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476 AN INTRODUCTION TO STATE ESTIMATION IN POWER SYSTEMS

START

I READ MEASUREMENTS

WHERE x = [‘;'] |

PICK STARTING
VALUE FOR x =x°

SOLVE FOR (z; - f; (x))
FORi=1---Nm

CALCULATE H MATRIX
AS FUNCTION OF x

CALCULATE H' R'H MATRIX

CALCULATE [HT R-'H]!

SOLVE FOR AX
AX = [HTRH]THTR™ [z, =H (xt\
)

7, -1, (x

CALC MAX (lax!)
i=1---N,
YES
< MAX (1A% <e>——~—*DONE
NO
UPDATE x:
x=x+4Ax

FIG. 12.11 State estimation solution algorithm!

for the bus-voltage magnitudes and phase angles given the measurements shown
in Table 12.2. The procedure took three iterations with x? initially being set to
10 pu and Orad for the voltage magnitude and phase angle at each bus,
respectively. At the beginning of each iteration, the sum of the measurement
residuals, J(x) (see Eq. 12.30), is calculated and displayed. At the end of each
iteration, the maximum A|E| and the ‘maximum A0 are calculated and
displayed. The iterative steps for the six-bus system used here produced the
results given in Table 12.3.

The value of J(x) at the end of the iterative procedure would be zero if ali
measurements were without error or if there were no redundancy in the
measurements. When there are redundant measurements with errors, the value
of J(x) will not normally go to zero. Its value represents a measure of the overall
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478 AN INTRODUCTION TO STATE ESTIMATION IN POWER SYSTEMS
TABLE 122 Base-Case Conditioné o .
o el
Base-Case Value . . Measured Value
e _—
Mecasurement kv MW MVAR kv . MW MVAR
My, 2415 2384

Mg, 1079 - 16.0 113.1 20.2
M,, _ 287 ~154 25 ~13.2
M, 436 20.1 38.9 212
M, 35.6 113 35.7 9.4
My, 2415 : o "23738
M, 50.0 74.4 48.4 71.9
M,, -278 12.8 —349 9.7
My, , 33.1 6.1 - 32.8 383
M, 155 154 17.4 220
M, 262, 12.4 223 150
M,, £ 23] 133 S 7 86) —119
My 246.1 2507
M, 60.0 89.6 . 551 90.6
My, ~29 5.7 —-2.1 102
Mss 19.1 . 232 17 239
M, 438 60.7 43.3 58.3
My, 2276 : 2257 .
M, 70.0 70.0 71.8 719
My, : —425 —-19.9 . —40.1 —143
M., ; ~316 —45.1 ~29.8 —443
\J - :

M., 226.7 225.2

My, 70.0 700 720 67.7
Ms, —-40 ~238 -21 —1.5
M, -345 ~135 -36.6 -175
My, ’ —15.0 —18.0 — 117 —222
My, —~18.0 -26.1 —-25.1 —~29.9
Mg 1.6 =97 ~21 ~0.38
My . 2310 . 2289
M, . 70.0 70.0 60.9
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TABLE 123 [lterative Results of State Estimator Solution

J(x) at Beginning Largest A}E] at Largest AJ at End

of Iteration End of Iteration of Iteration
Tteration (pu) (pu V) (rad)
I 3696.86 . 01123 0.06422
2 43.67 0.004866 0.0017
3 40.33 0.0000146 0.0000227

fit of the estimated values to the measurement values. The value of J(x) can,

in racg%,pg used to detect th/e presence of bad measurements. . :
““The estmatcd values from (he state estimator are shown in Table 124,
together with the base-case values and the measured values. Notice that, in
general, the estimated vahies do a good job of calculating the true (base-case)
conditions from which the measurements were made. For example, measure-
ment M, shows a P flow of 8.6 MW whereas the true flow is 2.9 MW and the
estimator predicts a flow of 3.0 MW.

“The example shown here started from a base case or “true” state that was
shown in Table 12.2. In actual practice, we only have the measurements and
the resulting estimate of the state, we never know the “true” state exactly and
can only compare measurements with estimates. In the presentations to follow,
however, we will leave the base-case or “true” conditions in our illustrations
to aid the reader. '

The results in Table 12.4 show one of the advantages of using a state
estimation algorithm in that, even with measurement errors, the estimation
algorithm calculates quantities that are the “best” possible estimates of the true
bus voltages and generator, load, and transmission line MW and MVAR values.

There are, however, other advantages to using a state estimation algorithm.
First, is the ability of the state estimator to detect and identify bad measure-
ments, and, second, is the ability to estimate quantities that are not measured
and telemetered. These are introduced later in the chapter.

125 STATE ESTIMATION BY ORTHOGONAL DECOMPOSITION

One problem with the standard least-squares method presented earlier in the
chapter is the numerical difficulties encountered with some special state
estimation problems. One of these comes about when we wish to drive a state
estimator solution to match its measurement almost exactly. This is the case
when we have a circuit such as shown in Figure 12.13. All of the actual flows
and injections are shown in Figure 12.13 along with the values assumed for the
measurements.

In this sample system, the measurement of power at bus 1 will be assumed -
to be zero MW. If the value of zero is dictated by the fact that the bus has no
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; 480 AN INTRODUCTION TO STATE ESTIMATION IN POWER SY.STEMS
) TABLE 124 State Estimation Solution
- Base-Case Value Measured Value Estimated Value
1 . Measurement kV. MW MVAR kV MW MVAR kV MW MVAR
My, 241.5 238.4 240.6
- Mg, 1079 160 131 202 1119 187
M, 287 —154 315 —132 304 —144
| — M, 436  20.1 389 212 448 212
o M,s 356 113 357 94 368 118
. My, 2415 2378 2399
| . Bl 500 744 484 719 415 703
i My, . —278 128 -349 97 -294 119
M,, © 331 4611 328 383 324 453
- : M,s 155 154 174 220 156 148
- M,q 262 124 223 150 . 259 108
b i —> M,, —12.3 86 —119 30 -us
= My, 246.1 250.7 2447
] Mgs 600 896 551 906 595 874
3 M, -39 51 —21 102 -30 62
- My 19.1 232 - 177 239 192 229 -
Mg 438  60.7 433 583 433 583 -
; , My, 276 2257 2261 . N
o 72 e M, 700 700 718 719 702 702 ar
My, —425 —199 —40.1 —143 —436 —20.7 re
s M,, —31.6 —45.1 —298 —443 —309 —44.4 sh
M,s 41 —49 ,07 —174 43 -5l
BN Mys 267 2252 2253
» M, 700 700 720 617 718 694
M., —4g =28 =21 =15 wld =25
: My, ©—345 —135 ~366 —115 —-356 —136
M, —150 -180 —11.7 =222 —151 ~174
5 Mg, ~180 —26.1 —251 =299 —18.1 =258 T
- M, 16 —97 =91 =08 13 =101
~ y ~ s re
- 4 Mys 231.0 2289 2301 B
T M 700 - 70.0 723 609 689 658 &
5 i M @\397_/ ~2.9 Gaszld - 44 te
M, . ~F5F 18] — 196 —323 =254 —145
. - Mg, —438 —519 —468 —5l1.1 —423 557 v
: e
VAl
i n
i v
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