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Abstract-This paper presents the design of a Mho relay model kC: Conventional average compensation factor,
for the protection of two parallel 500 kV, 280 km long transmis = Magnitude compensation,
sion lines. The transmissn lines are 40% compensated with fixed K Mad )
series capacitors, installed at the remote end of the lines. The Mho rad Angle compensation,
relay model is tested with this system using the EMTRV ZR1, ZR2, ZR1a, k k, d,, ,, d, 02 £JComparator design
simulation package.The residual current compensation algorithm — ~qnstants I
is used to compensate forthe error in the impedance ZR11, ZR12 and ZR13 = Impedances of Zones 1, 2 and 3
measurement and detect fault location under earth fault condli i '
. : . . respectively,
tions. The algorithm detects faults by measuring and comparing _ . .
phase angles between voltage and current signals through a phaséqf = Resistance in fault path.
comparator, using four specially shapedcharacteristics (three
forward Zones and one reverse Zone) and applying apppuiate Il. INTRODUCTION
logic functions. This paper presents the simulation results for
improving the measuring accuracy of distance protection under
various fault types and fault locations.

Utilities have difficulty in getting approvals for new
power transmission lines due to @wmental concerns and
the huge cost involved. To better utilize their existing
Keywords Seriescompensated line, distance relay algorithm, {ransmission assets, series compensation techniques are used to

transmission line protection, EMTP-RV simulation. compensate for the inductive reactance of long transmission
lines [1]. Adding series compensation is one of $iraplest
I. NOMENCLATURE and cheapest ways of increasing transmission line capacity,

power transfer capability, system stability, voltage regulation
RO, R1 = Zero and positive sequence resistance respectivellpf3] and lowering losses. Furthermore, it can optimize the
the protected line, sharing of real power between parallel lines connectedeto th
LO, L1 = Zero and positive sequence inductarespectively same busbarfd].
of the protected line, ) ) ) . . .
|__= Primary current of the current transformer (CT), For the lines, mstallatlon of series capacitors ar_ld their
IC”: Secondary current of the CT overvoltage protection system with nonlinear Metatide
cts i S Varistors (MOVSs) etc., introduces certain difficulties for fault
Ve = Primary voltage of the capacitor voltage transformggcation and protective relaying reach, partidylawhen

(CVT), distance protection schemes are appldHor this reason, it

V = Secondary voltage of the CVT, is necessary for the distance protection scheme to do the

Z, .= Impedance fthe line, impedqnce mea_surement_ wi_th §ophisticated algorithms with

Zangle= Angle of the line impedance, the series capacitor bank in circuit.

t, .= Zone delay time, Distance relays are used protect high voltage long

| = Compensation current, transmission lines by detecting short circuit faults on the
|°°m£ Phase current protected line and thereafter initiating the tripping of circuit
pn ) ' breakers related to the particular portion of the line covered by
,= Residuakurrent Zero sequenceurrent), the relay. Different algorithms anthodels have been put

forward for the protection of series compensated transmission
lines [6]-[10]. The Mho relay has a circular characteristic with
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the measured impedance of the line. This means that the relay Three identical units
is capable of detectingults when the impedance of the line is
inside the impedance characteristic of the relay. The operation % %
boundary of the Mho relay can be adjusted to provide

consistenzone coverage over the area of interest. —b b la

CTin 1b
In this paper, a Mho relay model is peated and EMTP % % I:1eas
RV simulation package is used to evaluate the performance of

a distance protection scheme applied to a 500 kV, two parallel c c

lines, seriecompensated transmission network. Simulation BU % %

results are presented for single, two and three pioag®und L]

faults created at the beginning of the protected line and at the ] Yy ]

remote end, behind the capacitor of the network. Normally, a transformer <

single phasdo-ground fault is the most common fault GND
experienced on a transmission line.
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Fig. 3. Current transformer

. METHODOLOGY B. The Relay Model (FigR)

A. Test Systerwlodel (Fig.1) The block diagram of a conventional Mho relay model for

a series compensated transmission line is shown i Fig.
The 500 kV test system, modeled in simulation package

EMTP-RV [11], is comprised of two parallel lines L1 ahd. The relay has two -Bhase inputs, three phase voltages
The line lengths are indicated in the figure. The two lines dfém the CVTs and the three line currents from the CTs, and
paralleled at Buses A, B and C. Series compensatipipvides one logical output which gives a Trip indication to
capaciors are located just ahead of Bus B. The seri protection sysm. The Mho relay is comprised of 3
capacitors are protected by a parallel metal oxide varisfndamental blocks:

MOV, spark airgap and breaker. e Block A - Fault Detection and Compensation Block,

Line L1 of the power system is protected with the distance e Block B - Zone Detection and Time Delay Block, and

relay model placed at the beginning of the line, nex@us A. e Block C- Logic Block.
The distance relay monitors the phase voltage and line current
through a capacitor voltage transformer (CVT) and current
transformer (CT) respectivelyhe block diagramof the CVT CT
and CTareshown in Fig. 2 and 3, respectively. _CT | inputto the relay
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Fig. 2. Capacitor voltage transformer
Fig. 4. Relay model



1) Fault Detection AndCompensation Block A six outputs are obtained from this block: one each for Zones 1,

. . . 2 and 3, and one each for phases a, b and c. Block B has three
The fault detection and compensation block receiVes viocks. asdescribed below

inputs from the CVT and CT and, based on interna
calculations, derivedoth phaséo-phase or phas®-ground a) Zone detection sublock: Phase comparators are enygd
voltages andurrents as outputs. Block A has three-bldxks, for the zone detection. A phase comparator compares the two
descibed below. input quantities in phase angles and operates if the phase angle
o ) between thenis less than or equal to 90°3[1 The 3phase
a) Data acquisition subblock: Input voltages and inputng,t voltages and currents are fed through the phase
currents are filtered with a bamass filter to remove .o mparatorsa detect therones. The output sighaare based
harmonics from the three phase voltages and currents.llf | 5y aach phase andre such as Zonel a, Zonel b, Zone2_a
and | are the input currents, then thesidual current is etc. For instance, if the fault occurs on phase a and in Zone 2,
derivedas: then Zone2_a gives the output signal for further processing
lo = (1/3)*(|a+ I+ |C) (1) and the other output sigls provide a zero signal. During this
process, the relay can detect thene where the fault has
b) Calculation sukblock: Since a fault may or may notgccurred.
involve the ground connection, input voltages and currents, o )
after being filtered, are converted into phé&s@hase and Impedapce of th.e line is proportlo.n_al to the length of the
phaseto-neutral values by the calculation sblock. Since this Protected line. During a fault condition, the voltage and
subblock receives only phage-ground values, phage- current values will change dntherefore, impedance will be

phase values are obtained by subtracting two voltages or @ifgcted- The faulzone indication is based upon whether the
currentsie. V=V -V impedance measured at the relay location is greater than or
Tt ab an  bn’

less than the protected line impedance.
c) Detection and compensation shlock: This subblock
providesboth phasdo-phase or phas®-ground voltages and
currents as outputs depending on the type of fault. THE®re _

selection is carried out based on the current flowing throubRN9th = 0-85 of the protected line of 280 km

the circuit. During a fault condition, current in each phasgme: /(Rl)z +(L1)2
varies depeding on the type of fault.

The impedance seen by the relay is given by the ratio \Z®ne 1 primary impedance angle,de= taﬁl(E)
(=2). An important feature of designing a distance protection R1

scheme is to select appropriate values of voltage (V) and The setting value of eachome is expressed as a
current () signals, so that the impedance segrihk relay percentage of the line length. Normaltige first Zone covers
during the fault condition is the positive phase sequenegly up to80 to 90% of the protected line length. The second
(p.p.s.) impedance from the relay location to the fault locatid®ne covers the remainder of the line left unprotected by the
[12]. The impedance measured by the relay is influenced Bgne 1setting, plus 50% of the adjacent line section. The third
the fault type and also by a number of power systef®ne is used for baelkp protection and coverthe first and
parameterssuch as MOV rating, series capacitance etc. Hefgction line sections, plus 20 to 25% of the adjacent line.

Zr: o Zl ﬁ oetrh | trésidual t(': aft te.d tddn dc to Thp k()e) Easulf?eé 6h§sg Jetectlor? stock: Phase comparators are
ployed wnhereihe compensatiorturrent Is added 1o the o, loyed for the faulted phase detection. Thgh&se input
phlasel curre nts to r? bt?m Ithle mpetﬁ}nce measurement'; frohmv%]élges and currents are fed to the phase comparatamitOu
relayfoc_atlondto the fault locan. ‘ne currber?t seen by t €of this block provides the sequence of phases a, b or c through
Irflayﬁr Impedance measurement is given by: @ the phase comparators and the impedance trajectory of each
“'pn “comp . phase in the impedance -} diagram. Selected values for
Here, | =k and k=k_ _with angle (k) phase comparator design constant parameteis,k ., d, d, U
02 are shown in Appendix.

Zone 1 primary impedance magnitudeéength* Z_ (5)

(RO-R1)% + (LO— L1)?

Kimag= > 2 (3) c) Time delay androne representation stflock This sub
(R1)™ +(L1) block incorporates two functions. The first is a Time Delay
_1[ LO— LlJ _1( Llj function. When signals are received fraone detection and
Kiag= tan °| ——— |—tan | — (4) faulty phase detection, they paseotigh a logical OR function
RO-R1 R1 to determine theone where the fault has occurred.
2) Zone Detection And Time Delay Block B After the detection of the faultezbne, Zone 1 relay trips

instantaneously. However, Zone 2 and Zone 3 relays have

After computations on the inputs received from Block Asome intentional time delays added to coordinate with the

the output from this block provides information about theelays at the remote bus, before providing an output. Time
phase(s) and theone(s) vhere the fault has occurred. In totaldelays may vary depending on the circumstances.



The second function in this sifbock is the zone This case shows results from a permanent single gbase
representation function which draws a tdice relay ground fault (ag) placed at 280 km from the relay, behind the
characteristic on thempedance (RX) diagram. With internal capacitor (at location F1) with fault resistance=R0 ohms.
mathematical calculations, this shiwck decides the centersThe fault occurs at time=0.06s, and the sinioiats run for a
and radii of the circles on an-R diagram for differenzones  tota time period of 0.7s.
according to the data chosen for the system. ] o

Fig. 5(a) shows the trip signals for phases a, b and c. For

These circles pass through the origin and have differghh a se fao the trip signal is g
radii for different zones. Each circle denotes a particula 3s Zone 2 delay). The relay checks the status of the fault
length of the line. The diameter of the circle is proportional tgter reset time (0.18she due to the permanent fault; all three

the impedance of the line or indirectly the length of the linghase circuit beakers are tripped after 0.5174s.
covered by the eacone. For instance, if the length of the line

is 280 kmand if Zone 1=0.9 is selected, it means that circle 1 Figs. 5(b) and (c) showLine L1, 3phase current and
will cover 90% of the protected line length. When a faultoltage waveforms respectively measured at the relay
occurs within that area, this can be located within Zoneldcation. When the fault occurs at 0.06s, the currenpfase

circle in the RX diagram. fad i ncreases aitavltagetdecredses. Thea me
relaytripst he phase fiad circuit br e:
3) Logic Circuit Block C no currentpasses through the phase a. Due to a permanent

i ) i . fault, afterreset time (0.18s), the relay trips the three phase
The output of this block determes the final decision of ¢iq it hreakersat 0.5174s and the protected line is completely

the relay for tripping a circuit breaker. If the fault is temporanyic-onnected from service.

and can be isolated within the reset time of the relay, then this

block will not send a trip signal. However, if the fault is Operating time of the relay — Phase a—to—ground fault

permanent, then it will send a triignal for the circuit breaker. ’ ’ ’ ’ ' ’

This block has two sublocks.

A : : : : b
a) Logic sequence stitlock: The ne detection signals from : 5 : ' |
BIOCk B are passed through a |Ogica| OR functiand the 08k - R B ! e
output gives the finatone decision and identifies where the : : : : : |

fault hasoccurred Now, as information about th@ae and the -_3 D61 R N P SR S [
faulted phase(s) is available, a logical AND function provide 2 — :

an output based on the combination of faulmhe with & oaf TPl : :

faulted phase. | - - Phasec| | . 0.5618s

b) Reclosing sutblock: A single phase autteclosing scheme

is empoyed, in which only the faulted phase pole of the circu
breaker is tripped and reclosed. At the same tim
synchronizing power still flows through the healthy phase
For a multiphase fault, all the thrgghases are tripped and
reclosed simultaneously13]. When the zone and faulted

phase(s) are decided then it is necessary to determine wheftleeb(a) Trip signals for phases a, b and ¢

the fault is temporary or permanent in nature before tripping

the three phases circuit breakers. The impedance (KX) diagram (Fig.5(d)) shows the three
. . . . circles covering Zones 1, 2 and 3 and another smalieec
Whenever this block receives the information abog vering reverse @ne operation. Thetrajectory of the

faulted phae(s) andzone where the fault occurs, the relay;Egedance detection for phasesb and ds also shownThe

: : 0.3816s 0.5774s
_"-2" il 2 3 o4 s 6 w7
Time (Second) —_—

sends a trip signal for the faulted phase(s). The relay che re indicatesthat only the trajectory of thehase fiad

the status of the fault again after reset time and depen edance enter the Zone 2 tripping region of the relay. The
upon_the nature of the fault; the_reaf_ter, either the relay sen of the irpedance trajectory was located outside the region.
t.r|p signal fa the th.ree phase circuit breakers or restores t fie trajectoy of the 3phass indicates that the fault involved
line after the reset time. onlyp h a s e i8@weredhydne 2 region

IV. RESULTS Fig. 5(e) shows the capacitor voltage (top trace), capacitor
Numerous tests were carried out with the test system. renNt (m_lrdhdle tratl:te) T}ndetz\]/l(t)v r(]:urrtehnt f(boltttom trg:g% for
to space restrictions, only a sample of the tests carriedr®ut asdro. | ne results show that when the fault occu S
the capacitor voltage and current increase. The voltage
presented next. ) ) :
increase is enough to trigger the MOV to conduct also to
A. Single phasgo-ground @-g) fault at F1 (Fig.5) protect the capacitor. The capacitor and M@V take turns
conducting currents.
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B. Three phasao-ground (ab-c-g) fault at F1 (Fig.6)

Impedance diagram
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Fig. 5e) Capacitor voltage (top), Capacitor current (middle) and the MO\
current (bottom) for phase a

permanentfault, after reset time (0.18s), the agltrips the

three phases circuit breakers at 0.3317s and the protected line

This case shows results from a permanent three ﬂbas
ground fault (eb-c-g) placed at 280 km from the relay, behinc
the capacitor (at location Fyith faut resistance R=10

ohms. The fault occurs at time=0.06s, and the simulation is |
for a total time period 0d.7s.

Fig. 6(a) shows the trip signals for phases a, b and c. T
trip signals for three lgases are generated after 0.1376 s. T
relay checks the status of the fault after reset time (0.18s) ¢
dueto the permanent fault; all three phase beakers are tripf :
after 0.3317s. The relay operates in Zone 1 instead of Zon;
andtakes longer operati) time due to parallel line operation
and high impedance measurement at the relay location.

Fig. 6(b) and (c) showhe Line L1, 3phase current and
voltage waveforms respectively measured at the rela
location.When the fault occurs at 0.06s, therrent for three
phases are increased and at the same time voltage decre
The relaytrips the threep h a sciecbitsbreakers at 0.1376s,

therefore, no current passes through the protected line. Due?

completely disconnects from the service.

Operating time of the relay — Three phase—to—ground fault
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Fig. 6(b) 3-phase currents in Line L1

Fig. 6(c) 3-phase voltages in Line L1
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covering reverse @ne operation. The trajectorof the
impedance detection for phasg b and ds also shownThe

figure indicates that the trajectory of the three phéisaso , fibo

and Acodo i mpedance entiomroftiehe Z
relay. The trajectory of the three phases indicates that the fault
involved phases fao, ibdo and A
circle.

Many results were obtained with the teststem. The
findings ofthese evaluations are summarized in Tabl&éHe
performance of the relay operation and the algorithm scheme
on sngle phasdo-ground (SLG), two phas®-ground (2LG)
and three phas®-ground (3LG) permanent faults at two
different locations F1 and F2 ashown in Fig 1. At F1 the
fault is located at the remote end, behind the capacitor. At F2
the fault is locatedit the beginning of the protected line. The
relay operation and the algorithm is tested with 75 kV MOV
reference voltage and different fault resistances (0, 5, 10 and
20 ohms). Type of faults and fault resistance are listed in
columns 1 and 2 respectively Table 1. Columns 3 and 4
show the two different fault locations, which include the zone
of operatim, number of cycles and secunsécure omissing
operation for each fault case. The data shown in the table
indicates that the relay operates secuealyg correctly for all
closein faults (F2). For all closé faults, the relay operates in
Zone 1 and an average tripping time is less than 1 cycle or
16.7ms. The table also shows that the relay operates correctly
and securely with 20ohms fault resistancesach fault case
and at both locations. In summary, out of 56 permanent faults
with different fault resistance, 44 secure operations (relay
operates in the expected zone), 12 insecure operations (relay
operates in other zone than expected) and 0 misgiations
(relay fails to operate) were obtained.

V. CONCLUSIONS

This paper evaluates the performance of a Mho relay
model and distance protection algorithm for a 500 kV, two
parallel lines, 40% serieompensated transmission system. A
model based on thEMTP-RV simulation package is use¢d
simulate and test the relay. A scheme based onesidual
current compensatiois used to compensate the error in the
impedance measurement. The distance protection scheme is
based on measuring phase angle of thautinsignals and
comparingthem through phase comparators and using four
speciallyshaped characteristics.

The simulation results show that the relay model detects
the faults correctly and generates trip signals with regards to
the location of the faultThe MOV protects the capacitor
against over voltage during fault conditions. Furthermore, it is
noted that the operating time of the relay is a function of the
distance to the fault.

Finally, for closein faults, satisfactory relay performance
was obtaind and an average tripping time is less than 1cycle.
However, the relay may not be as secure on certain unbalanced

The impedance () diagram (Fig.6(d)) shows thehree fault types generated at the remote end, behind the capacitor.
circles covering Zones 1, 2 andaBd another smaller circle Further esearch is being carried out to investigate the



