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BBSTRACT

The ultimate function of the data processor for power system contorl
is to obtain reiiable data of the system’s state and
parameters.Existing twchniques of data processing assumed that the
tranaformer taps in tha system are known. However,there sre many un-
certainties associated with an  actual system. Among these uncer—
tainties could be the actual positions of transformer taps.Therefore,
modi fied algorithms wWith various methpds and cases, using the welghted
least sguares approach and assuming no khnowledge of the transformer
tap positions, are presented and implemented in this paper.Digital
simulationg have been performed and the results are presented.

Lo _INTRQPUCTION

Autmatic control of power systems requires the diaplay of rel—---=
formation that indicates the operating conditions of the sysi
information must be inferred from system measuremants commur
the control center. If epough measurements could be obtai
. tipuosly, accurately, and reliably, this would provide all i
mation needed for control. Howsver, a perfect data-scguisiti
i8 technically and economically infeasible sc that the contr
must depand on measurements that are incomplete, delayed, 1ir
and unreliable. Because it is uneconomical to abtain all tim
ments, part of this information can be calculated uming the ¥
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real-time measurements as input data to the model of the power system.
There are many wuncertainties asmociated with an actual system using
meter readings telemetered in real time to adigital computer. Uncer-
tainties arise bLecause o0f meter and communication errors,incomplete
metering, errors in mathematical models, unexpected system
changes,ect. The algorithma used to process these measurements, handle
thess uncertainiss,and produce reliable data about the state and
parameters of the system,is known as the data processing
algorithes=l2]. It involoves four basic operations namely! modelling
» Processing , detection and identification. The incoming data to this
algoritha may consist of | raw noisy measurements ,line parametsrs,and
structural information (such as circuit breaker and transformsr tap
positionsl. There are four appracaches to the design of a data proces-
sor., Recent publications[5,7] bhave shown that the welght least
squares approach works very wel]l especially when sparsity, decoupling
and bad data suppression are appiied.However, existing techniques of
splving data processing problems ‘Assumed that the position of trans-—
former tap are known., But.,as already discussed above,a data process-
ing algorithm is coupled with many uncertainties. One of the informa-
tion , among others,that could be affected is the actual tap positions
of tap~changing transformers in the system.Therefor, this paper
describes modifications to the basic data processing algorithm in
which it is assumed that transformer tap positions are unknown, The
aim is to study the gensral affect of this situation in implementing
this algorithm, and also to try and devise a merans of dealing with
this sjtuation to obtain a rellable data of the state variables and
the transformer tap positions. Hence,the tap position are included in
the medified algorithm as variables rather than aes conatant. Various
methods and cases of implementation of the modifled algorithm have
been programmed and examined in the hope of arriving at an acceptable
solution. The basic and modified algorithm have been run on the stand-
ard IEEE 14 bus system. The results, discussion and conclusion are
gl ven.

2. THE BASIC ALGORITHM

The problem consista of finding the state variables [XJ),which is of
order n,based on m of measured variables [2] in the presence of an sr-
ror [el. Thus,using a vector of the non-linsar function Ch ( )l,a set
of non-linesar sgquations can be formulated to describe the relation be-
tween [Z 1 and [X):

[2] = th (LX1}] + [e) st e ssda e Rt et aan 1}
Since soee of the measurements are corrupted with noise it is obvious
that there will be & difference between the true state (unknown) and
the svaluated state. 5o the aim bming to minimize that difference or
some function of 1t. There are numerous approaches to handle this
problem ,and can all be broadly classified into 3} Iinear programing
approach, and weighted least squarres (WLS) approach. Faat swpsriences
£7]1 have shown that the most common and widely accepted one 1w the WLS
+ which bhas proven to give reliable convergence.It minimizes the
weighted sum of the squared residuala, Jix!.The finial modal of the
iterative process is given as follpws:

[~ 6"t ] m [B.J"*[Hal“fRaI-*{C™IL [u=] . 3
[ @n=t 3 gn ]l ~ont] M £ 3
£~ y*=t 1 = CB.-3[H-1* LR-I-* [C-*IL( ™3 7 3
[ y==2 1= [ Ve ]+ [~yeet] P )

tere f‘" L o' and Ci* =1 1f A% 2(ruo/8.)™
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r.“ m Wirgd= and Cu™ = 0 1f @™ Sir,/&,"

AR = gu-t =~ g and feme 2 A" 2 flaan

re ™ i = hytxd lm 1, 2,..0..49m)

&y = ( Ry 1°-° = varianceg of the i th measurement

a,r ang k rafere tp active element, reactive element and iteration
count, respectively.The matricesa (Gl , (HY and [R1 are the
gain,Jacobian and error covariance matrices, respectively. The vectors
81 and [v] are the phase angles,and the voltage magnitudes respec=-
tively.Where linag sflmim ~ fi are the initial and fintal minimum
breaking pointa, and the step length, and W is the weighting factor.
The {terative process of equations {2-3) s repeated until all (~ &%]
and [~ v* ] are less than or equal to the specified tolerances.

. THE MODIFIED ALGORITHM

Existing technignes of data processing assumed that the position of
the transformer taps are known. This section describes how the
modified data processing algorithm can be i{mplemented when it (s as-—
sumed that the position of the tranaformer taps in the ayatem are not
known. In the case herg the tap positions are treated as variables
where they (the taps) are being recalculated at each iteration. The
proposed algorithm implemented here uses the basic algorithm as
described in section 2,.The main algorithmc steps various methods and
cases in implementing equation {4) of appendix (A) are oputlined helow.

32l Algorithmic Stgow

the main algorithmic steps are !

Step 11 _Evaluate the initial tap positions for all tap-changing
tranaformers in the system using the eguation #rom the model and a
starting voltage magnitude of 1.0 p.u. and voltage angle of 0.0
radian.

gtep  2v Using the initially computed tap position (as obtained in
atepl),a modelling of the system i1s then performed in which line
parameters and pther structural information are evaluated,
Subsequently,the gain matrix is computed,inverted and kept con-
stant,{l.2 is not recalculated at each iteration}.

ftep ) Evaluate the state variables using eguations (2,3 )} to solve
for ~ @& and eqguationsi4,3) to solve for =~ V.The processing is then
performed to determine the state variables, (1.e.the vpltage magnitude
and angle at all nodes}.

Step 41 Evaluate the new tap positions using the wupdated values of
the state variables.

Step St Re—evaluate the admittances of lines containing tap-chaning
transformers using the new value of tap position obtained in step 4.
For every change in tap setting of a transformer connecting two buses
the self and mutual admittances are recalculated befor continuing the
iterative spnlution, as the values pf the admittances have changed.
Step 41 Repeat step 3-5 until solution has converged. The solutiopn is
said to bhave converged when ~ W= and ~ & are equal to or less than
a gspecified tolerance, or when tap limits have been reached. The
specifled tolerance for the voltage is 0.0001 p.u. and for the volt-
age angle it is 0,000l radian.
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.4 Fethods Of Implementiation

The steps outlined in the previous section are the general steps eax-
pected to be followed in implementing the algorithm in the modified
form. However ,further modifications were necessary 1in order to
achieve reliable values of the atate variables and the tap posi-
tions.Therefore, the main equation for calculating the tap position
was modified severally,and implementation of the equation (3) of
appendix {A) (the overall expression for the tap possition), was
carried cut with the following variantasa:
Method jt! Solve tap expression{equation 5 of appendix A } using total
power without due consideration as to the direction of flow of power.
It is the !nitial method of implementation.
Method 2t Consider that the flow DOf power is from node K to node Lj
thus from the derivation of the expression for the tap position ,the
direction of flow of pawer will need to be reversed as appropriate.
Thie will obviously be expected tg affect the position of the taps ,
i.e. whether the tap positions are positive or negative.
Method F! Based on the principle that a change in the difference of
bus voltage magnitudes (due to a change in transformer tap ratio) is
associated mainly with a change in the recstive power transfer , the
active power was neglected in the tap enpression, and without dueg
regard to taking the conjugate of the reactive power. The value of
the reactive power used is that obtained from the solution
sdisregarding the directlion of flow of power. HNo other consideration
is given.
Method 41 In this method ,it is considered that active power is
neglected and the flow of the reactive power 1s from node k
{designated the mending end) to node L (the receiving end)}. Sub-
sequently it was necessary to change the direction of power flow as
appropriate,
Mgthog ¥t An alternative way is first to neglect the active power
term and take the conjugate of the recative power taking the
magni tude, i.e. the conjugate of the reactive power is taken into
account. In this method the reactive power as obtained from the
golution is used.
Method &t It was decided that the real part of the admittance could be
neglected in the expression for the tap position, As for other
methods the results of the power obtained from the solution is used.
Hethod 71 The method of implementation attempted here involves
expressaing the tap position in a "complex”" form. This means that the
real and imaginary parts of the variables are treated separately and
the tap position im then expressed in the form

a®m (B+ jJC) /(D + JE
The problrm here is that eventually the magnitude of the tap position
has to be taken ,i.e.

A = { B® 4C? )s/2R s (DAJCA)LrA

and which will always give a positive tap possition. However , it was
hoped that by obtaining the resultent angle of the complex tap expres—~
sion a decision might be reached as regards on which mnide the tap pos-—
sition is . That 4s , 1§ the resultant angle is between O to w radian
the tap position is considered positive, and 1¥ hetwean W to 2w
radian the tap position is considered negative. This method was found
not to wark for some systems because the resistance of the lines con-—
taining tap-changing transformers wWere ero, creating an overflow
problem in the computer program. Consequently, it was decided that
the real part of the overall expression for the tap position be
neglected.



Mansoura Engineering Journal {(MEJ),Yol. 13,No.i,June 1988 E.77

.3 Canwy Qf Impiementation
from appendix B , the active and reactive line flow are expressed as
functions of transformer tap ratios. Therefore, each method of the

above seven methaods i implemented in three cases as outlined below.

' The outlined & algorithmic steps are followed without fur-

ther modification , where admittances of lines contaning tap~changing
transformers were re-gevaluated at each iteration.
fage PB1 In this case, the admittance elements for 1linea containing
tap~changeing transformers are evaluated using the ilnitial tap posi-
tion. They are then kept constant and are not re~evaluated in step 9
of the algorithmic stepa. However the transformer ratio term Te, in
the active and reactive line flow equations is updated at each itera-
tion,
Gage ([t Omit step 5 (re-evaluating the admittances Jin the algo~
rithmic steps. This means that the tap position is not updated in the
calculation of line power flows. Effectively ,this implies that the
initial tap position is used to do the processing problem, although
the tap position 1s being recalculated at each 1teration using the up-
dated values of the state wvariables.

4, TEST RESULTS

The basic algorithm {(where tap positions are specified ) and the
various methods and cases of implementing the modified algorithm
(where the taps are unknown) have been programed. Dgital simulations
have been performed on the standard IEEE-14 bus system, having 21
lines and 3 transformers(5,7]. Appendix (C} gives data and system con-
fitguration for this syatem,

Firstly, the basic algoriithm was implemented and the solution con-
verged after & iterations (in 3.3 seconds)., The active and reactive
veighted residuals were 0.0178 and 1.093%, respectively. The valuea of
the state wvariables are obtained from +this test i{l.e taps are
gpecified) wlll be khnown in this sectlion as the true values. Again,
the basic algorithm has been run with all tap settings of tap-
changing transformers set to zerc. The aolution is obtained after &
iterations, the active and reactive weighted residuals were 0.3%81 and
4.0220 rsepectively.Comparisons between the results show that the
standard deviations from the true values are of 0.04 for the voltage
magni tudes and of 0,004 for the voltage angles, As can be seen , tap
positions have a significant effect on the final solution obtained.
Secondly, various methods and cases of implementation of the modified
algorithm have been run on the same system. The assumption made here
is that positiones are not specified. In order to make easy comparison,
table (1} summarises the results obtained for all methods and cases.
Generally, when the algorithm was implemented using the form af tap
expreasion as derived,l.e. with total power, very wide varying tap
positions were obtained when compared to those gpacified for the sys-—
tems. The use of reactive power in the tap expression in place of to-
tal power gave an improvement in tap positions and state variables
thereby confirming the principle on which the neglecting of active
power Was based. That is, reactive power is coupled to bus woltage
magnitude ({(and hence tap ratios) while active power i3 coupled to bus
voltage angle. The new equation was further modified in an attempt to
improve the state variables and tap positions.The results show fhat
spme bugses are significantly affected and these correspond ta the
buses of ithe lines containing tap-changing transformers. Alsa, the
cost of performing a processing problem wherga tap positions are
unknown 1ia the extra time required to compute the tap positions and
the re—evaluation of admittances. This process took 112 milliseconds
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and total execution time was 3.9 seconds, giving ah increase of 0.4
secocnds over the case where the processing is performed with known tap
positions.

In selecting the most acceptable method of implementation, the follow-
ing points were considereds fast convergence, ultimately less execu-
tion times, and beat values of the satate variables with minimum devia-
tions from the true solution. This Question of convergence depends on
which case used, i.e whether case A,B or C . Hence in comparing the
convergence rate, cases A are compared for all methods, the same thing
being for cases B and C.

In considering case A, it i2 seen that all methods of implementation
falled to converge except for method 7 when the tap position is
expressed in complex from with the reel part then neglected. The non-
convergence of case A may be &xplained by the fact that processing
based on the weighted least =sguares approach {s a probabilistic
problem rather than a deterministic one, which involves curve fit-
ting. It should be recalled the iterative process until Jix) ap-
proaches a minimum, where J{x) is the function being minimised. The
iteration is normally stopped when “~ %" i=s equal to or less than a
predetermined value, where the superscript k¥ denotes the iteration
count. It is possible for Jix) to have local minima and flat apots,
and thus [x*] may converge but not to the value of [x] that minimises
J(x)., It is alsp possible for [x*] to never converge. This depends on
the effect the tap position may have on the function Jix),

For camse B, smooth convergence was obtained only when method 7 was
implemented, without bad data being present. However, subsequent
methods indicated the presence of bad data thereby increasing the ex-
ecution time when bad data ars replaced.Ilt should also be noted that
the use of casg B has been shown to lead to misdetection and/or
misidentification of bad data and this may be pointer to the un-
suitability of this case.Convergence for cese C has been consistent in
all the methods of implementation attempted, but best values have been
obtained when methods 4 and 7 are implemented.

An examination of table(1}) shows that the best sclutions were obtained
when method 4 was implemented. Two methods, however, produced good
results these being methods 3 and 7. 1t should also be noted that con-
vergence of method 7 is fastest for all cases A,B and C.

S LONCLUSION

Using the weighted least sguares approach, and with the aspumption
that information about tap positions of tap-changing transformers are
not available, wvarious methods and cases of implementing the data
proceessing algorithm for power system control were presented. Thess
methods and ceses wers implemented and examined on the standard JEEE-~
14 bus system. The results cbtained for all thess methods and cases of
implementation were presented. 0On the whole, the results of this work
have highlighted the effect on the performance of data processor when
vital information abhout the ayatem is not exactly known.
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Table (1):The results obtained from various cases and metheds
of implementation of basic and modified aligorithms.

Taoawnwma u_uaﬂuwrwlﬁ 111111111 ] ) xmwurnmm1ﬂmmuncu~ standared nmcmwﬂ»mmm
B . ] No. of o T voltage voltage nﬂumw114
cage METHOD ITERATION bad data active reactive magnit. angle tap
rrrrr 11;1411|1‘-ammmmmmmmLuax;unusnlxuinlnxnugr‘axmu.;.v ﬂﬂon.uLﬂ (%) 1#
1 -6 failed to convergg within 100 iteratidns
" 7 [ a .34940 5.06450 .02334 .00385 3.47600
1 nuuwwmrnl to ;lnozcmmmg within 100 iterations
2 88 6 .01810 1.12960 .03833 .00612 10.00228
3 15 a .04540 1.56480 .09883 .00891 6. 10702
B 4 43 2 .18780 27.21100 .01715 .00353 2.49289
5 22 4 ! .53260 5.09100 .02329 . 00353 5.12073
-] 22 4 m .33260 5.09100 ,02319 .00553 W 5.12073
7 7 0 i .75370 | 13.44030 .03214 . 00269 w 3.44669
1 I|M4 a 1.86930 14,283%0 .12094 .02341 26.78528
2 7 a .01840 1.26410 .03907 .00614 10.02449
3 6 0 .04670 1.30600 .04515 .00781 5.10788
C 4 6 o .31360 4.309900 .02177 .00340 2.83286
5 6 a . 99860 10.26720 .0375%6 . 00569 §.08725
6 6 0 . 98860 10.26720 .Q3796 . 00569 §.08725
7 6 0 .95860 10.26720 .D3796 .00569 3.55975
bagic {(zero taps) |6 lo L1meMMM1 4.02200 .04019 .00673 4.49778
FlWWﬂOﬂmwja {known tapg)yb a T .01780 1.09310 - - -
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FRPENDIX '

A transformer with off—-nominal turns ratio, fig (a) , can be repre-
sented hy its impedance or admittance connected in series with an
ideal transformer, from which an equivalent circuit can be obtained as
shown in figure {bJ. The alements of the equivalent circuit can then
be treated {n the same manner as other elements in the system. It
should be noted that the values of these slements are not constant as
they depend on tap position. Thus for any change in tap setting of the
transformer these elements aldo change and should appropriately be
recalculated in  any lterative porcess.Using figure (a) an expression
can be derived for the tap position of such a transfaormer. Consider
awy 1Is the transformer tap position with reference to the nominal
position, and is normally erpressed in per unit,and the turnes ratio
term Tw: plven by

Te=ti/148ua ssmensmsarsacnanrnnenensil}
From this figure the following relationships can be established,
Py + JQ@; = ¥y { I: 2" and Pu + jQn = Vo { I, )™ snveres (2]

Ve = ‘1+Bu;) W and L' -Vt"lli“Yu‘ smansassrsrsvusnnns L3)
where § denotes complex conjngate.

solving for tap position an: QRives

By m (Vi"™ Yua (Y = Vi) + (P + Jula-)f<v-|.'v:,‘l'u1 ~{Py+ _10;)")

Tu‘ = (u|.vgYua - (Py+ jﬂ;i") 5 Wy Y Yws e £ Y

By taking the magnitude of the voltage, admittance and the power the
above equation may be rewritteh as

Aurm IVl YR 11 IVG — Va3 1+IPy w12 DAV BTV E Yl = 1P+ 10 D)

Tra™m iVl V] 1Y% | = |Pr"jﬁ;|lf(|”;| IVl [ ¥Yuxi) careea (1)

The above equation gives the final expression for the transformer tap
position of a tap—changing transformer as repremented by figure (b} .

APPENDIX (B) ‘POWER EQUATIONS

ia) The active and reactive nodsal injections at node K are
given by the
Sn = Pu +3j0.
=V {BY: (B2 COBONi+BuaBINOGEa) +JIV: (Duny BINGLi— B.. CO86.: 1)
Ywa = admittance of line ki between node k and I=Qui+ Bu,
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sustL =half line ctharge

(b) The active and reative line flowg
The complex power a2t the gending end k

Sy " Pur  +iGia
=~ Wy (B;.; C“JS‘?*; + Buy BINGL: ) + V™ Bny Tuy)
+i(VuY; {Br1BINOL. = Bu, CO0S50L)) = YeP{(BuiTri+ susgu:))
The compler power at the recgiving end ! given by

Siw ™ Prutilaw
={VuVy (B COSO; ~BusiBiNOLL) ~ Va2 (Bu1/ Thald)
+ 3=V (Bl STNSL: +BniCOS0 L ) Wy @ ((Bu; /Tua Y FBUBCL, )

Tk1Yk1
3k1 ity FaTala

Figure{b)

Line Ressstance]Rusctance! Line |Transformer| Line Flow
e P.U, Charge{Tops{%}
Froajia P L] HyaR

1 2 0. 0179 ¢, 05%2 00,0284 0.0 136, 719418, 76534
i 5 . 0540 0. 2330 10,0246 a.0 75.468%1 2. 4188
2 3 0.04a70 0. 1980 2. 021% o.0 TI3. 2644 4, 75043
2 4 2.0%H? 0. 1743 4.0187 a.0 U6, 14532 -0.38a4
2 -3 o, 0%8% e TP Q.1700 0.0 41, 30%7 2.6178
I 4 0.0670 0.1710 ©.0173 G0 -3, 2607 A_B7248
£ =5 0.D13a Q. 9421 (e eyt ] [« P43 ~&1.1123) 16,1280
L] 7 0. 0000 0,209 . 0000 ~2.2 28.07031}) ~3.6333
q ks €. 0000 Q. 9%42 0.Q000 -J.1 14,0787 -0, 489%4
3 & Q. Q000 0. 2320 0, 0000 ~&.B 44,0971 12,0934
& 1y 0. 0930 o, 1989 O. 000G o.a F.3978 3. 4043
] 1z Q.1239 0.24998 0, 2000 3.0 7. 6039 Z. 9314
& 1x 0.,0442 O, 1303 Q, 000 .0 17,9902 7.2212
7 -] 0. o000 0. 1742 0, 00O o0 Q0000 ~17. 3587
7 9 O, 0000 0. 1100 Q. Qo0 0.0 28,0700 5. TR
T io o.0318 0.0B4S 0. 0000 a,.0 =2.2020 A, 1 FHT
v Ia 0. 1371 ¢. 2704 0. QOO0 0.0 . AAT4 3.35815
10 113 Q. 0830 0. 1921 O, 00D Q. ~3.8021| ~l.54609
12 413 0. 2209 Q. 2999 Q. 0000 0.0 1.3404 0. 7892
i3 119 o.1709 Q.3480 0. 0000 0.0 S5, 097 1,778
e e C.0000 |-3,2600 10,0000 [N G. 00001 ~21. 1874
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