 A I=3,N )
bR (L,1)
no 7 J=1,42
i BT, Iy =R (L,.0) /D

ny A L=1,N .
I8 (I .20 1) e TO 8

FaR(L,T)
IO J=1,M2
"1 AL, Jy=n{L, ) -u¢n(1,d
a CONTINUT .
L CCONTINNE '

noo17 T=1,4

no17 =M1, 42
17, LAT , I-ML =0 (T ,.0)

HETI RN

IDAsR);

SUBROUTINF HAT5TY1R,A;B,N,n,L)
DTYMONSION W (N, L), A (8, {1, L)
CCOMPLIX R, R R, SN - :
neo1 K=,
neo2 o i=1,L
sHM=(0.0,0.0) ¢
poo3oJg=1,M
SUMESOMeA (K, J) v3 {0, T)
3 CrhTINDE
“ (K, T)=51™
. CORNTTNRF
1 CONTINID e
DETIRY
RND

| g

Da
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CSURROUTTHE MONIT (MU, PG,5,LMBPA, ITE
COMPLEX 5 ‘
KEAL LMBDA,TTL,TC-
THTEGRR GRYS a :

DTHENSTON pu(nENS),FTL(GEHS),IcLGHNS),n NODE)
PRINT 1, MU, LMBDPA,COST
EORMAT(1HO, *TTERATION = ¢, T3,3X, "INCPEMENTAL COST = ¥, 1pu15.5
124,'COST = 7,1PE15,5) : :
Do 2 I=1,GENS :
PETINT 3,T,P6(1), T, ITLLI),I,IC(T) : : ‘
3 FOPMAT(TH PG (', I2,%. = ",1PE15,9, 3%, ' TIL{', T2, %) = ',10u15,9,
130,07C(",T2,%) =.',1PF15.5)
CONTINUY . .
ne 4 T=1,30D¢E
PRINT 5,I,5(1) ‘ , :
FORAAT (110 505 (0, 12,7) = ', IPRINLS, e, 1PE15.5)

RETURN
\d oL E . 2

=D
* SURRONTTNE ADHTT(A AT Yﬂnq NODF, nwawrn YPRTY, I)
COMDLEX O YUOS,YPETHE, A, n . .

, GRNS, NODE, COST)

THTERYR RBAANCH ‘ _ ‘ :
DTYMNSTON YPRTH (REANCH, BRANCH) Y RUS (N0, 90n) , A (BE AT, ),
VAT (HODF, BEANCHY , B (H0D®, BPANCH) . '

LORLL MATOLY (F, AT, YPRTH, KOLF, BRANCH, R ANCH)

CALL NK”PLY(YUHF,P,A,NODF,RPANCH,Hnny) e
CBETURE ‘ o o _ .
END : g

SHBROUTINE RDHIT1(YBUS NODE, YSHUNT, YC, YBUSO)
COMPLEY YBUS,YSUUNT,YC,YBUSN,TONP _ .
NIXEESTON vnnr(wour NODF},YH”Hﬂ“(NUﬂ JNONDY L EC (Y,
' 1Y HILAO (NODE, HODE)
PO 1 I=1,%00F
TUMPE (0.0, 0.0 -
DO o2 JT1,K00E
TR(I.EQ.J) n6 ™0 2
TEMP=THUMPY SHUNT (T,.0)
YRUS (T, =Y3050 (I
p) SCURTINTE P "
' , ST, Ty =Y 3USO(1, T) T M0 eYC(T)
LCONTTSUE . .
AETHAN ) o
END : S I -
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- 74 -

SUBRNUTT NF 22 (ZBUS, LBUq? cz2,cr2, "JUDL GENS, L()AD;,I-’T GN,GLY '
~LCOMPLEX. 200581,4R0582,C2, CTZ P'l . . :
INTESER (""H:,F'N 6L !

DTMENSION zuuq1(cx,rL),7uusz(un FN},L2(hI,GN),(T?(hN GLY,
TR (5N, 6Ly

.LﬂLL MATPLY (R1,0T2, ZHU‘~.1 N, GL,GL) ) N -
CALL HA'T‘T’IY(?HUQ? 1'?1 (..2,(1N (“I,,(;N)

BEFTORN .

END

SUBTANTTHY 23 (28NS, 28NS, C3, 0™, 08NS, 1M, 22)
COMPLEX ZRUSX,ARUST,C3,0Td, 02

TLTESET GENG, 0N ) .
PIMPHSTON Z3D52 (50,00 L2883 (GUNS, nENS) 03 (nn, nitds) O3 (aunns
1ui(67H5,60) : . ¢ -

CALL O MATPLY (F2,0T 3, 280502, GFNE, 6,58 -

CALL MATPLY (211S3,%2,C3,078S, N, 6FN5)

foOTI N ’

tn

SUBRONTTNE PARAN(C,D,ZBUS3,V,GENS,NODE,DELTA, R)
COMPLFY ZBNIS3,V

TUTTGTR ARG ,

LITRENSTON S (GRNS, GPNS) , DIGENT, TNGY RT3 (4
TDELTA(GENS) , T (BUN5, 61 )

Py 1 Jd=1,50N

DL 2 K=1,67%

x»p1,x)=aan(a B3I, K))
_ovLTNiJ):A”nu(AIMnu(V(T))/““ﬁ’(I(I))J -
CONTTRIT .

D10 g=1,5mNs

PRILAR S N AV M EAR TSR W

%
N1 K= ],w NG
Ti=0v LTA (J) =DV LTA (K)
TO=CARS (Y (F)) KCABS (V(X))
C{IL Ky EE (D, K) P CAS (TT) /T2 -
DI, R)=E (T, K *STN (TIY /TS :
CONTTHYR
L ETIIRY - Y
N .
-]

PRCED B

&«



e

‘75."' .
sunnonTINE LFIOH(NODE N, VMAG, QMAX, owrn,>, nus,v,g,mYPF1jmvpez,
1ACCFL, EPS,T1,T2,TYP2,0T1, OT?) ‘ : o ‘
COMPLEX YBUS,V,S,1ISE, Tfﬂp roan,CMPLx
LOGTCAL 1L, TYP? nT1 0*2 o’
INTEGER mvpvz, Yp=1,T1,T2 C ' - .
DIMENSION V(Nnnr),VMAF(NODF),QMAX(unnn),owru(unn '}, 5 (NODE)Y,
1YRUS (NODE,NODE) , P (NRODF) , O (NODE) , T1(TYPFN) ,T2(TYPED)
DTMENSTION VP(TO),VO(lO),ALFﬂ(10),P”“(10),J 1(10},uq"(1m
ITFR=1T ,
PI=t ,O%ATAN (1.0) , o
PAN=1RO,.0/DT - '
25 TBUs=1 :
© DO 180 T=1,N0DF
140 USE(T) =V ()
DYKAX=0.0 . .
O IF (IBUS L2000 1) RO TO 401
23 CONTINUE
TF(OT1) GO TO 2005
TF(OT2) GO TO 2700
DO 2w0 I=1,TYPE2
IF(IRns Ry, T2(I)) GO Ta 20600
240 CONTINDE ' '
poo281 T=1,TYER
: 12 (IBUS LEQ. T1(I)) GO Tn 2705 .
281 CoONTINgT® : ‘
2000 CONTIRNUT
[=.FALSE, , .
CALL GEN{THUS,V,H0DF,OMAX,OMIN,3, Y5, P, 0, L)
2005 CONTINUE - , _ i
A NTW VALUE OF VOLTAGE IS CALCHLATED Fan. ALL Bffisa7
TEMP= (0.0,0.0)
Do 21 J=1,NODF
IF (J - IBUSY 22,21,22
.22 TEMD=YRUS({IBUS,J) «USE (J)+TEMP
21 CONTTINNE ' .
V(INUS) = {CONJIG {3 (TBUS ))/LON]G(U""(IUH.))—T“'“)/f" (101, T
V(TRYUS) ="ISE (IBU<) +ACCEL* (V (LRUS }-U'V(I%H')]
1F (L) 6n 70 232 .
poo o231 I=1,TYPE2
{ . 1r (IBNS - T2(T)) 212,233,232 : ?
233 ALFA(IBUSY =ATAN(AIMAG (V (I35 ))/W.hL(V(*HU))))
VP (TBI1S) =¥MAG (IBUS) *COS (ALFA (IBYUS))
© VG (TBUS) =VMAG (IBUS) ¥SIN(ALFA (TRUS))
Vv (T3US) =CMPLX (VP (IRUS) , VO (IBUS))
ao om 232
231 CONTINNE
232 CONTTNUE
DREL(TBUS) = LABQ(V(IBUS)-U““(TBU%))
. UST (TBUS) =V (I8US) .
%0 1IF (DFL{IBMS) - DVHAX) u01,u00,u00 :
400 DVMAX=DFL (TBUS) , _ -
401 IBUS=IBNSH '
~TF (IBUS - NODE) 500,500,501
500 CONTTNUE
650 ™0 23
.501 CONTINUE :
IF (DVMAX - EPS) 600,603,601
601 CONTINDE .

Y

“P
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ITER=TTER+ ,
TF( TTER 6T, B) GO TO 25
PEINT 2,ITER,ACCEL
PETNT 704, (V(T),I=1,NODE)
PRINT 704, (S(I),I=1,NODE)
704 FORMAT (A {2X,1PF11,4))
L GL T 25 .

K00 CONTTHUE

-~
i

Doy 774 1805=1, N()DI

VMAG (IBUS)=CABS (V {LBUS)) '

PSE(TBIS) = WAD*ATAN(ATMAP(V(TBUC))/HP&L(V(
7V8 CONTINUE

COMPUTE TH® SLACK GENEAATOR POWER

TEMD= (0.0,0.0)

niy 26 J-1,NOD‘

Tvmp-vnnq(1,d)-V{J)+Trnp

2h- CONTTHUT

=

)

§ (1) =V (1) MCONIG (TEAD)
erwr 1 -
FOTMAT (1HU, *LOAD FLOW RRESULTSY)

Do 31 TODE \
PAINT 4, T,V (I}, VHRG (1) /PSE(T)

;onvnr(1n LAX, (Y, T2, L IPRI5.9, 0400 1PR15
jfpxp(',1pw11.u,')r) Co :
pPRINT S,(T,:(l),T 1,N0DE) 7 . ,
FORMAT (2(2X, 'S5 (*,12, %) = 1L10T15,5, 1401 ,10715,
FETHRY ~ :
THND
SURRONTINT CAT (AL, VJ,G?FW,CHST,URS?

. g
TETORLR GGFNS
DIMTHSTON A (G
r'()f""—(\ o
peoo 1. 1=1, RN
EESERIE '””“+h(T)+H(Tl‘PF(')’ﬂA"?+C(T)rm
CUNETECOSTHIN0L O .
IR A

), B{GENS) ,C{RENS), P3G

. . »

- . N L
Nl , . o

lnun)n)

PRINT 2,T1TZjR, ACCEL : ' ' . '
FUH”“T(Jﬁb) CVITERATION = *,1u,' ACCHELERATING FACTOR

£
gt =

5))

Ty «LiAG™

=t ®5,.2)

'L 1015, 5,
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 SUBPOUTINE GEN (TBUS, V,NODE, QMAX, OMTN, S, YRI5, P, 0, L)

COMPLEX TFMP,V YBUS,:,CHPLX CONIG -

"LOGICAL L :

DIMENSION V (NODE) ,YRUS (NODE,NODE) e(uonr),p(nnn ),O(Nﬂﬂ”),

TGMAX (NODF) , QMIN.(NODE)

TEMP= (0.0,0.0) ,

: Do 20 J=1,N0DE ‘ . S
20 TEMP=YBUS (IBUS,J) %V (J) +TEMP’ ' : '
T O (TRUS)=ATMAG (V (IBUS) *CONJG (TFHP)) .

. TP(Q(TBUS) - OMAX (IBUS)) 3000,3000, 3007 C o
3000 T¥. (D (TRNS) - DHTN(TBUS)) 1003,3002,3002 . '
30071 g(znu31-onnx(rqn,) :

L=.Tauw, _ ‘ ' ‘

GOOTH 3002 . S
3003 O (TROS) =QMTH ([RUS) '

L=, TRUE,
3002 rnannuv

(IBHS)-F””IX(P(IHH%),Q(Tﬂﬂa))
RETHDY .
END

SURROUTINE PLOW(SFLOW,FPRON,TO, BRANCH,NODE,YPRIN,V, YSHUNT,YC)
‘COMPLPY SPLOW;YPRTM,V, YWHUQT Yo, onnas

THTERUT FEOM, 7O, BE ANC o .
DINFHSTON SPLOW (NODF ,won ),eau"(wnhwan) MO AT, Y D T (AT,

11'«.\*%“),YY’!!'!.'-."I‘.(‘I()US‘:,I-ﬂr);),Y( {(NIDTY , VA{NOD )
PRTHT FOOG o Lo
LODG FARPMAT (190, POWEY FLOWE HFTWEEN. M5 TG/ <

D1 TE, BRANCH
‘\'SZ.—I"JOM (') .
NAETO(T) : S S
SAELOW (MR, Hﬁ)—V(%h)'((ﬂﬂJf(V[i*))d!n'J.(d(-,)))'UG‘JK(Y”"TH(i,?))
1+V(*w)rcouJ,(V(wU))*(nNJn(y»wn.f(uJ 1)) N
SFLOW (N3, 8%y =V (ng)*((nN1r(V(M"))-rm"1r(V(‘n)))~'»1Jﬂ{Y"?r1(f,n)
14V (N )-(nnJu(V(w"})*lowao(v‘wwn"("u,w V)
PEINT 6ODT, N, NS, SFLOW (N8, 15) : ' .
pETHT HOOT, \:u,'ﬂ , SELOW (N5, NR) :
607 ?onnAT(ino,zx,'rvnw HODFY, 2,0 TO A0y 0,12, 0% I 0, e,
11P715,5) -
1 . CORTTMIT o
FETNRN : -
END
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A%"E’Mc'l

LISTING OF THE FORTRAN PROGRAM FOR

AEP METHOD OF STATE ESTIMATION




oo nn

23
22

O P!

[ R

127

61 -
60

11

10

2.1

;79_

AEP METHOD FOR STATE ESTIMATION

DIMENSION D(3,3),X(3,1),2(3),B(3, 2{}3?(2 3) ,XT (3, 1) , 4

(3 3) , XN (&, 1)

DIMENSION HP(3,3),HQ(3,3), snp(3 1), SMD (3,1) ,HPCONJ (3, 3)
DIMENSION HQCONJ(3,3),HPINV(3,3) ,HOINV (3,3} ,RP3(3,1),RQ3 (3,

DIMENSION HPW(3,3),HQW(3,3),DP(3,3),D0(3,3),VNP(3,1),VHQ(3, n

DIMENSION AKP(3,1),AKQ(3, 1) ,DPVHP (3,1),DQVNQ(3,1) ,DIF(3,1)
DIMENSION DIF1(2,1),DLE2(2,1),CP(2,1),CQ(2,1),DPU(3, 1),DQU(3,I)

'UIMENSION'DB(J,z),Bb(z 2) JR7(2,2),U(3,1)
 DIMENSION STP(3,1),5TQ(3,1)

COMPLEX WP,HDQ,SMP,SMQ,HPCONJ, HQCONJ,HPINV,HQINV,RP3, RQ3, HPW, HOW
COMPLEX " DP, DQ, VNP, VBQ, AKP, AKY, DRVHP,DOVNQ, DIF, DIFT, DIF2,CP,CQ

CUMPLEX DPU,DQU,DB,R6,R7
COMPLEX XNZ2,XN3,DELZ2,DELJ
CUMPLEX D,XN,XT,X,¥,Z,U,B,BT .
COMPLEX SIP,53TQ,YdP \

KEAD BUS VOLTAGES FROM THE LOAD FLOW SOLUT.ION_

TIME=0.0

DO 52 I=1,3

READ 53, (XT(I Jy,d=1,1)
EOHHAT(ZF15 #)

"CONTINUE

READ LINE FLOWS FHOM THE LOAD PLOW SOLUTION.

DO 22 1=1,3

READ 23, (STP(1,J),J=1,1)
FOnHAT(2F15 8) :
CONTINUE

po 127 I1=1,3
READ 23, (STQ(I,Jd),Jd=1,1)
CONT.INUE

READ LINE IMPEDANCES

)=(0.021,0.0872)
2(2)=2(1)
Z (3) =7 (1)

F:EAD THE WEIGHTING FACTOR MATRIX & OTHER GIVEN DATA

po 60 .I=1,3

DO 60 J=1,3

- READ 61,4 (L,J)

FORMAT {275.0)
CUNTINUE .
po 10 I=1,3

po 10 J=1,2
READ 11,B(1
BT {J,I}=B(1,d
FORMAT (2F5.
CONTINUE

-y




RE
B9
97

98

non

2

26

80

: x<1,1)=;i.o,0.0)

. ' e - =80 -
INITIAL ESTIMATES OF X~ .

PI=t,0%ATAN (1.0)

. RAD=180.0/PT |

RESMAX=2,E-4
KOUNT=0

CONTINUE
PRINT 89, TIME

FORMAT (1HO, 'TIHE OF DAY IN HOURS",FJ.O}
PRINT 97

FOHHAT(1HO//5X,'BUS VOLTAGES FROM LORD FLOW')

PHINT 53, ((XT(I,d).Jd=1,1,1=1,3)

" PRINT 98

FOKMAT (1H0//5X, ' LINE FLOWS PROM- LOAD FLOW')

PRINT 53, ((STP(I,J) ,d=1,1),I=1,3)

PRINT 53, ((arQ(I,J),J 1,1),I=1, 3)
X (2, 1)=XT (2, 1)
X(3,1)=XT(3,1)
yJp=(0.0,0.0226)
AKP{1,1) =2 (1} *YJpP*xX (1, 1)
AKP{2,1)=2 (2} *YJP*X (1, 1)
AKP (3,1)=2(3)*YJIP*X (2,1}
AKQ(1,1) =2 (1) *YJgpr=*X (2, 1)
AKQ{2,1)=Z(2)*YJP*X(3,1)
AKQ(3,1)=2(3) *YJP*X (3,1)
L{2,1)=CONJIG (X (2,1))
K(3,1)=CONJG(X.(3,1))

INTRODUCE ERROR TO GET MEASURED LINE FLOWS

DO 24 I=%,3 . '
STP(L,1)=5TP(L,1)+0.1%STP(I,1)
STQ(L,1)y=STQ (I, 1) +0. 1%STQ (I, 1)‘

SMP (T,1) =CONJG (STP(L,1})

SMQ (I, 1) = LOHJG(STQ(I 1))

CONTINUE

CALCULATION OF D-MATRICES *

HP (1,1} =X (1,1) /2 (1)

HP(2,2) =X (1,1) /2 (2)

HP(3,3)=X{(2,1)./2(3) ‘ :
HQ (1, 1) =X {2, 1} /2 () : .
HQ (2,2)=X (3, /2(2)

~HO(3,3)=X(3,1) /2 (3)

Do B0 1=1,3

. DO B0 J=1%,13

HPCONJ (I, d) =CONJG (HP (I,J)) -
HQCONJ (I,J) =CONJG (HQ (I,J)) °
CONTINUE

"VA‘,—/— .'

nd



ane

133

201

naOe

130

131

N1=3 ’ 81_

M1=3

L1=3

CALL MATPLY (HPW,HP,W,N1,H1,LT)

CALL MATPLY (DP,HPW,HPCONJ,N1,41,L1).

"CALL MATPLY (HQW,HQ,W,N1,H1,L1)

CALL HATPLY(DQ,HQH,HQCONJ H1 M1, L)
DO 133 I=1,3 .

DO 133 J4=1,3

D(L,J)=(0. 0 0.0)

CONTINUE

D(1 1y=bP (1, 1I+DQ(1 1B

D(2,2)=DP(2,2) +DQ (2, 2)

D(3,3)=DP{3,3)+DQ(3,3)
PRINT 201, {{D(I,J),J=1,3),1I=1, 3)

abORHAT(G(ZX,F10 4))

. CALCULATION OF ( B'DB )

N1=3

K1=3

L1=2

CALL MATPLY (DB,D,B,N1,41,L1)
N1=2 ,

Mi=3

Li=2

CALL MATPLY (R6,8T,DB,N1,M1,L1)

INVERSE OF ( B'DB )

LB=2¢N1 | L
CALL MATINV(R7,R6,N1,LB)

OTHER MATKIX CALCULATIONS

N1=3

Mi=3

LBf2¥N1 X

CALL MATINV (HPINV,HP,N1,LB)
CALL MATINV(HQINV,HQ,N1,LB) -

L1=1

CALL MATPLY (RP3,4PINV,SHP,N1,M41,L1)
CALL MATPLY (HQ3, HQINV,SHQ,N1,M1, L1)
DO 130 I=1,3

VHP (I, 1)-393(1 1) =AKP {I, 1)

VMQ (I,1) =8Q3(I,1)~-AKQ(I,1)
CONTINUE

NY=3

M1=3

S L1=1

.

N

CALL MATPLY(DPVHP DP,VHP, N1, n1 L1)
CALL MATPLY (DQVMOQ,DQ,VMQ,N1,H1,L1)
DO 131 I=1,3 :
DIF(I,1)=DPVHP(1,1)-DQVHQ(I, 1)
CONTINUE

N1=2

M1=4

L1=1
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CALL MATPLY(DIF1 BT, DIR N1 M1, Lf) S o * .
U(1,1)=(1.0,0.0) : : ' : , :

{2, 1)=41.0,0.0) : ‘ ' ' :
U(3,1)=(0.0,0.0)

N1=3 : : C *
M1=3 : B \ o
L1=1 o : ' » o - , .
CALL MATPLY (DPU,D,U,N1,M1,L1) L P
N1=2 - : S -
M1=3 ' : .')
L1=1 R .
CALL MATPLY (CP, BT DPU, N1, 81, L1) _ : ,
po 132 1=1,2 : . ,
DIF2(1,1) =DIF1({I,1)-CP(I,1) | ‘
T132 CONTINQE, , S - . ' “~ f_
ESTIMATE OF THE STATE VECTOR X : dﬁ- {
‘ .
N1=2 \\ R ' ' ‘
Hi=2"" - S
L1=1 S
CALL MATPLY (XN,k7,DIF2,HN1,M1,L1)
" PRINT. 18 '

18 FORMAT(VHO//5X,'THE STATZ ESTLMATE')
PRINT 25, ((XN({I,Jd),J=1, 1),1 1,2)
25  PURMAT (2 (2X,F10.6))
" X2=REAL (XN (1,1))
Y2=ALIMAG (XN (1,1))
52= (K2%%2) + (J2%*2) ’ ey
VMAG2=SQRT (S2) - o g o ‘
. PHAS2=RAD*ATAN(Y2/X2) . - ’ ' S ~
X3=REAL (XN (2,1)) v :
Y3=AIMAG (XN (2, 1)} ' ‘
53=(X3%%2)+ (Y3**2)
VMAG3=SQRT (S53)

, PHAS3I=RAD®ATAN (Y3/%X3)
. PRINT 121,VMAG2,PHAS2,VMAG3,PHASS _ =
12 FURMAT (1H ,5X\ 'V (2)=',F9.6, EXP (' ,F10.6,%)"',5X,'V(3)=*,FP9.6, EXP ("
(F10.6,%) 1) o . . c,
. ‘ ] . X f

. / : . ’ ’
CALCULATION "R 24 HOURS QOF THE DAY ' -

¥

IF (TIME.EQ.23.0) GO To'99
DU 86 I=2,3
\  REZAD )3,(XT(I J),J 1,1)
B6 CONTINUE
p0. 87 I1=1,3 :
© READ 53, (STP(I,J),J=1,1}
87 CONTINUE .
DO 128 I=1,3 : ' = o
. RLAD 53, (STQ(I Jy ,d=1, 1) o ‘ ‘ :
128 couTIuUh , . ' ‘
TIME=TIME+1.0 .- ' - ‘
" GO TO 88 ' ' _ /ﬂjbj _ )
- Y9+ STOP : ot ' L ' : ‘ ~
END R //‘ . '
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SUBROUTINE MATINV(Z,Y,N,M2)
COMPLEX 2,Y,B,D,E
DIMENSION &(N u),v(u N),B(50, 90)
DO 10 1=1,N L -
: DO 10 J=1,N S
10 B(I,J)7=¥(I,J)
DO 100 I=1,N
DO 200 J=M1,42
n3=T+N
: ~ IF(M3-J) 12,13,12
13 B(I,J)=(1.0,0.0) -
GO TO 200 . . :

12 B(I,d)=(0.0,0.0) .. )

200 CONTINUE \;

J100 ° CONTINUE.

. DO 6 I=1,N
D=B(I,TI)
DO T J=1,42

7 B(I,d)=B{I,J)/D
DO 8 L=1,N
IF (L .EQ. I) GO TO B
E=B(L,I}" -

- DO 9 J=1,M2 ~
B(L,J}=B (L, J)—-E*B(I,J)
CONTINUE '
CONTINUE
Do 17 I=1,N
bo 17 J=M1,M2

17 4 (I,Jd-N)=B(I,J)

- RETURN

. END

T @O

]

-

SUBROUTINE MNATPLY (R A, B, N N,L) ®
DIMENSION R(N,L),A(H,H] B(H L)
[CUMPLEX R,A,B,50%,
‘DO T K=1,N.
-D0 2 I=1,L
sun=(o.o,nLO)
po 3 J=1,
S1M4= sun+A(K J)*B(J 1)
3 LOhTINUt . .
: R(K,I)=SUNM"
S 2 CONTINUE.
CONRINUE - o
RETURN . . |

-~

N
—~— -L: ﬁ-ﬂ

" END
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