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Introduction

Relay protection and automation principles have not
been changed for a log time. Only nonessential methods
changes some times had appeared. For example innovative
filters such as sin, cos, band or Fuzzy logic was
implemented.

Some typical solutions of conventional relay
protection have tried to use for atypical applications. For
example AR function or zero sequence differential
algorithm have used for high impedance grounded or
insulated networks faulted feeder detection.

Another innovative suggestion is to use neural
network for identification of fault type, using steady - state
current and voltage components [4]. The third and fifth
frequency components are calculated using DFT from
measured voltage and current signals. Fault types are
classified using neural network algorithm. The learning
processes are performed using models of various network
modes. The practical disadvantage of such model is due to
availability of different substation and lines configuration.
The variation of available configuration makes great
amount of calculation needed for learning of neural
network.

Generally electromagnetic processes registration
methods for relay protection could be divided in to the five
groups. The first method uses an idea of registration of
travelling wave propagated from fault. The travelling
waves reflect from substation busses due to significant
difference of wave impedance. The line impedance is
much higher than bus bar. Reflected travelling wave from
bus bar propagate towards fault and reflect as well, due to
difference of wave impedance. Propagated towards bus
bar travelling wave repeatedly are recorded. After that the
distance from the buses to the fault could be calculated.
The distance would be proportional to difference between
time stamps of nearby registrations.

The registrations of propagated wave are performed in
the both side of line for the second method. The time
stamps are fixed at the travelling wave arrival moments.
Then the distance to the fault would be proportional to
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difference of time value. The error of the method depends
on precision of relay internal timer synchronization and
known line length. The fast and separated communication
channel between relay protection devices is required for
method realization.

The idea of injection of outsource signal to
transmission line is used for the third method. The
generation of outsource signal is synchronized with
registration of received travelling wave. Then the time
difference is calculated between generated signals and
reflected from fault. This method has disadvantage which
is pronounced then the fault is short i.e. the fault duration
is less then travelling wave propagation time from fault to
busses and back. Furthermore, another disadvantage could
be seen due to the line wave channel heterogeneous.

Instead of case two, the separated and fast
communication channel is not needed for fourth method.
The propagated travelling waves are measured in both
sides of line. GPS synchronize the timers of relay
protection devices. Timer synchronization error for the
case of worst atmospheric condition is about 1 xs . So, the
error distance to the fault if we assume that travelling wave
propagation speedV~C: Al =v-At=3e8-le—6=300m.
Due to travelling wave losses in the line, the propagation
speed of wave is less then the speed of light. Nonetheless,
the precision of fault location could not be reached more
than 250m. Despite the disadvantages the method has
advantage. The general purpose communication channel
between devices could be used to transfer time stamps.

The fifth method is similar to third. Automatic reclose
AR function is used instead of outsource signal to define
the fault position. Nonetheless, it seems that this method
hardly conform protection system requirements. Some of
travelling wave registration methods mentioned above are
materialized.

Some of mentioned methods are materialized for
distance to fault measurements. The advantages and
disadvantages of fault location and relay protection
methods are described in [1].

The multiple travelling wave reflection investigation
method is described and presented in this article. The time



difference between travelling wave refraction and
reflection is calculated for all propagated waves. The
described method is similar, but at the same time different
to mentioned above fault distance calculation method.

Travelling wave in the one line network

Generally, the line could be characterized with
matrices: impedance Z , conductance Y , surge impedance

Z, , propagation coefficient y .
For the refracted travelling wave W valid equation:

U+1-Z =W-e7%, (1)
For the reflected wave V :
U-1-2, =V-e7* 2)
Reflection coefficient:
A=K+ 1k)-Z - uk)-1k)-Z, ). @)

The index k has the meaning of harmonic, also as
current and voltage have complex value. For the simplicity
purpose, the underline and index is not used in the article.
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Fig. 1. Simple network equivalent diagram

The voltage in the node 2 at the time moment
0<t<7-rfor the one line network scheme, depicted in
Fig. 1 could be described as:

Uy (£) = Upqy (t =)+ Uyo) (t —37)+ Uy (t—57)+..., (4)
here uyq)(t—7)=a-a, elt-7); - the wave travelling
Upr)(t=3-7)=ar-ay - B- B, €t —37);
Upe)t—5-7)=c-a, (BB, ) -elt-3r).

the

time along line;

The current in load could be described

respectively.
Travelling wave multiple reflection in the network

Assume, that transmission network, depicted in Fig. 2
consists of fault source with impedance Z, four line with

surge impedance Z,,, Z,,, Z,3, Z,,, Propagation
coefficient ., y,, Y30 7, and load impedance Z,, Z,,
Zy-

The refraction and reflection wave equations,

referenced to investigation line 1, for the travelling wave
propagated from node 1 to node 2, could be written:
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Wpp =W e,

Q)

Vi, = Zla=2u W e 7ML
Zip+Zy

(6)

here w; — refracted wave at node 1; W;, — propagated wave
from node 1 to 2; Vv,, — propagated wave from node 1 to 2,
reflected wave.

Fig. 2. Multiline network equivalent diagram

Whereas travelling wave spread through line 2 to
node 3, reflect and generate current and voltage change in
the node 2. The refraction and reflection wave equations,
for the waves propagated from node 3 to 2, referenced to
investigation line 1, could be written:

W, .o 72%2
Wy = (211 -2) —2——=0, (7)
Zin+Zyy
Wy - 7272 W -e72%
Vap = (Zpy+Zy)—2———= ———, (8)
Z1+Zy, Z+2Zy,

here w; — refracted wave in node 3; W;, — propagated
wave from node 3 to 2; V;,— propagated wave from node

3 to 2, reflected wave.

Similar equations could be written for lines 3 and 4.
The equation (7) base equation is (1), however minus is
described as travelling wave opposite direction to relay
protection device. Sign is changed in equation (8)
accordingly.

Fault distance measurement algorithm

Electric power transmission network consists of 3
phase system. For that reason 3 phase currents and
voltages are measured. Fault distance algorithm calculates
all three phase separately. An algorithm, presented in the
article is for one phase and common for other phases.

Transmission network transient model is used for
fault to distance measurement algorithm investigation. The
D’ Alamber equations or characterized mesh (1-4) are used
describe network model in wide frequency range. Current
and voltage signals conversion from frequency to time
domain is performed using equations described in [3].

Electromagnetic transient processes character depends
on network parameters and structure. Transient process
time constant varies depending on refraction, reflection
coefficients, on propagation coefficient, also on ground
structure.

Current flow and voltage changes are influenced by
propagated to node travelling wave. The multiple wave



reflection could be seen in wide time range. However each
later on wave reflection takes over larger network part, or
on other words, additional current and voltage distribution,
influenced by network parameters (4). Travelling wave
analysis in moving narrow window At =t, —t,; is used to
avoid network structure and analyse only investigation
object. Limited duration window Fourier transform
produce limited band frequency signal Af = f, — f; .
Assume that DFT with in narrow window is applied
for simple network structure, depicted in Fig. 1. Equation
(4) yields node voltage u,(t)=u,q)(t—7) for time
moment0 <t < 3-7. Reflected wave forms node voltage
Uy (t) = Upq)(t—7)+ Uy (t-37) at  the  time

moment3-7 <t<5-7. The DFT, applied for time moment
3-7<t<5-rproduce:

U, (k)=U ) (k)+U 5 (k), ©)
here 3-7<t<5-7;k=0,1,2,3...
The margin of U,(k):
limU,q(k)=a-a, E-Rk)=a-a,-E, (10)

x—>L

here R(k) = exp(~y - x) =exp(—x~ jowe1+& /v);
k=0,1,23...
Equation (9) could be rewritten after evaluation of
(20):
Uy(k)=a-a, E+Uyp(k); 3-7<t<5-7,
herek =0,1,2,3...

(11)

After remove of steady—state component the equation
(11) produce:

Uo(k)=Uyp(k); 3-r<t<5.7; k=123.. (12)

The voltage of node 2 for time interval 5- 7 <t <7-7:

U,(k)=Uypk); 5r<t<7-7; k=1,23.. (13)

The rectangular window with width At <L /vis used for

measured current and voltage values. The adaptive
filtering technique [2] is used to remove noise component
from the signal. The DFT is performed for filter output:
U(k)=F{u(n)} and I(k)=F{i(n)}.

Further on calculation is performed for moving
rectangle window with complex voltage and current value.
The refracted and reflected waves (1-2) is calculated
regarding investigation line (5-8). The equations W and

V are equal zero, then the travelling wave front do not

exist as it could be described from (10-13). At the wave
front W =0 and V #0. The different travelling wave

values for different time moment yields wave front in time
domain and allow avoid differentiation operation.
Summarizing mentioned above, from the faulty line or
network structure propagated travelling wave is registered
in the moving window.
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The equations (5) and (6) are valid for refracted and
reflected wave, propagated from faulty line. The equations
(7) and (8) are valid for wave propagated from network to
faulty line. So, the refracted wave do not act as the trigger,
on opposite the reflected wave is registered. The timer is
started at time moment t;, then reflected wave is

registered (8), and stopped at the time moment t,, then
refracted wave is registered (5).
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Fig. 3. Distance to fault measurement principal: a) current in the
line 1 at node 2; b) voltage in the node 2; c¢) refracted wave real
and imaginary parts; d) reflected wave real and imaginary parts;
e) and f) the algorithm triggered refracted and reflected waves

The distance to the fault for each calculation step i
could be described using expression x) = (tz) —ti()) v/2,

there v — travelling wave speed in the medium.



The calculation is performed for the network structure
depicted in Fig. 2. The algorithm behaviour is depicted in
Fig. 3.

Table 1. Calculation summary
NO| 262 x| 4g) % |X(z). M| A(z) %|X(a).m | Ag).%

l, =300(m), I, =200(m), I3 =300(m), I, =400(m),
Zi1=215=213=214=300(2),
Z,=23=2,=10(Q).

1] 50 [303] 10 | 306 | 20 | 309 | 3.0

400 | 306 | 2.0 | 309 | 2.0 | 309 2.0
600 | 306 | 20 | 309 | 2.0 | 309 2.0

N

w

The ideal xgey and calculated x distance to fault
values describes algorithm performance error 4;):

A =100‘%. (14)

Calculation summary and algorithm error values are
presented in Table 1.
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Conclusions
1. The usage of Fourier transform combining with

moving window allows neglect travelling wave previous
reflection due to fact that it belongs to steady state

2. Reflection coefficient could be used as trigger to set
the time calculation.

3. Refraction coefficient regarding to investigation line
always vyields zero for the travelling waves propagated
toward investigation line.

4. The refraction coefficient acquire non zero value for
the waves propagated from investigated line.

5. The refraction coefficient could be used as trigger to
stop time calculation. So the distance to the fault could be
calculated as the time difference between refracted and
reflected waves, multiplied by half wave speed value.

6. High accuracy approximately (1-3)% is reached for
the measured distance equal 300 meters.
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The relay protection principles based on travelling wave are observed. Transmission line fault distance measurement algorithm based
on time difference between travelling wave reflection and refraction is proposed. An algorithm, its mathematical prove, modelling results
and errors are presented in article. The simple scheme calculation example is presented to describe fault location algorithm behaviour.
Transmission line model with 4 lines which length is from 200 to 400 meters is used to represent algorithm. The distance to fault
location calculated error is in range of 1-3%. 1l1. 3, bibl. 4 (in English; summaries in English, Russian and Lithuanian).

B. IIé&xunuc. Vi3MepeHusi pacCTOSIHUS MeCTa NMOBPEXK/JACHUS B NePeIaTOYHbIX CETAX HA OCHOBE PAa3HHMIbI BO BPeMEHH MEKIY
OTPAKEHHOI U NMPeJOMJIeHHOH Oerymeil BoJIHbI // DeKTPOHUKA u djieKTpoTexHuka. — Kaynac: Texnosaorusi, 2010. — Ne 2(98). —
C. 25-28.

AHaIM3NPYIOTCS pesieiiHble MPUHIMIBL 3aIUTHl Ha OCHOBE Oeryied BonHbl. IIpensaraercs alropuTM U3MEpPEHHs PacCTOSHMS K
MECTy aBapHHi B IIEPEIATOUMBIX CETAX, OCHOBAHHBIA HA Pa3HUIy BO BPEMEHH MEXIY OTPAXCHHON M NPEIOMIICHHOW Geryiieil BOJIHBL
AJIITOpPUTM, MaTeMaTHYECKHUE JI0KA3aTebCTBA, MPEICTABICHBI PE3yJIbTaThl MOJACIHPOBaHUs M oummbOok. IIpocroil mpumep u cxema
TIPUBOJUTCS JUTS OMMCAHHS IOBE/ICHHS aJIrOPUTMa B pacyeTe MecTa MOBpeXAeHUs. Moienb epeaTouHbIX ceTeil ¢ 4 TMHUAMU, JITHHON
ot 200 mo 400 MeTpoB HCIOJB3YeTCS VISl TPEACTABICHHS aNropuTMa. PacueTHble OMIMOKH PACCTOSHHUS 10 MECTa IOBPEXICHHUS
HaxoauTcs B quanasone 1-3%. Wi 3, 6ubi. 4 (Ha aHITIHICKOM s13bIKe, pedeparsl Ha aHTITHHCKOM, PYCCKOM H JIATOBCKOM f13.).

V. Siozinys. Gedimo vietos nustatymas perdavimo tinklo linijose, remiantis kritusios ir atsispindéjusios bangos laiko skirtumu //
Elektronika ir elektrotechnika. — Kaunas: Technologija, 2010. — Nr. 2(98). — P. 25-28.

Apzvelgti relinés apsaugos principai, paremti elektromagnetiniy bangy registracija. Sudarytas ir pasitlytas perdavimo tinklo linijy
gedimo vietos nustatymo algoritmas, pagristas laiko skirtumo tarp atsispindéjusios ir kritusios bangy skai¢iavimu. ApraSomas
algoritmas, matematinis pagrindimas, pateikiami modeliavimo rezultatai ir paklaidos. Pateiktas nesudétingos schemos skaiiavimo
pavyzdys, parodantis gedimo vietos nustatymo algoritmo savybes. Elektros perdavimo tinklo modelio, kurj sudaro keturios linijos nuo
200 iki 400 m, naujojo algoritmo, apskai¢iuoto atstumo iki gedimo vietos, paklaida sieké 1-3%. Il. 3, bibl. 4 (angly kalba; santraukos
angly, rusy ir lietuviy k.).

28



