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ABSTRACT

An algorithm for caleculating the apparent trensmission
iine dmpedance %o the point of fault 18 presented. This
alporithm is based on a half-sycle Window uslng Walah Punct-
Lon technique. The real and the imaginery components of the
fundamental frequency voltege and current of the faulty
phases are evaluated and used to salculate the lmpedance, as
ssen from the relmy location. The ssmpling vate ussd to test
thim algorithm 1s 1& mamples/cyole. The algurithm has been
tested neing digital computer sirulation aof the sample madell

A comparigon betweasn ithie sigorithm and four other alge-
rithme, suitable for fault (mpedonce measurement was cerried
on nere with particulae¥ refevence to their mccuracy and speed
of calculations.

List of Jymbols

o

£ (JW) » Pault lgop impedonce at axtiraction aspular fregu-
ency v (iw. ), 1,{Jwei r fipite fourler transform compomentsy
= of voltage and currsnt
T « Time cenatant of the line in seconds i.e. (L/R of line)
= Walan coafficient

¥

k
wal (k,t) = Wnlsh funetion of integral X
»

11 F2 = FPourler coefficients
wil), 1{I) = Sample values of voltage and current for ith
aample
R = The evalusted resistence of the Tuulty line
X = The evaluated reactance of the faulbty linas
] = The sampling frequency per cycle
Tw = The processing data wlndow.

1. INTRODUCTLON

Frotectlon of power system elemenis by programmable
digital computers has been an sctive area of research since
Iste 1960. Frotection of the trenasmiseion lines haa resoeived
a special attention from the researchers using digital comp-
uter; 8 single minicomputer or a microprocessor, to perform
ite protection function., The main problem amsociated with
thim technique 18, how to get within an seceptable time an
sccurate satimate of the apparent impedance of the line from
the relsy location to the faulted point using digitized
valtege and current gemplea. Various algorithme have been
proposed o eliminate errore diie to the d.c. offget, harmou-
igs and noise mssocciated with the incoming eignals to the
relay undar f{ault conditions. Theae rlgorithms zan be

= Authers are lecturers in electrieml power & machines
department, Faculiy of Engineering, El-Mansours Univer-
aity.



v

Yansours Bulletin Vol.8, No.l, June 1983 E.39

categorized in five groups.

The firat group 2 was developed to c¢alculate the line
impedance by predicting the peak value of current and voltage
signala using sample nnd derivat%vi gpproach. The second
group Fourier or Walsh analysis “s+*»2, This is based on the
calculations of the real and the imsjinary components of the
fundamental frequency currents and voltages to determine the
registance and the reactance of the fgulty line as seen from
the relay location. The third group uses digitel filters
to extract the fundamental frequency information from the
foulty signal. The fourth group 7 depends on exploits the
differential equation, describing the behaviour of the trans-
migsion line, as & series R~L model to calculate the Relsaying
impedance. The last group 8 proposes a least-square f£it to
a waveform containing sinusoidal and exponentially decaying
components.

In this paper, an attempt has been made to reduce the 4
computational time of the finite Fourier transform algorithm
using the Walsh Functions technigue. The Walsh technigue
has suscessfully reduced the computational time to about half
its walue compared with the finite Pourier technique. The
modified glgorithm has been tested and compared with «ther
algorithms., Results of this study sre inecluded.

2 PINITE WALSH TRANSPORM ALGORITHM

The finite Pourier transform algorithm 4providea good
accuracy of the impedance calculation, but requirezs many
multiplications with corresponding expensive hardware and or
extra procesaing time. The apparent impedance of the trans-
mission line at any particulsr frequency, (wg) is given by

S g e O sy

where
A= 1,1 cemp(=3w, 1)) = 1.(T,).exp(~dw, T,);

v_{jw } finite Fourier transform components of voltage
welch £an be given by

n. &T+T

v (jw ) = v_.exp{~iw_ t).dt S el slexele (D)
& J;T T - e

Tn n.

= aT [ O.Svr .enp(—jwe. aT) + T ezp(—;we(n-l).am Top G
: n n-

* V(n-(Be1))" emp(—ﬁwe(n—(ﬂ-l) &%)

+ 0.5 v oy em(=3 w (¥ eD |.oilii3)

whare, Tw is the preeeasing deta window time;
5

e R e

atT

, AT being the imterval time
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Similar equations can be written for 1 _(j w ).

Table 1 shows the computational requir@mentsefor the algorit-
hm, The impedance of the transmission line is evaluated
ueing 16 samples per cycle, epplied over half cycle window.
It is clear that the algorithm requires a large number of
multiplication operations which must be reduced for reducing
the processing time. Therefore, this algorithm is modified
here to get the same accuracy by using the Walsh funections
which reduce the caloulation time of the impedance. This
modification may be helpful to use the microprocessors to

act a8 a high speed distance relay with an acceptable operat-
int time.

Table - 1
The calelated Arithmatic Operation
element Eultiplication Division Addition and
subtraction
and ahift
v (jw _) and
v . e 16 = 36
103w ) 3 :
___?.'_/_u___ | 8 == 6
1 + jw - T
The registance
and reactance 6 2 5
:
.. Total 50 2 45

e, =

3. THE WODIFIED ALGORITIM - FINITE WALSH ALGORITHN

It is clear from equation (3) that the resl and the
imaginary components of the voltage and eurrent si 8 at
the fundamental fregwency can be evaluated by correilsfing
the sample values with sinwseidel orthogenal functious.
Therefore the signals cen be represented in Fourler series
in the interval (8,7) a8 follews,

v(t) = P+ ]E;' Y7 [ Pks(sd.n 3F ! Pka co8 3’!& . 1‘.)]

e ixa () ’
At the sampe tlme the Weisch eap@neion of Wb same ware cafi he o
written ag,

v(t) = é W, . wal (k, W0 TR

where
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Py o =3 [ meal [ wit).emp(-3 2XE)|; oD
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Wy === [ vit). wal(k,t/?).dt. Sag ama b LB
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Here the set of componente ¥, representa g veotor im the
Hilbert apace, implying ther8by that the set W, sloo forms
a veetor in Hilbkert apace. These two sets are related oy
the relation

¥-= AP, 5 5,.....‘.i9a)
sliere A 18 given as is an orthogonal metrix
Equetion (9a) cmn be rewritten as,

Fald® . W aaawe gl on)
Frem the ahove equation the imsginary and the real componenta
af the signal at the fundamental freguency c&n be ebtained
ag followsy

Fig= Py o= 0.9 W, - 0,373 W, ~ 0.074 ¥, sl aee R O}

~—

S Fy = 0.9 ¥, 0,373 Wé - 0.074 wlﬂ PPN s e

To obtein the particular degree of acouracy, equations (10)
and (11l)can be resrranged accordingly by retaining or elim-
inating the last termm. Using equatione (6 and 10), equation
(6} can be rewritten as,

£, T - -\ 1 _
Img ¥ (J w,)) = ==~ | 0.9 W,-0.37] W:o~0.074 Wy | «iaa{l2)
2 = L 1 ; g |
While uping equationms (7 and 11), equation (7) can be given
S

=}

i

Real P[] w )= —-= {0.9 w, + 0,373 W-0.074 w10} veaunll3)

=]

nl

How a faster dlgorithm can be devised to melculate the Walsh
coefficiente W, uslng the trapozoildal rulse. Thie algorithm
reguires simpl® operations nddition, subtraction and shift
tnatructions whiich are convenient Zfor mioroprocessaorn.
Congeguently, the total meathematical computational time
reguired to evaluate the fundamental freguency components can
almeal be reduced to half its value. This 18 exploined below.

3.1 The Walsh Coefficient Algorithm

Here one oycle 1s divided into 16 equal parts and the
nelf eyele window 18 considered for the application of thias
algorithm, 7The welonh functions which are represented in
Flg, 1 arve continuous functions. The windew namples of the
vroceasing wave and the corresponding window ssmples of the
weleh functlons nre used to evaluate numerically the walsh
coefficient W, . I% should he noted that the walsh functions
and the procegaing #ignal are referred to the same pase time,
Por example, at eny ssmple {I), the walsh function coefficient
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¥ (I) can be given using the trapozoidal r:le for the numer-
16al integraticn of equation (8) with the help of Pigs.(1,2
and 3) as follows:
w,(1)=-l- [D.j v(I—UJ+v21—7)+v(1—6)+v(l—4)+v(l—3)—

8 ~v{I~1)=0.5 v(I)

and

Wy (Tye=te [ 0.5 v(1-8)+v(I-T)~v(1-5)=v(1-4)=v(I-3)-v(I-2)
8 ~v(1-1)-0.5 v(I)] R L e

by employing ¥Pigs. 1, 2:,

We(D)= -E-[ 0.5 v(1-8) - v(I-7) - v(I-5) # v(I-3)-
8 - v(I-1) - 0.5 v(I)]
and
W(D)m -2- [ -0.5 v(1-8) = v(I-7) + ¥(I-5) = v(I-3) - v(1-2)-
8 -~ y{I=1) =~ 0,5 v(xl] 5o an o LS
where
v(I) is the latest voltage semple inm the window;

v({I-8) is the oldest voltage sample in the window.
it is very lmporiunt to note that for each sample, the
equations of the walsh coefficients change according to the
propagation of the walsh waves which require more memory.
The imeginery and real components of the signals at
the fundamental frequency can be evaluated using equations
(12 and 13)}. In addition, the scelar constant in these
equations can be produced by shift instructione to aviod the
multiplication requirements. This is given below:

o Y TR U, bov/iies s » awd BEH)
24 27
and
Q3TRE —bin % el e o R AR
22 23

From the above derivation, it cen be seen that the use of
the walsh function technique has successfully reduced the
computetional time., Table 2 showa the computationsal requir-
ements of the finilte walsh and finite Fourier algorithms.
From table 2, it can be noted that the number of multiplica-
tions hes been reduced to about half its value with respect
to the finite PFourder transform itechniaue.

4. TESTING THE ALGORITHM

The algorithm presented here was tested to calculate
the real and imaginary components of the fundamental fregue-
ncy phasors of voltage and current. These components were
then used to calculate the apparent resistance and reactance
of the faulty line using equation (1), which can be written
as,

Z(J we)__: R(n) + J x(n) £ Eﬂﬁl__t_i_‘_’ziﬂ)._ ..-...-.--(17)
CR(n) + JCI(n)

wner((a ) I( ) ( )

YR(n) + § VI{n) = v{jw o)

CR{(n) + j CI(n) = i(jw e) L. __-3:‘.‘_'_/“__ _____ "
w R W i ad

R(n) the evaluated resistance at sample number {(n) &
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bis et LY

5C{n}
The evaluated Mathematical Operations
functicns, Eultipiicetion
Finite Modified PFinite Wodi- FMnite Mod-
algzorithm fied
alg-
rith
vij w,) 18 4 - 18 30+4
Can be
elimina-
ted a8
shown
1{j we) 18 4 - 18 30+4
Can be
elimina~
ted as
shown
ié- -——3' ————— =A Constant Can be stored -- -
AT (1+jw, b
4 - 2
W 8 4
A, 4 = 2
i(j we)-A - - - 2 2
The impedance
calculation,
resjaqtance R,
and © Reactance X. 6 6 2 3 3
The total
mathematical 50 22, or 2 45 77
computations 14
Table 2, The computational requirements of the algorithms

to evaluate the impedance using 16 sample/cycle.

and
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2 2

5C(n) = [Cﬂ(n) 1"+ [exm] otanyed b2
Using equations (12) and (13) 1% can be given,

VR(n) = [0.9 Fy,vin) + 0373 B¢ ()] ..., (21)

VI(n) = -[0.9 Fl’v(n) kb F5‘v(n)] P ey

CR(n) = [0.9 Py o{m) + 0.373 Fg ()] - Real Ak ...(23)
and -

¢In) = - [ -0.3 Py o(n) - 0.373 Fg o(m)] -Tmz/pe.n

. e (24)
where 2 T

/u".A 25 = ;]-_;5;;— [ir(Tl).exp(—jw GTI)"ir(Tz)-EIP(jw @TQ)]

4.1 The Test Model

The algrithm i3 tested using the data genersted from a
digital model of & transmission line as gilven in Fig.4. 1
This test has been performed under the following considerat-
ions:

1) The semples of voltage and current aignals are obtained
by an off-line digitsl computer program.

ii) The wvoltege and the current signala are asampled st the
rate of 16 samples cycle continuously for four cycles.

i1i) The fault incepiion angle 1a varied from 0%to 360° with
an intervol of 22.5°.

iv) A half cycle window 1s considered here to evaluate the
registance and the reactance of the transmission line
model as seen from a relay location (Pig. 4), using
equetions (18, 19).

v) Fault location on the line is considered at 10 %, 50 %
and 100 % of the tronsmission line from the relay
location.

vi) BSince the line i1g modelled by a series combination of
reslistance and reactance, the voltage and current signels
include only the decaying d.c. end fundamental frequency
components. Therefore,the voltage and the current
signals are modified by including, i) third harmenics
with pesk wvalue equal to 25 % of fundamentaml peak and
11) third and fifth hermonic components having peak v
values of 25 % and 10 % of the fundemental peak respect-
ively. The modified data samples are used to test the
algorithm.

5« DIGITAL SIMULATION RESULTS
Fesults obftained for R and X as seen from the relay

location can be divided as followa:

1) The pre-fault wvalues represent the normal conditions of
the system (8teady mtate condition).

i1) The post-fault results show a tracking of the evaluated
reslstence and reactance of the faulty line for the
various predefined fault locetions as explained before.

In the following sections, resulta of the evaeluated
parameters are discussed for the inception of the fault at
two cases8; (1) when the voltage signel is passing through its
peak value and (2} when the voltage signal is passing by the
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zero pogitive value.

5.1 Fault occurred at the Maximum voltage without Including
Hexmonics

Pigure 5, shows the trajectory of the evaluated values
for resistance and reactance of the line as meen by the relay
for different fault locations, Each of these curves includes
pre-fault, pre-post-post-fault and post-fault periods,. The
pre-pogt-fault period represents the transieni period of the
algorithm from pre-to-post-fault data window, i.e. from b to
¢ in the graph. Results during this period show the tracking
of the evaluaited values from the steady atate values towards
the post-fault values, It can alsoc be observed that the
reactance values during this period have alwsys a positive
sign. The results are summerised as follows:

1) The calculated % ge reactance duri the prefault period
has a deviation sector from, 9.9998620 to 9.9995860, wh
while the actual value is 10 percent. Por the resistsnc,
it was, 100,9960000 to 100.9954000, while the actual
value is 101 percent including the load (i.e. 100 percent)

ii) It can be seen from the post-fault perlod that,

e} The calculated values are constant with very small

deviation during two post-fault cycle caemples.

b} The correctly evaluated values of the parameters are
obtained almost after half cycle window.

0} For the fault occurring at the end of the line, the
evaluated resistance varies from, 0.9957089 to
1.1231000 percent during twe cycles. The correspond-
ing reactance varies from, 0.8996950 to 10,1209700
percent during the same period.

d) For fault at the midpoint of the line, the evaluated
reaistances and reactances during the same period
have the following deviation sectors, viz., from
0.4798253 to 0.5457053 percent for the resistancy
and from 4.9623700 to 5.0175890 percent for the

reactance.

%pb%ef}:lghe calculated values of registance and reactance

08 au

gample No. -— _B§§ISTANC§__ —_-Egég?.&ggg _________
Zero, Max. Zero volt Max.volt Zero volt. Max.volt
41 29 0.45778% = e .

42 30 0.4359 .522797 5.1417 5.04902
43 31 0.492514 0.499392 4.9934 5.0009
44 32 0.288378 0.549705 5.4311 5.01758
45 33 0.489878  0.500405 5.0014 5.0012
46 34 0.69204 0.54595 . 5.46213 4.97786
47 35 0.493174 0.501055 5.00798 5.00064
48 36 0.96324 0.51632 5.14176 4,86237
49 37 0.50249 0.50123 5.01040 4.99969
50 38 0.87717 0.47982 4.7738 4,.96698
51 39 0.50858 0.50078 5.0057 4.99209
52 40 0,60081 0.47976 4,61719 4.98398
53 431 0.50923 0,4999 4.99721 4.99892
54 42 0.33325 0.48806 4.671149 5.01875
55 43 0,50505 0.49933 4,99275 4.99932
56 44 0.16566 0,48454 4,86459 4.,98214
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5.2 FPault occurred at Zero Voltage Without Including
Harmonica

Figure {6) shows the evaluated valuea of the resistance
and reactance ggninst the sample numbers. The results cbie-
ined during the pre~fault{ period are the eame as given before,
while at the pre-post~fault period, the tracking velues are
amocther then the earlier results, The post~fault samples
produce the stable values as in the previous case with small
difference in the devimtion sector of the estimated values of
the resistance. The same is true for the reaotance values.
Table 3, shown the calculated values of resistance and
reactance for both the cases {(i.e. Sections 5.1 and 5.2)
during the post-fault perlod when the fault occurred at the
midpoint of the line. From thia tsble, 1t can be observed
that the presence of the maximum d.¢. offset component haa a

amall effect in the evaluated resistance, while its effect
on the reactance is negligible.

5.3 Fault at Zero Voltage Includi Harmonicae
In this test, the voltage and current 8ignala during the

fault are modified by third and fifth harmonics of peek values
25% and 10% of the peak respectively., Pilgure 7, shows the
effect of harmonics on the evaluatsd parameters of the line,
when the fault occurred at ths voltage angle 22,5°. From
graph, 1t is seen that the presence of harmonics in the incom-
ing date samples does not affect the socuracy of the evaluated
components, indicating thet thls algorithm has a good trans-
ient components, indicating that this algorithbm hss a good
transient immunity.

6. COMPARATIVE STUDY

Here four algorithms have been selected to evaluate the
parameters of the transmission line of the same model using
the digital computer. This study hes besn cerried ocut to
compare the capability of the present algorithm with those

of the selected slgorithms. These algorithms are: 5
1y Full cycle window wglsh function developed by Horten”.
2, Mclnns and Morrison

a.lgori thm. 9

3. The algorithm propoged by Gllbert and Shovline~.

4. Prodar 70 algorithm- which has been tested in the actual
system at Teasla substation for about six years.

These algorithms have been selected because they may be
implemented in a microprocessor based distence relaying se
acheme, The tesat has been carried out under the same consid-
erations as before. Results proved that all the elgorithms
have evaluated the parameters of the line correctly during
the ateady state period (pre-fault period), while the calcul-
ated parameters during the post-fault period have been affec-
ted according to the algorithms stated. Figure 8 shows the
tracking of the evaluated resistance and reactance when the
incoming date consistes of the fundamental and the d.c. offeet
components only., It may be ovserved that:
le ¥cInna and Morrison algorithm and Prodar 70 algorithm

have given a fapter response and the beat tracking values

than all others including the present algorithm,
2. Gilbert algoiithm resulta suffer from the presence of
the d.o0. offset component.
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3.

The full cycle walsh algorithm evalustes the actual
values of the faulty line correctly, after a complete
¢ycle of post-fault samples. Here results have a small
deviation.

The finite walsh algorithm estimates the parsmeters with
the same devimtion sector as full cycle walsh, Here the
correct values are obisined after half a cycle post-fault
samples only.

Figure (9) shows the evaluated resistance and reactance

when the signeles were modified by the hexrmonics ae described
before. From the grapha, the following maey be observed:

1

=

The finite walsh algorithm can provide proper detection
of the faulty line after helf a cycle of the instance of
the fault inception.

The full cycle walsh can evaluated the resistance and

the reactance accurately after a full cycle of the inst-
ance of the fault occurrence.

In the remaining algorithms, i.e., Gilbert, McInns-
Morrison and Prodar 7¢, it is rather impossible to decide
whether a line is faulty as the tracking during the poat-
faurlt period continues 1o be unstable.

CONCLUSION

In the present paper, & new algorithm has been presented

for the evaluation of resigtance and reactance of a system,
which will be useful for computerised relaying, perticularly

using the micro-processors. The features of the new algorithm
sre a8 follows:

1.

4,

It's computational requirements are much less than any
one based on the Fourier analysis. It involves only 22
multiplicationa.

It has & good immunity against the transient harmonics
which are associated with the power system than the
existing algorithms.

It appears to be superior to the existing small data
window algorithms in respect of the eatimated valuea of
the resistance and reactence,

It's response is faster than a full cycle walsh, since
the correct results can be obtained after a half cycle
of post-feult samples.
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