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44
1.2
1.8

'0.3

19
15.3
14.8
10.8
2.6

37.4

6.2
22.9
58.3

70.2
20.7
444
-5.1

69.4
-25
13.6
174
25.8
-10.1

65.8
44
-14.5
-55.7
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1 . 2

M12=32 X= 02

72941 MW
X 1100 MW

K02

/) M32=72

~<———29.41 MW

FIG. 12.13 Zero injection system example.

load or generation attached to it, then we know this value of zero MW with
certainty and the concept of an error in its “measured” value is meaningless.
Nonetheless, we proceed by setting up the standard state estimator equations
and specifying the value of the measurement ¢ for M, as: oy, = 10~ 2. This

results in the following solution when using the state estimator equations as
shown in Eq. 12.23:

Py, estimate on line 1-2 = 30.76 MW
Py, estimate on line 3-2 = 72.52

Injection estimate on bus 1 = 0.82

The estimator has not forced the bus injection to be exactly zero; instead, it
reads 0.82 MW. This may.not seem like such a big error. However, if there are
many such buses (say 100) and they all have errors of this magnitude, then the

" estimator will have a large amount of load allocated to the buses that are known

to be zero.

At first, the solution to this diltmma may seem to be simply forcing the o
value to a very small number for the zero injection buses and rerun the
estimator. The problem with this is as follows. Suppose we had changed the
zero injection @ to gy, = 107'%. Hopelully, this would force the estimator to
make the zero injeminam that it would result in the correct zero
value coming out of the estimator calculation. In this case, the [HTR™'H]

matrix used in the standard least-squares method would look like this for the

-
=3

100 MW Mj‘z: -}—- (6’); "ﬁ?‘)

/g : { : 70.59 MW? M‘Lsd-.li (6( - ﬁl..)

56|— S-ﬁZ.

028
- 46,

M. L (8-
&-0'2(1 5?—)%—

0"“2; (5(" 63) =

756-S%
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[50. -50
-/ | (Hl={0 —490
- y T = mea) o L7s —s0f
i ; o~ ) :
X - HRHI.HAR Z [[10-4
L g - [R] = 1074 ,
A~ i 10-20
\'»\ then »
36.25 x 102°  _37.5 » (920
HR '] =
L 1 =375 x10%° 250 x 1020
T~ —~ :__z,f‘:‘y

yﬂfortunaicly, this matrix is very nearly singulat. Fhe reason is that the terms

in the matrix are dominated by those terms which are multiplied by the 1020

is ‘presented to a standard matrix inversion routine or run into a Gaussian
elimination solution routine, an error message results and garbage comes out

of the estimator.
The solution to this dilemma

is to use another algorithm for the least-squares

solution. This algorithm is called the orthogonal dccompositjon algorithm and

works as follows.

125.1  The Orthogonal Decomposition Algorithm

This algorithm goes under several different names in texts on lincar algebra. It

is often called the QR algorithm or the Gram-Schmidt decomposition. The
idea is to lake the state estimation least-squares equation, Eq. 12.23, and
eliminate the R ! matrix as follows: let

[R™'1=R-12R-12_ (12.47)

where

then

- [R-17] = | —_

T

mi

(12.48)

5 O

: ' LHTR™UH] ™! = [HTR- V2R 112571 [H'TH] (12.49)
| —
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where ¢’ and §' a‘;'c determined from {NI[H]. Similarly for [N,

I 0 o
AR K ’ (12.72)
. ) 0 —s5" ¢

For our zero injection example, we start with the [H] and [R] matrices as
shown before:

) 50 -390 .
[(Hl={0 —4p0
175 —s0 ' ‘
and '
10-4
' [R] = 10-4
10-20
‘Then, the [H'] matrixis
A 32 . 5.0 x 102 ——-5.0 x 102
-71,2 C[H= 0 . —40x 102
o " 75 % 10" —50 x 1gt°
1 ) 2
M12=32
30.3 MW
103.11 MW
; - 72.71 MW
: » M1=0
load = 0 MW M32=72
g 103.11 MW L =
~¢——— 30.3 MW

FIG. 12.14  State estimate resulting from orthogonai decomposition algorithm.
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|
| Prob=0.01
|atJiX)i=¢;

Prob (J (X) > ;1] (X) is
chi-squared with K dof)

|
]
|
I
K

,me—a-

FIG. 12.15 Threshold test probability function.

we see that N, is equal to 62. Therefore, the degrees of freedom for the chi-square
distribution of J(x) in our six-bus sample system is '

K=N,—N,=N,—(2n—1) =5l
where
N,=62 and n=6

I we set our significance level for this test to 0.01 (i.e., « = 0.01 in Eq. 12.73),
we get a t, of 76.6.* Therefore, with a J(x) = 40.33, it seems reasonable to
assume that there are no “bad” measurements present. '

~ Now let us assume that one of the measurements js truly bad. To simulate
this situation, the state estimation algorithm was rerun with the M,, measure-
ment reversed. Instead of P =31.5 and 0 = —13.2, it was set to P = —31.5
and Q = 13.2. The value of J(x) and the maximum A|E| and A8 for each
iteration for this case are given in Table 12.5. The presence of bad data does
not prevent the estimator from converging, but it will increase the value of the

_residual, J(x):

The calculated flows and voltages for this situation are shown in Table 12.6.
Note that the number of degrees of [reedom is still 51 but J(x) is now 207.94 at

the end of our calculation. Since ¢, is 76.6, we would immediately expect bad
s

TABLE 12.5 Yierstive Results with Bad Measurement

J(x) at Beginning Largest A|E] at Largest A0 at End
~of Iteration . End of Iteration of Iteration
" Tteration (pu) (pu V) (rad)
1 ~3701.06 0.09851 0.06416
2 C21113 © 0.004674 0.001481
3 207.94 > 7/.f 000002598 0.00004848

* Standard tables of y2(K) usually only go up to K = 30. For K > 30, a very close approxi-
mation to y2(K) using the normal distribution can be used. The student should consult any standard
reference on probability and statistics to see how this is done. :
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TABLE 12.6 State Estimation Solution w

AN INTRODUCTION TO STATE ESTIMATION N POWER SYSTEMS

ith Measurement M;, Reversed

Base-Case Value

Measured Value

Estimated Value

Measurement kV MW MVAR kv MW MVAR kV MW MVAR
My, 2415 238.4 ;
Mg, 131 202

—_—M,, =315 _+132
M, 389 21,2
M 357 94
My, 2415 _ 237.3 239.9
Mo, 500 744 484 719 544 670
M,, -27.8 128 -349 97 ~244 92
My 331 461 328 383 350 44
M,s 155 154 174 220 163 147
M, 262 124 223 150 251 113
M,, 29 —123 86 —119 23 =122
M,y 246.1 250.7 2446
Mg, 60.0 896 551 90.6 61.4 863
M,, -29 57 -21 102 -23 58
My, 19.1 232 1.7 239 +205 222
My 438 607 433 583 432 582
Moy 276 225.7 226.1
M, 700 700 ‘718 ~719 © 690 700
My, —425 —19.9 —40.1 —143 ~39.6 —219
My, ~31.6 —45.1 —~29.8 —443 —335 —431
My, 41 —49 07 —17.4 41 50
Mis 226.7 2252 225.3
Mys 700 700 720 677 718 693
Mg, —-40 -28 -21 —15 ~41 26
My, —345 135 -366 —175- —327 —147
M, —150 —180 ~11.7 -222 —158 —17.2
Mgy —18.0 —26.1 -251 =299 —19.3 —-251
Mg 16 —-97 -21 —-08 ' 0.1 -96
My 231.0 228.9 230.0
M, 700 700 723 609 : 66.9  66.7
Mg -16 39 10 29 —0.1 39
Mq, —257 —16.0 -196 -223 ~246 —150
Mg, —428 —579 —468 —51.1 —423 —556
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POF of z;

POF of f;

FI1G. 12.16

|
|
1
|
True value ——— Measured
a value z;
True value i s
" Estimate f7 ~ f; (x**)
PDF of y;
yi=%i- ™
| |
0 0)," ———D Yi
PDF of y;"o™
g™ = L -['.'"
i ay;
| | | i
-3 -2 -1 1 2 3
yinorm

Probability density function of the normalized measurement residual.

d.
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TABLE 127 State Estimation

Base-Case Value

Measured Value

Solution with Measurement at Buses 1 and 2 Only

Estimated Valye

Measurement kV’_ MW MVAR kv MW  MVAR kv MW MVAR
My, 2415 238.4 238.8

Mg, 1079 160 ML 202 112 € 1124 295
M,y 287 —154 LS —132 204 ¢ 306 _i34
M,, 436 201 389 212 H4TFe- 447 194
M, 356 113 BT 94348 301 146
My, 241.5 237.8 237.6

Mg, 500 744 B4 719 4F5ea37 77
M,, -278 128 =349 97 —284 _ 26 11
M, 331 461 328 383 324 305 49,
M,, 155 . 154 174 220 (5. 6«161 168
M, 262 124 223 150 3§29 ¢ 224 159
M,, 29 133 86 —119 3¢ .88 117
My, 246.1 2447 « 241.4

Mg, 600 896 S59.5 <« 272 94.9
My, -29 5.7 —3 <& -87 5.5
M,, 190 232 19.2 &~ 151 253
M, 438 607 43.3 € 209 640
My, 276 224 & 2250

M,, 700 700 " Fo. “— 676 612
M,, —-425 —199 —-43.6 <« —436 —[89
M,, © =316 —45. 30.9.€— -293 —397
M, 41 -49 4.3 € 53 26
My, 226.7 2253 < 214

M, 700 700 PR E e T 767
M., -40 23 -l f— —52 —_438
My, 345 —135 —35 6 €~ -359 —j59
M, ~150 —180 —15] e =155 —190
M, —180 —26.1 —\g] € -0 —280
M., 1.6 -97 1.3 « —14 —90
My, 2310 2301 o 55,

M, ¢ 700 700 637 «— 405 772
M -6 39 -2 € 14 34
M, 257 —160 ~2c4 & —219 183
M,, —-428 —579 _ 25:+<- —-200 —618

A,
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lAN INTRODUCTION TO ADVANCED TOPICS IN STATE ESTIMATION

If we take the three-bus example used in the beginning of Section 12.2, we

495

note that when all three measurements are used, we have a redundant set and
we can use a least-squares fit to the measurement values. If one of the
measurements is lost, we have just enough measurements to calculate the states.
If, however, two measurements are lost, we are in trouble. For example, suppose

M,; and M,, were lost leaving only M,,. If we now apply Eq. 12.23 in a
straightforward manner, we get .

.// .
1 ' /\1‘2- J/V/V‘/L;r’ o s
s = fa =3 0= 0 =0, -0, bt
Tlhcn T (f‘/ .
[R]=[ck,,] = [0.0001] / M‘L‘:- 4 S‘f
and

[g'] = H _2][0-000!]‘ ‘s —5]]— l[5 ~5][0.00017~1(0.55)

2500 —2500]°!
= 50— : ~10.5 7
[_2500 2500] [5° —51[0.0001]'(0.55) (12.74)
~N—

The matrix to be inverted in Eq. 12.74 is clearly singular and, therefore, we
have no way of solving for 05" and 65". Why is this? The reasons become quite
obvious when we look at the one-line diagram of this network as shown in -
Figure 12.17. With only M, , available, all we can say about the network is that

Bus 1

O_

—0

-

FIG. 12.17 *“Unobservable” measurement set. f?
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TABLE 128 State Estimation Solution with Measurements at Bus 1 and Pseudo—
measurements at Buses 2 3, and 6

Base-Case Value Measured Value *  Estimated Value

Measurement kV MW MVAR kv MW MVAR kV MW MVAR
My, 241.5 238.4 2384

Mg, 1079 160 131 202 - 9<&1114 195
M, 287 —154 - 315 —132 304« 333 —125
M,. . 436 201 389 212 44 ge407 219
M« © 356 113 oo 357 94 4.3 €314 101
My, 241.5 ' TN 2799 « 262

Mg, . 500 744 Pseudo. 500 744 G4F5€375 677

My, -8 . 128 ~29.4 ¢ —321 105
My; 331 461 44 & 195 449
M,s 155 154 T 1556 < 141 115
Mg 262 124 \\ 25.9 ¢ 300 127
M,, 29 =123 O ' T2 e 60 -119
My, 246.1 NSl 2405 _
Mg, 600 896\ Pseudo:| 600 89.65 Z-S¢ 526 866
M;, -29 57 . -3 & —60 57
M,y 19.1 232 1A <& 143 195
M, 438 607 4.3 & 442 614
My, 276 2261 & m3s

M, 700 700 G002 & 519 733
Mg, ~425 —199 —~#3. 6 & -396 218
M, —316 —45.1 3 — 309 &~ —183 —446
M,s 41 —49 . 4.y <— 60 —69
Mys 2267 '\ 225.3 « 240

M, s 700 700 b FF  <«— 639 555
M., T 40 -28 ; -59 —04
My, . =345 —135 _ :34;‘%5 j—: -363 —118
M;, —~150 —180 e —137 144
M,, ~180 —26.l -1 | S —136 —229
Mss 16 —9.7 . -\73 e 35 59
Myq- 2310 ‘/’*\‘230' I "9

Mys 700 700\ Pseudo:' \ 700 700 45 9 <779 T34
Mis C—16 39 ~) € =55 03
Ms, —257 —160 —~ 25 4 & —293 —156
Mgy ~428 =579 —4,3 o —432 —58.1

¥ N- b ’ .
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