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DIGITAL IHPEDENCE PROTECTION OF POWER TRANSMISSION LINES USING A SPECTRAL OBSERVER 
P. K. DASH AND D. IC. PANDA 

Regional Enegine 

ABSTRACT 
The paper prerentr a new recurrivo 

discretectime filter ror calculating the im- 
pedencer from digitised voltage and current 
sampler at relay location. From an lnter- 
polating rignal model oomprising a dec8ying 
d.c. component and componentr of fundamental 
and harmonicirequenciet&, an interpolating 
rpectral observer isconrtructedto give the 
desired Fourier co-errioientr recursively. 
The recursive interpolator. are alro erpe- 
cially urerul ror rampling rates other than 
Nyquirt rate and unevenly spaoed 8upler.The 
prOpO8ed algorithm i 8  tested U8ing the fault 
data recorded at the Soskatohewan Power cor- 
poration producing tart and reliable tripp- 
ing conditionr. The performame of the spe- 
ctral observer is rurther enhanoed by ruita- 
ble placement of pole8 of the Obrer*er pro- 
ducing a fast operation of the digital relay. 
The performance of the protection soheme with 
unevenly spaced data rampler is a180 preren- 
ted in the paper. 
INTRODUCTION 

Computer hardware technolo y has consid- 
erably advanced since early IgbO’s . Newer 
generation8 of mini-and micro-computera tend 
to make digital computer relaying a viable 
alternative to the traditional relaying 
systemr. Mort of the work reported in the 
literature concentrates on the development 
or digital oomputer algorithm ror relaying 
of EHV transmission liner. 

Computerized dirt-ce relaying 8y8tem8 
use digitized @ampler O r  v0l-e Ond current 
wave forma to calculate the apparont i m p e -  
dence between the relay point and the fault. 
A number or techniquer for digital trans- 
mission line proteation havebeen prOpO84d 
over the past decade. A very suitable number 
of these are given in referenoes (1) through 
(10) . The varioue scheaeu proporod adveeate 
a fairly wide spectrum Of technique8 to 
determine the impedenob of the tranrmission 
line under fault conditionr, Most or there 
algorithms generally meet the basio oonstra- 
into of speed and accuraoy although compro- 
mises have to be made depending upon the 
relaying point within the system. 

This paper prerentr a new approach to 
the interpolation of voltage and current 
signal sampler ror a traasmirsion line u s i ~  
a recursive discrete-time filter which gene- 
rates interpolating function co-efficientr 
rrom input rignal samplee. The algorithm 
explicitly riiterr the decaying doc. 
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compenents and some harmonic8 (if prerent 
after analog riitering), determiner the real 
and imaginary componentr or the fundament81 
rrequenoy current and voltye phasors and 
oalculater the irpedenoe as reen rrom the 
relay location. The deoay n t e  of the doc). 
component is not assured in advanae becaure 
it is arfeoted by both the rerirt8UCO Of the 
arc at the fault and erfectire resistanoe of 
the system. The interpolating rilter has tho 
following adrantager: 

1) 
repetitive serial computation. 

2) 
updating, inoorporating a new sample and dir- 
carding all effeots or the oldest ruple 
affeating the previous iteration. 

3)  
rate. In case of discrate Fourier transrom 
Nyquist rate sampling is not neceeruy. 

4) The algorithm is computationally 
efficient, and i r  particularly attractive 
for non-uniform rignal rmples resulting in 
simple S/H and A/D converters. 

5) The fast oomputationrrl capability of 
the algorithm maker it suitable for micro- 
processor applicationr. 

6) The algorithm producer rast tripping 
times by suitable pole placement for the gain 
vestor matrix. 

The interpolting rilter ror harmonic sinu- 
soidal signals k r  known as a ‘spectral 
observer’. The spectral observer technique 
is used in this paper to compute the irpede- 
nce seen from the relay location for three 
sets of data recorded duriw actual raults on 
a 200-mile t 230 kV transmission line of the 
Saskatchewan Power Corporation. 
DIGITAL FILTER 

The voltage and current waveforre presen- 
ted to the relay during a fault consist 
components or decaying a.c., rundarental 
rrequenay am high rrequenoy componentr. The 

are determined by the distance of the fault, 
are due to travelling wave phenomena. Additi- 
onally, hvronics of the 60 Hz component6 
will be produced beoauw of nonlinearity.By 
appropriate aholce of low pass filter, there 
components can be eliminated from the wave- 
rorms. E l i m i n a t i n g  the high rrequency oompo- 
nents, the currentanavoltage can be descri- 
bed by the roiiowing two expressions 

v ( t )  = vdC ;t’r+ av cos cot + pv sin cot (1) 

It i r  reourrive in nature involving 

It performr one iteration ror rample 

It 18CkS restriotion as to rampliq 

of 

hanonio CO8pOnentrp Whose freqU8ncies Minly 

and 7 * transmission llne’time constant. 
The above exp_resslona arter expaneion 

uring Taylor series take the general form 

y(t) = a2t2 + alt + a. + al  cos cot 
+ sin cot (3 )  

where co = BR/T T is the period of the 
function, a and $ are runctionr of the 
Fourier coerrioients. Printed in the 1J.S.A. 
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A l i n e a r  time invariant horogeneous 
d i f f e r e n t i a l  equation wi th  aha rac t e r i s t i e  
polynomial 

(4) 

has a general solut ion of the form (3), where 
the Fourier coeff ic ient8 u1 and 
rial coeff ic ients  and al,a2 and a are  arbi- 
t r a r y  COn8turf8 dependent upon th& S J l t O 3  
i n i t i d  CWditiOn8. 

t i on  f o r  t h i s  hoBOgeneOU8 OyOtOB is the  

and polyno- 

A aonveniont state var iable  repreoenta- 

fellowing 
(5 1 T 

where xT = [xl 5 5 x4 41, 
i - A x ,  y - C x  

c T =  [ l o  1 0 0 3 ,  

Although the band limited periodia sig- 
nal  y ( t )  Bap not be actual ly  produoed by 
(6), it may be considered t o  be the output 
Of the 8YOteB. The harmonic .nd polmOBia1 
components of y ( t )  are the s ignals  

x l ( t )  = ul cos cot + B1 sin cot 
%(t) - kl ( t )  * al sin cot + copl coo lot 

x 4 ( t )  = x3(t)  = 2 4 t  + a1 
% ( t )  = i 4 ( t )  = 2 a2 

Mscre te  Fourier transformation is thus equi- 
valent  t o  the oyster (6)'s i n i t i a l  aonditions 

x3(0) = a,, 9 x4(o) = a1 e xfj(0) 2 4  

x3( t )  = a2 t 2  + alt + ae (7) 

x1(0) - 9 q o )  - 
frm the samples er y( t ) .  

(0- exp(Mt) = [ cos m A t  7 sin c o A t  0 0 

a s i n  a A t  cos a A t  0 0 
0 0 1 A t  $t2 (10) 
0 0 0 1 A t  
0 0 0 0  1 

For finding the gain r ec to r  g 4n equa- 
t i on  ( 9 )  the eigenvalues of ( @  - gC ) u y  be 
placed e i t h e r  a t  aero or  a t  a r b i t r a r y  loca- 

Is oompletely ebserrable. 
t ion,  60 that the observed OyOtOB pair  (get) 

If the eigenvalues of Yare zero,the observer- 
is termed a s  deadbeat.A deadbeat observer @ri- 
ven by e u p l e s  of the signal y( t ) ,  w i l l  thus 
cenverge t o  the e t a t e  of the eignal rodel  in 
5 step8 o r  lesi. 

6 is obtained by oolving 
For a de8d beat O b E O r v O r r  the gain matrix 

CT@g = 0 (11) 
and a probable value of g t o  r a t i e fy  (11) Is 

g =2&[OOs -At,@ sin 2a A t ,  

Ehrever, fo r  any a r b i t r u y  sampling rate 

vation),  a general Bethod er gain matrix aal-  
culat ion is given in Appendir - I. 

For a given s8hpling rate urd data win- 
dmf, 6 is oalculated in advan- ef signal 
proce8sing urd spctral  observer aomputationa 
assume the follawiag OiBplIfitd forr 

3 ~ t :  - $ (12) 
EJIharmonio order 

ether fhu l  th0 NnUi8f rate (de8d bO8t obser- 

dil(k+l) 01 i l ( k )  + bl S2(k) 

+ gl [y(kAt) - f (k) ]  (13) 

+ ga [Y(kAt) - I'(k)] 

S3(k) + $(k)At + &,(k) 

+ g3 [ Y ( a f )  - f(k)] 

&(k+l)  dlk1-1(k) + dl&(k) 

(14) 

$g(k+l)  

6 , ( k + l )  = k4(k) + $(k)  A t  

(15) 

+ g4[y(kAt) - f (k )3  (16) 

&j(k+l) %(k) + g5 [Y(kAt) - -/(.I] (17) 

7(k) 3 kl(k) + L3(k) (18) 
and al = cos a A t  s bl = - sin cob 

dD 

dl - - w sin @ A t  
(19) 

The coeff ic ient8 a , bl and d are compu- 
ted in advance of s b n a l  proaeos~ng and a r e  
stored in microcomputer memory for use f o r  
apparent irpedence calculations. The gains 

are cyc l i c  and a r e  computed 
stored in a similar way a8 

for  the a , b , d constantr. Although the 
above sigliol mbdel ioes  not contafn harmonics, 



104 

11 the extension is s t r a igh t  forwara. With 
a harmonic signal model, the interpolator  is 
termed a s  a spectral  observer. Spectral obse- 
rvers  p e r r o n  recurahre d i sc re t e  Fourier tra- 
nsfom whereprogressive incorporation of new 
aamples disaarding the old as i n  running 
Fourier transformation, requires only a sin- 
g l e  i terat ion.  These f i l t e r s  a re  alms especi- 
a l l y  useful f o r  sampling r a t e  other than the 
Nyquiaf rate.For very noisy s ignal  the i n t e r -  
polating obaerver is choosen t o  have eigen- 
values plmed a t  locations other than the 
e r ig in  of the  omplex plane to achieve a 
different  noise perforronce. A s  shown in 
r$ference( 11) a complete n-point DFT requires 
n multiplications (n = 2N+3), N being the 
harmonia order . However* updating wi th  a new 
sample, discarding the oldest  sample as in 
running Fourier tranrfermr involves only 12 
multiplications f o r  one oycle of the f i l t e r -  
with do offset .  This f i l t e r  is sui table  fer 
both Nyquist and non-Nyquist sampling rates.  
The comPutationa1 overhead of t h i s  algorithm 
seems to  be higher than the one cycle Fourier 
one w i t h o u t  taking the dc o f f s e t  i n t o  account. 

Further s implif icat ion can be achieved by 
replacing sin cut in p18CO of sin @ A t / a  and 
-sin2a%for 4) si%robt, and a A t  f o r  A t  and 
1/2a A t  r o r  1/2 A t  in equation (lo).% t o  
t h i s  ocaling the values of al, b and dl are 
obtained as a1 = cos @ A t  , bl = h n  m A t  
d = d i n  a A t  and a = 5 (k) , = &(k) and 
t i e  magnitudes of the gains f o r  the decaying 
dc terms in the signal a r e  reduced. 
TRANSIENT APPARENT WPEMNCE CALCULATION 

Analog low pass f i l t e r i n g  of the r e l ay  
input (V,I) signals  is neoessary in order t o  
have r e l i a b l e  r e l ay  operation under faul ted 
l i n e  conditions. Without suoh f i l t e r i n g  high 
frequenap t r ans i en t s  due t o  l i n e  shunt capa- 
citanoe r e s u l t  in erratic and unreliable 
d i g i t a l  re lay operation. The f i l t e r e d  voltage 
and current s ignals  a r e  used a8 input t o  
B - X calculation algoritlm, which yields  the 
apparent l i n e  resis tance R and reactance X, 
t o  the f a u l t  point. The s ignals  used for  vol- 
*age V ani current 1 inputs t o  the relay de- 
pend on the type of r e l ay  being 8tUdied. Por 
phase distanoe relays,  the V a d  I input8 
are d e l t a  voltages and Currentsr f o r  ground 
distanoe relays the V and I inputs are 
'phase-to-ground and compensated phase 
currents t .  For example r o r  B - C phase fau l t ,  
the relaying s ignala  a re  VB - Vc and IB - IC, 
reapeotively. For ground distance ralays the 
V and I input. a re  the 'phase-to-grh8dt r o l -  
tages and compensated phase currents. Fer 
example the compensated phase current f o r  'A' 
phase is given by 
1: a IA + K I G  where IC a (20) 

20 - 21 
T 

and 4; is the neutral  current. 
For oapu t ing  the apparent impedenoe for 

phase o r  ground relays,  i t  is required t o  
compute the rundamental component of the 
voltage and current  phasors from t h e i r  801- 
pled valuer. 

of the transmission l i n e  a re  obtained as 
The apparent res i r fanee Un reactances 

and The current s u f f i x  v s y d f  gna sp%$ a %r t o t e  c a h d 8 i t t e  
the values of n and $ ef the spectral  obse- 
rver. Although & simplb f a u l t  uaveform is 
assured f o r  the present study, a general sic- 
nal model inmlving  deoaying 6.c. and h i th  

frequenoy h8xmonia components can be used for  
recursive sign81 interpolation.. s,s&a 8re updated 
disoarding a l l  erfects o r  the oldest  sumplo 
afrectimg the previous i terat ion.  A l i n e a r  
transformation of the spectral  observer 
s t a t e  vector recovers samples of the expan- 
sion at  any speclf io  time or  the weighting 
ce-eff ioients  of the  expansionr as de8ired. 
Further it is postmble t o  estimate the p e r t  
signal sample fsom the output of the rpec t r a l  
observer (y  = C x) and an e r ro r  bound fro8 
the e s t i l o t e d  and me8sured s l g m l  aan be 
determined. The e r r e r  gives an indication 
regarding the accuracy of the assured f a u l t  
voltage o r  current model waveform. 
NON-UNIFOBH SAMPLING RATE 

For power t raaer iss ion system if the sig- 
nal  model is o r  the rorm 

the discrete-time s t a t e  equations 8 re  
Y(t) = a. + a1 cos at + p1 sin at (22) 

6(lr*1) a @(k) (k) t y(tk)  cT c ( k )  (23) 

COS Af i r  s i n  btk 

E (k) = [xx(k) %(k) x5(k)IT (24) 

A\ = \+1 - \  (25) 
where 

The s t a t e  observer f o r  the d i s c r e t e - t h e  
model has the s t ructure  

The observer s t a t e  w i l l  converge t o  tbat ef 
the discrete-time model (22) in three step8 
provided the gain sequencasg(0) , g(1) , 
g (2 are chosen as \ 

(27) 

(39) 



105 

and so on, where 1 is any column number for 
which the scalar denominator is nonzero. The 
a ta te  obsvemer with thesetime varying gains 
w i l l ,  a t  each step, converge to  the s t a t e  of 
the signal model based upon the most recent 
three signal samples. 

Fer a general nth order time varying 
model the gain vector is computed recursively 

and "(-1) = Y(2) = ... = Y(-n*l) = I (32) 
where I is an nxn ident i ty  matrix and cycling 
the column index 1, a complete i te ra t ive  
algorithm is obtained for  observer gain cal- 
l a t ion  for  non-uniform sample r&tes. If the 
uneven samples are  cyclic, the gain vector 
becoms cyclic and computation of equation 
(26) does not involve a large computational 
over headowith the avai labi l i ty  of multiple 
and fast processors and f loat ing point micro- 
chips, the computational overheads for  uneve- 
nly spaced Samples get reduced. 

FESTS U S I Y G  T I L  SPST'i'; I F\IrLT DtlT.4 
The algorithm describedlnthis paper and 

a star t ing algorithm f o r  determiningthe onset 
and type of fau l t  are  used t o  obtain the app- 

arenf impedance of a faulted transmission l i ne  
digitally. The s ta r t ing  al4orithm consists of 
conparingthe magnitudes of the voltage samples 
recently observed w i t h  those observed one cyc- 
l e  ago (of 60 & I .  If any f ive  conrecutive 
voltage ~ 8 ~ p l e E  are  f o u l  t o  have lower (or  
higher) value than the se t  l i m i t ,  a s ignif i -  
C8nt disturbance Is deemed t o  have occurred. 
The prefault current phasors are  subtracted 
from the post fau l t  currents and the resul t -  
ing Currents 8re compared t o  identify the 
type of f a u l t  experienced. The use of both 
voltage and current samples for  detection and 
classif icat ion of f a u l t s  is superior t o  tha t  
using e i ther  voltage or current samples alone 
and t h i s  provides discrimination against load 
switching. After the f au l t  type is determined, 
tbe impedence of the faulted phase or  phases 
can be calculated using algorithms presented 
in the 

The proposed scheme is tested using three 
se t s  of data recorded during actual fau l t  on a 
200-43ilee 230 kV transmission line. These 
data that repre8ont three single line-to- 
ground f au l t s  are  recorded by Saskatchewan 
Power Corporation and given a t  a sample r a t e  
of 19 samples per cycle (5). A 1 1  signals are  
pre-filtered using a lowpass analog Butter- 
worth f i l t e r  and are  digitixed using a 12-bit 
A/D converter. TO obtain a sample r a t e  of 4 
per cycle based on a 60 Hz waveform, lnter-  
mediate samples are  skipped from the 12 samp- 
l e s  percycle data. T h i s  improper analog f i l t e -  
ring howevertshall add some additional time t o  
the d ig i ta l  re lay  operation.For the t e s t  case 
considered here the to ta l  length of the prot- 
ected l ine  represents a reactance of' 0.8 P.U. 
(based on a 100 MVA, 230 kV voltage base). 
The value of K has been taken equal t o  0.787. 
Three relay zones in  the form of quadrilater- 
a l s  are  selected for  inclusion i n  the relay 
design.The observer gain coefficients are cal- 
culated and tabulated(Tab1e l )  to show the ef- 
fec ts  of sampling rate,inclusion of terms inv- 
olving t i m e  in  the Taylor ser ies  expansion 

preced1w section o f  the paper. 

and the pole placement of the observer gain 
matrix,on the spectral 03semer gain vactor 
g .  

( a )  With constant dc QffSet 
TABLE 1 

Sampling 
r a t e  N, 

4 
8 

12 

(b) With one 
included 

S V P l  inc; 
r a t e  Ns 

4 0.192 -213 1.50 032 
8 -0139 a182 1.25 -318 

12 -0018 .OS6 1.167 0309 
(c )  With two terms of the Taylor aeries in- 

cluded for dc offset. 

S-plinC; 81 g2 g3 g4 g5 ra te  N 
4 0.25 025 2.750 1.114 0203 
8 -018 0 2 6  3.126 1.751 -405 

12 -0039 el02 3.69 2.38 -608 

(a) Withtwo t e r m  fo r  dcoffset&mple r a t e  
N - 12) and eigenvalues of the observer 
&in matrix are  changed (Apendix-I). 

0.0 -.N9 0102 3.69 3.389 0608 
-0.5 -e036 -.I98 4.72 3.264 0762 
-1.0 -0048 0.293 5.13 3.88 0835 

For testing the algorithm, the f i r s t  s e t  of 
data includes a ground wire f au l t  from blue 
phase t o  ground a t  approximately the middle 
of tbe  1ine.The aecond s e t  of data r e  resents 
a close i n  ground switch blue phase Lit. 
The t h i r d  s e t  of data represents a blue 
phase l ightnin&strlke t o  ground a t  approxi- 
mately she middle of the line. 

Table 2 presents the impedence estimates 
for first s e t  of data for ruspling r a t e  of 
12 samples per cycle. "he ef fec t  of varia- 
t2on of the spectral observer gains (with 
eigenralme a t  0 e -,5 and -1.0) aan be boon 
from th i e  table. 4 careful leak in to  the 
table  reveals that  by a switable plaoement 
of the p a l ~ s  of the spectral obsewer, a 
faster operation a i  the d lgf ta l  relay can be 
achieved i n  conparism t o  m e  cycle Poarler 
trrrnsform technique. 

Table 3 presents the impedenoe estimates 
for  the same data a8 above for  a sample r a t e  
of 4 samples per cycle, F r o m  the resu l t s  
presented in these tables  it 2s found that a 
fau l t  detection and tripping can be obtained 
*,thin 1/2  t o  3/4 of a cycle based on 60 fhc 
waveform. 

Table 4 presents the apparent lmpedence 
calculations for  4 samples per cycle using 
the tlme reference calczrlation from the 
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f au l t ed  sample. Using an observer w i t h  gains 
calculated by placing the poles a t  -.5r a 
high speed f a u l t  defection is achieved. 

Tables 5 and 6 show the apparent impede- 
nce calculations,  f o r  2nd and 3rd s e t  of data  
respectively.  From the results it can be found 
t h a t  a r e l i a b l e  t r i p  decision can be made wl- 
t h i n  a period ranging from 1/2 cycle t o  314 of 
a cycle. The posi t ive values of the apparent 
reactance for the  2nd set of data  indicate  a 
f a u l t  on t h e  l i n e  side. 

The proposed algorithm w a s  a l s o  tested 
f o r  a B-phase t o  C-phase f a u l t  using simula- 
ted data (8,9) for a 345 W l i n e  faul ted a t  a 
distance of 100 miles from the sending end. 
Analog low pass f i l t e r i n g  of the voltage and 
current  s igna l s  is necessary t o  remove high 
frequency t r ans i en t s  due t o  l i n e  shunt capa- 
citance. The r e l ay  operating c h a r a c t e r i s t i c  
is t he  quadr i l a t e ra l  polar  characteristicr 
which Is set  a t  85%of  the impedence of the 
100 mile l i ne ,  and t h i s  r e s u l t s  in a reaotance 
reach of 0.539 p.u. (53.9 ohms) f o r  the first 

protect ive zone ( I  . The reach of the seaond 
protect ive zone ( I f  1 of the r e l ay  is set a t  

Figs. l ( a )  and l ( b )  show the apparent 
0,746 P.U. (74.6 ohps). 

irpedence t r a j ec to ry  f o r  B-C phase f a u l t  f o r  
t he  phase r e l ays  using delta type voltage and 
current  signals. From the f igu re  it is evident 
that the f a u l t  deteot ion timing is improved t o  
1/2 cycle (based on 60 Ikc wave form) using 
su i t ab le  pole placement f o r  the spec t r a l  obs- 
erver. 

Fig. 2 shows the periormanoe of the alno- 
rithm f o r  unevenly sp8ced samples with a "@e 
r a t e  of 12 samples per cycle. The R-X t r a j e -  
c tory h i t s  the threshold value in s l i g h t y  more 
than 1/2 a cycle based on 60 HX waveform . 
GENERAL REMARKS 

The proposed in t e rpo la t ing  observer is a 
powerful and v e r s a t i l e  method for computing 
functional expamionof s igna l s  from the s ig-  

na l  sampleo. Further there  is freedom in choo- 
sing the  s igna l  model and some f l e x i b i l i t y  in 
se l ec t ing  the size of the data  window and time 
referenoe for f a u l t  computations. The freedom 
of choosing the system model allows prespeci- 
f l e d  harmonics and decaying doc. components. 
The dec8y rate Is not prespecified but is 
accounted f o r  by the algorithm automatically 
taking i n t o  consideration the effect of system 
resls tanoe and arc resistance at the f au l t .  4 
harmonia sfgnal model is useful far differen- 
t i a l  pretecfian ai power transformer. Spectral  
observers perfom a recuretwe d i sc re t e  Fourier 
transform and require  only a siwle i terat ion.  
These f i l t e r s  are espeaial ly  useful  f o r  samp- 
l i n g  rate other  than the Nyquist rate (dead- 
beat  type). Yhere is the p o s s i b i l i t y  of plac- 
ing t he  observer eigenvalues other  than a t  the 
o r ig in  of the complex plane t o  obtain a d i f f e -  
r e n t  noise performance. In general, non-dead- 
beat observation w i l l  modify the updating be- 
haviour of t he  in t e rpo la t e r  t o  one involving 
a fading memory of a l l  previous samples. Non- 
uniform sampling rate can be e a s i l y  incorpora- 
%sd i n t o  the observer withou) much computati- 
onal overhead. 

TABLE 2 IMPEDENCE ESTIMATES FOR BLUE PHASE 

Sample Fourier Spectral  Observer 
NO. Poles a t  0 PoLm at -.5 

GROUND WIRE FAULT (SAMPLE RATE = 12) 

R X R X R X 
23 -5.83 -e468 -5.85 -e469 -5.88 -0481 
24 -5.86 -0471 -5.86 -e473 -5.875 -e476 
25 -6.49 0.713 -6.114 -.677 -6.133 -.535 
26 -92 1.04 1-08 1.758 -5.58 -4.3 
27 -62 1.30 -664 1.28 2.18 -3.5 
28 -26 1.02 033 -903 1.51 -032 
29 .I16 .86 .004 .811 .8 -242 
30 .W12 .874 .019 .687 -47 -349 

32 .088 -762 -076 .483 .08 .33 
33 .084 .e62 .Oeg .386 .072 -372 
34 -082 -431 .OS7 -303 .081 -338 

31 e0386 -927 - 0 5 5  0588 -19 0353 

35 0078 e363 e0698 0341 0068 0341 
36 - 9 6 4  e338 0072 e338 -071 e337 
37 -0736 -342 00715 -339 0069 0338 
38 00732 -340 00742 -342 0072 e340 
39 -0635 .342 -0724 0340 0071 e341 
40  -0712 -338 - 9 2 6  -341 .@72 -342 

FAULT OCCURS ON SAYPLE NO.25 
(Per Unit Impedence) 
TABLE 3 IMPEDENCE ESTIMATE FOR BLUE PHASE 

GROUND FAULT (SAMPLE BATE 4 )  
USIHG SPECTRAL OBSERVER 

Sample Poles a t  0 Poles a t  0.5 Poles at-1 
NO. R X R X  R X  

16  -5.97 -0436 -5.78 -.438 -5.89 -0462 
17 -7.63 -0395 07-53 -0297 -7.70 -1.55 
18 o O g 5  e518 .Ogl .5W 039 -53 
19 -.lo5 0432 0083 e27 -0091 -287 
20 -062 0305 0018 0388 -046 0365 

22 -078 0337 0073 e341 ,076 0345 
23 0074 e345 ow4 0343 0069 0338 
24 -071 0339 0072 0338 OW3 0343 

21  -072 .348 .075 -372 .062 ,342 

FAULT OCCURS ON SAMPLE N0.17 
(Per Unit Impedenoe) 

TABLE 4 IMPEDENCE ESTIMATE FOR BLWE PHASE 

USING SPECTRAL OBSERVER 
GRWND WIRE FAULT (SAMPLE RATE - 4) 

Sample Poles a t  0 Poles a t  -.5 Poles a t  -1.0 
NO. R X R X R  X 
13 -7i70 ,005 -7.70 -.Oq -7.703 - 0 0 0 5  
14 .006 -48 -122 0475 0391 e434 
15 - .I24 .434 .Ogl 0418 - 006 0247 
16 0084 e374 0078 e348 0069 -352 

18 0072 e356 .*42 e341 0074 e351 
17 .068 .371 .072 -351 .076 -348 

19 00695 0344 .WO8 0348 0 0 7 1  0353 
FAULT OCCURS ON SAMPLE NO.13 
(Per Unit Impedence) 
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TABLE 5 IMPEDENCE ESPIMATE FOR CLOSE I N  
GROUND SWITCH FAULT 

Sample Four ie r  Spec t r a l  Observer 
NO (Poles  a t  zero)  

25 - -88  -4.86 1.6 .Lo8 

R X R X 
24 -4.07 -1.19 -4.14 -1.00 

26 58 .37 .36 .174 
27 17 . 21 113 118 
28 039 .lo5 . ow .066 
29 .038 .lor .007 .02 
30 .031 . og8 .005 .011 
31 .024 .w5 ,004 . 001 
32 .015 .057 .001 -.om 
33 - ,035 .0358 - -015 - e 0 0 8  
34 - .023 - .0212 - .011 -e003 
35 - .O12 - .O156 - . O m  -a021 
36 - .008 - .O142 - .OoZ -e011 
37 - . O l O g  - .01237 - .OO3 -.014 
FAULT OCCURS ON SAMPLE N0.25 
(Per  Unit Impedence) 

TABLE 6 IMPEDENCE ESTIMATE FOR BLUE PIIASE 
LIGHTNING FAULT 

Sample Four ie r  Spec t r a l  Observer 
No. (Poles a t  zero)  

R X R X 

24 
a5 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

-4.70 
-4.49 
-2.82 
1.42 

.865 

.352 

.446 

137 
.166 
.174 
153 

.141  

.112 
-0928 

-1.93 
-2.66 
-1.71 

.239 

.386 
598 

.613 

.663 

.531 

.44 

.410 

.326 

.346 

.342 

-4.80 
-4.58 

.457 

.421 

.357 
e303 
.224 
.163 
.110 
072 

.076 

.068 

.072 

.078 

-1.79 
-1.72 
-1.24 - .04 

078 
. lo2 
.143 
.289 

.348 

.368 

e311 

e351 

.361 
358 

FAULT OCCURS ON SAMPLE N0.25 
(Per  Unit Impedence) 
CONCLUSIONS 

r v e r  algorithm f o r  d i g i t a l  impedance prote- 
c t i o n  of t ransmiss ion  l ines.  Harmonic smoo- 
thing, f i l t e r i n g ,  and p red ic t ion  a r e  e a s i l y  
implemented wi th  a f l e x i b l e  s i g n a l  model t o  
f i t  the  incoming s igna l  samples.The s p e c t r a l  
observa t ion  technique produces f a u l t  de t ec t ion  
ard t r i p p i n g  t imings wi th in  1/2 cyc le  t o  3/4 
Of a cyole based on 60  Hz Waveforla. 

and l acks  r e s t r i c t i o n s  t o  sampling r a t e  and a 
s u i t a b l e  placement of observer eigenvalues 
can enhance the  speed of operation. The r e s t -  
r i c t i o n s  on da ta  window ard time reference  of 
computations a r e  not  t he re  providing f l e x i b i -  
l i t y  of computations. S igna l  samples placed 
a r b i t r a r i l y  in  time can be used f o r  f a u l t d e t -  

e c t i o n  and r e s u l t  i n  inexpensive A/D conver- 
t e r s  without S/H devices. 

i n  t h i s  paper is  gene ra l  enough t o  be exten- 
ded, appl ied  i n  s i t u a t i o n s  such a s  t r a n s -  
former d i f f e r e n t i a l  f a u l t s  and genera tor  assy- 
me t r i ca l  f a u l t s .  A f u t u r e  paper w i l l  p resent  
r e a l  time implementation of t h i s  a l g o r i t h a  on 

The paper p re sen t s  a new s p e c t r a l  obse- 

The algorithm is  recu r r ive  i n  na tu re  

Fur ther  the s p e c t r a l  observer presented 

a 16-b i t  microcomputer (LSI-11/23 Micro- 
computer). 
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The s p e c t r a l  observer may opera te  wi th  any 

sampling i n t e r v a l  A t .  In  genera l  2N+1 Samples 
a r e  requi red  f o r  convergence t o  determine t h e  
harmonic conten t  of t he  band l imi t ed  s i g n a l  
y ( t ) .  A genera l  method of ga in  Coef f i c i en t  
c a l c u l a t i o n  is  t o  temporar i ly  taansform the  
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system t o  the  dual of the  ph8se var iable  oano- 
nloal  i o n  (13)r ( 1 4 ) ~  (15). 

$ =  Q &  

d(k+l)  = (Q 0Q-l )  d(k)  + Qg [: y - cTQw1 i (k ) ]  

where 

T 1  
f ( k )  = (C Q- $'(k) 

1 0 0 . .  0 0 

4'= Q 
0 0 . .  

CT Q-' = [ 1 0 0 .... 0 0 3  
and 
g'  = Qg - L g i  ........e..*. g i N + l ] T  

The charaoter l s t lo  equation of q' I s  eas i ly  
shown t o  be 

-P2N p2N+1 = , 9 N + 1  - p1 ZZN - - 
The oharaoter le t lc  equation of the traneformed 
feedback system is  

each aoef i lc len t  of whlah ley be ohoren 8tFll 
by appropriate oholae of the element# of g . 
For a deadbeat e r ro r  eyrtem 

Then g = Q-lg'. 
* p i  s i * 1,2,.*..r?N+l 

R- 
Flg.l(a) Apparent irpedanoe t ra jeo tory  for 
yellow t o  blue phaee f a u l t  (poler at  0.5) 
Ne -19 

I 1 I I I 
0 Q6 1 1.0 e t.6 

R- 
Fig.1 (b) Apparent Impedance t ra jeo tory  f o r  
yellow t o  blue p b r e  f a u l t  (polerr a t  o.o), 

01 ! 

Ns -12 

A-, A-B phase re lay  
B, B-C p b e e  re lay  
o+ C-A ph8se r e l ay  

Id k 

/ "-6 
-1.01 

Fig.2 Apparent impedance t ra jec tory  fo r  blue 
phase t o  ground wire f a u l t ( n i t h  Nonuniform - 
sampling. r a t e )  

For the  example of transmission l i n e  prote- 
c t ion  i n  the  paper thevalue of Q matrix is 
choosen i n  accordance with the formulas given 
i n  reference (14). The val-Ues of P . . . . 9  p5 
a re  then obtained from Q&-l mairig and the g 
matrix i s  obtained a s  

p 

T 
g = P  Cpl, p2 I p3, p4 p5] 

However, a rb i t r a ry  pole placement can be 
achieved by the appropriate choice of the 

values o r  5 
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Discussion 
G. D. Rockefeller (Rockefeller Associates, Inc., St. Rose, LA): The 
authors have not convinced me that their method is superior based on 
the limited number and scope of test cases studied. Actual faults, two 
midpoint and one close-in fault cases, and a comparison with just the 
Fourier algorithm (of a multitude of possible competitive techniques), 
constitute the authors’ substantiation. The spectrum of the inputs and 
the cutoff frequency of the anti-aliasing filter were not specified. Also, 
the correct reactance wasn’t given for the midpoint cases. 

Manuscript received August 5, 1986. 

M. A. Rahman and B. Jeyasurya (Memorial University of Newfoundland, 
St. John’s, NF, Canada): The authors should be commended for this 
paper. Using a recursive discrete-time filter, the paper outlines its adap- 
tability for digital protection of transmission lines. Equation (21) pro- 
vides the values for line impedances, although there is a mix-up of superfur 
v and i. 

Availability of fast microprocessors with built-in large memories makes 
the spectral observer technique uniquely suitable for relaying in power 
systems. Field experiences indicate significant noise and irregularity of 
the sampled signals, particularly arising out of saturations of elec- 
tromagnetic devices used. One such example is the power transformer. 
Would the authors expand on the suitability of the spectral observer 
technique for transformer protections, where nonlinearity and satura- 
tion are the norms? The test results of the algorithm are at best elemen- 
tary. The results are only simulated values for an off-line case. It would 
be nice if the authors had confirmatory on-line test results. 

Manuscript received August 14, 1986. 

M. S .  Sachdev, J. R. Maccormack, and M. Nagpal (University of Saskat- 
chewan, Saskatoon, Sask., Canada): The paper presents the design of 
a spectral observer and discusses the feasibility of using it for distance 
protection of transmission lines. The spectral observer design is based 
on the premise that the signals to be processed consist of voltages and 
currents of the fundamental frequency and decaying dc components only. 

The impedances calculated using the proposed design and the system 
data collected by the Saskatchewan Power Corporation are listed in Tables 
2 through 6. The authors have compared the results with those obtained 
using the Fourier algorithm. This comparison is not fair because the 
Fourier algorithms are designed for use when the functions of filtering 
the components of high frequencies and computing the impedances are 
to be performed simultaneously. The spectral observer as designed in 
the paper does not have the filtering qualities that the Fourier algorithm 
has. 

We have repeated the impedance calculations for the case of Table 
2 reported in the paper. For this purpose we used the Kalman filtering 
and the three sample least error squares algorithms and the data used 
for the study reported in Table 2. The calculated impedances are listed 
in Table D1. 

The impedances listed in the paper are in per-unit values; the base value 
used is 100 ohms. We fail to find from the paper how this value was 
arrived at. Leaving this argument aside, we have also used 100 ohms 
as the base value so that the readers can compare the results for 
themselves. A study of Tables 2 and D1 and a comparison of the results 
reveals the following. 

1) The calculated values of the resistance and the reactance decrease from 
large numbers to the final expected values as time elapses after the 
inception of the fault. 

2) One could use the criteria that an estimate is within acceptable limits 
of accuracy if the calculated value of the reactance is within 10 per- 
cent of the final value and the calculated value of the resistance is 
within 100 percent of the final value. If these criteria are applied to 
the results presented in Table 2 of the paper, it is found that the first 
acceptable solutions become available on processing sample Nos. 33 
and 32 when the poles of the spectral observer are at 0 and -0.5, respix- 
tively. Compared to this, a study of Table D1 reveals that the first 
acceptable solution becomes available on processing sample 29 when 
either the Kalman filtering or the three point least error squares 
algorithm is used. The fault is stated to have occurred at the instant 
when sample 25 was taken. 

3) The calculated values provided by the Kalman filtering algorithm are 
more stable than the values provided by the least error squares 
algorithm. This is because the Kalman filtering algorithm is a recur- 
sive least error squares algorithm that filters the noise as it processes 
the input data. The results of the least error squares algorithm can 
also be improved by using noise filtering techniques, such as running 
averaging, exponential smoothing, etc. 

We have also repeated the impedance calculations for the cases the 
authors have reported in Tables 5 and 6 of the paper. In these studies 
we again used the Kalman fdtering and the three sample least error squares 
algorithms and the data used by the authors for those cases. A comparison 
of the results obtained by using the Kalman filtering and the least error 
squares approaches with those presented in Tables 5 and 6 also leads 
to the conclusions that are listed above. 

The computations required by the Kalman fdtering and the three sample 
least error squares techniques are substantially fewer than the computa- 
tions required by the spectral observer approach. It seems to us that the 
authors have not shown why the proposed approach is superior to the 
other algorithms that are designed using the same premise the authors 
have used in the paper. 

Manuscript received August 18, 1986. 

TABLE D1 
Calculated Impedances for Blue-Phase Ground Wire 
Fault Case when Kalman Filtering and Three Sample 

Least Error Squares Algorithms are Used 

Impedances Calculated Using the Algorithm 
Sample No. Kalman filtering Least Error Squares 

R X R X 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

-5.910 -0.436 -6.077 -0.255 
-5.867 -0.418 -5.888 -0.872 
-6.303 -0.674 -2.989 1.514 

1.472 -0.724 -0.223 -0.003 
0.747 0.319 0.038 0.404 

-0.021 0.498 0.075 0.393 
0.081 0.334 0.090 0.311 
0.108 0.358 0.082 0.321 
0.104 0.341 0.086 0.329 
0.081 0.327 0.122 0.319 
0.084 0.331 0.077 0.344 
0.090 0.331 0.090 0.334 
0.089 0.332 0.088 0.334 
0.090 0.339 0.081 0.323 
0.088 .0.333 0.117 0.344 
0.091 0.338 0.091 0.344 
0.092 0.339 0.094 0.343 
0.096 0.337 0.093 0.346 

P. K. Dash and D. K. Panda: The authors acknowledge with thanks the 
various discussions made by Mr. Rockefeller, Prof. Sachdev et al., and 
Prof. Rahman and Prof. Jeyasurya. 

Regarding the points raised by Mr. Rockefeller, the authors agree that 
more numerical tests are required to establish the usefulness of the spectral 
observer technique vis-a-vis a multitude of other algorithms for impedance 
protection. The cutoff frequency of the anti-aliasing filter was taken to 
be 720 Hz and the actual impedance of the protected line is 0.4 pu based 
on 230 kV and 100 MVA base. 

We thank Prof. Sachdev and his group for their interesting contribu- 
tions. However, we would like to point out here that with a sample rate 
of 720 Hz, we included 3rd and 5th harmonic signals for computation 
of impedance without any numerical problem. For example, for a sampl- 
ing rate of 720 Hz, the values of a,, b,, and d, are a, = 0.866, b, = 0.5 
and with 3rd and 5th harmonic signals, 

€3(k+ 1) = 54(k) + g3[Y(knt) - dk)]  
€4(k+ 1) = E3(k) + &[Y(knt) - Y&)] 
t5(k + 1) = .866€5(k) - .5 tdk) + & MkAt) - Y(k)l 
kj(k+ 1) = 0.5€5(k) + 0.866&(k) + g6 [Y(kAt) - dk) l  

%k) = €,(W + €3&) + E& + € 7 0 4  
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Thus the inclusion of harmonics in the model is straightforward. Fur- 
ther, the predicted value of y(k) permits a step ahead to be used to deter- 
mine the model accuracy, and accordingly the harmonic components can 
be added or deleted. 

We are thankful to Profs. Rahman and Jeysurya for their interesting 
comments. We, along with Prof. Rahman. are preparing another paper 
on transformer protection using a spectral observer. 

We once again express our deep appreciation for the discussers and 
accordingly we are trying to do further work to improve the spectral obser- 
vation algorithm. 

Manuscript received October 8, 1986. 


