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Abstract

Distance Relays are unique devices used to protect the transmission line from various faults but, series
compensation exerts influence on distance relays. Distance Relays are very sensitive to the apparent
impedance seen by the relay and its zone. This paper presents a study about the installation of series
compensation in the midpoint of the transmission line, and its effects on the operation of a conventional
three-stepped distance relaying schemes that are used for the protection of the same transmission line. It also
proposes and validates a new algorithm based on integrated impedance methodology to detect, locate and
classify different types of faults in a series compensated EHV/UHV transmission line. Integrated impedance is
defined as the ratio of the sum of voltage phasors across two ends of the transmission line to the sum of
current phasors through two ends of the same transmission line. It is used in the identification of faults inside
the protected line section.

Keywords: Series Capacitor(SC), Distance Relay, PSCAD, Integrated impedance

I. INTRODUCTION

Owing to the constraints of land availability, infrastructure and several environmental problems, it has
become imperative to increase the existing power transmission capability of the contemporary power systems
networks which is facing the scarcity of the power generation as compared to power demand. Flexible
alternating current transmission systems (FACTS) technology opens up a new opportunity for controlling
power and enhancing the usable capacity of existing lines. On the other-hand, implementation of FACT
devices in existing power system produces dynamic instability into the power system. These dynamics can be;
i) sudden variation in the line parameters such as impedance of the line, line current and power angle, ii)
injection of harmonics and iii) Effect of transient behavior of control action into the power lines. These
dynamic changes due to FACTS devices severely affect the setting of the existing protection scheme of the
transmission line.

Transmission lines are used to transmit electric power to large distant load centers. These lines are
exposed to faults as a result of lightning, short circuits, faulty equipments, mal-operation, human errors,
overload, and aging. Many electrical faults manifest in mechanical damages, which must be repaired before
returning the line to service. So the protection of the transmission line becomes essential one. The philosophy
of protection is that a faulty section alone should be isolated and adjacent healthy section should not be
disturbed. The protection system is expected to readily operate during faults and abnormal conditions and
isolate the faulty equipment from the service, immediately. Fast detecting, isolating, locating and repairing of
these faults are critical in maintaining a reliable power system operation.

There are various protection schemes employed in protection of transmission lines. Among this widely
used scheme of protection is distance protection. Distance protection of a transmission line is reliable and
selective form of protection for the lines where the line terminals are relatively far apart. Operation of

distance relay depends on the predetermined value of voltage to current ratio and it is nothing but impedance.
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The relay will operate only when the measured impedance of the line becomes less than the set impedance.
Since the impedance of a transmission line is proportional to its length, for distance measurement it is
appropriate to use a relay capable of measuring the impedance of a line up to a predetermined point called as
reach point of the relay.

It was always recognized that ac power transmission over long lines was primarily limited by the series
reactive impedance of the line. Series capacitive compensation was introduced decades ago to reduce a portion
of the reactive line impedance and thereby increase the power transmittable capacity of the line.
Subsequently, within the FACTS initiative, it has been demonstrated that variable series compensation is
highly effective in both controlling power flow in the line and in improving stability. Series Compensation
(SC) in transmission line introduces several problems like voltage and current inversion, sub-synchronous
resonance (with mechanical system), ferro-resonance (with line inductance) and reaching problems (distance
measurements). SC badly affects accuracy, selectivity and reliability of mho relay which leads to an unsecure
power system. It is responsible for mal-operation of mho relays, particularly the reaching characteristic of the
relay. In this project a new algorithm based on integrated impedance methodology is proposed to detect,

locate and classify different types of faults in a series compensated EHV/UHV transmission line.

I1. IMPACT OF SC ON DISTANCE PROTECTION RELAY

When a fault occurs in series compensated transmission line, it presents very complicated impedance
characteristic and exerts influence on distance relay. Distance Relays are very sensitive to the apparent
impedance seen by the relay and its zones. When a FACTS device say as TCSC is incorporated into the existing
transmission line in order to improve the voltage profile, power flow, stability etc. it introduce problems in
distance protection scheme in the measurement of the apparent impedance seen by the relay. Due to this
significant change in the apparent impedance seen by the relay, it will lead to the mal operation of distance
relay.

The major problems on relaying schemes on transmission line protection with series capacitors are
those related to the voltage reversals, current reversals and over-reach. A voltage reversal will occur, for a
fault near a series capacitor when the impedance from the potential location to the fault is capacitive rather
than the inductive value. As a result, the voltage measured at relay location will be shifted approximately 180

degrees from the normal position.

A. Current and Voltage Inversion:

A current reversal is occurring when the current appears to be entering at one end of the line and
leaving at the other, just as would occur during an external fault for an internal fault. That is possible only
when the source impedance is less than the capacitive reactance.

This will cause difficulty for the distance protection to clearly identify the correct direction of the
fault. This may be an impractical condition for a bolted fault due to the large fault current which rapidly
bypasses the capacitors. However, in the case of faults with large fault resistance, the fault impedance can

reduce the fault current below the bypass level.
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B. Non-linearity of the line impedance:

In order to protect the series capacitor bank against transient over-voltages, the MOV is typically used.
During the normal condition of the power system the MOV is not conducting. When a fault occurs the
current in the series capacitor will increase, and so the voltage as well. When this voltage increases, the MOV
starts conducting in order to protect the series capacitor. However, it should be noted that the MOV presents a
non-linear behaviour, and the distance protection will see the measured impedance as a combination of RLC

parameters. It must be mentioned that this behaviour depends very much on the level of fault current.

I1l.  PROPOSED PROTECTION SCHEME

A. Integrated Impedance

Integrated impedance is the ratio of the sum of the voltage phasors at the two ends of the transmission line to
the sum of the current phasors through the two ends of the same transmission line. The integrated impedance
of the transmission line is used to determine the existence of the fault inside the protected line.

Fig.1 shows the system model with an internal fault at point F. Fig.2 shows equivalent circuit for fault
with TCSC is in middle, where g, and E,are voltages of power sources at ends m and n, respectively. y,, ,
U. Inand |, are the voltage and current phasors measured at ends m and n, respectively. |n and [,care
currents through the equivalent capacitance at ends m and n, respectively. | is the current through the fault
branch, and R, is fault resistance. z,, is the equivalent impedance of power source m, Zz, is the equivalent
impedance of power source n. The transmission line is modeled as T equivalent circuit, and »,_  and -, are
the equivalent capacitive impedances of the line. 7,,is the line impedance from line end m to point F, and.

Z:.1s the line impedance from end n to point F, and z, = z,,, + z,, is the entire line impedance.

SOURCEL

Fig. 1. One-line diagram of the system model
Voltage at both ends and current at both ends of the transmission line are used to find integrated

impedance.Z . ; is defined as integrated impedance, which is
U (1)

lca

Zeca =
Where y_, = U,, + Un 5 leg = I+ 1,, a0d |qis called differential current.

z. Un Za Zrese Zyp b U, Zy

E. Ep
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Fig. 2. Equivalent circuit for an external fault when TCSC is in the middle
Integrated impedance characteristics are depending upon series capacitor position. Integrated impedance is

used to detect internal fault, so its characteristics are different for internal and external fault.

B. Characteristics Of Integrated Impedance

Variations in characteristics of integrated impedance in case of an external fault and internal fault for
different TCSC placements are described as follows:
1) External fault:
a. TCSC installed in the middle of the line:

The differential current consists of only capacitive current when an external fault occurs. Fig.2 shows
the system equivalent circuit with an external fault.
The differential currents of the line is

lea = Im+ 10 = lne + Inc

—Ym , Un
Zme Znec

2
Where Zoe = Znc= 7 =2y

The integrated impedance can be obtained

_Un+un) 2

=Zv (2)
I cd Y

ch

It can be concluded that when external fault occurs, the integrated impedance is equal to Zy , the sign
of its imaginary part is negative, and its absolute value is large compared to the impedance of the power source
and the line, and is independent of the Z;csc . The same conclusion can be drawn when the line is operating
normally.

b. TCSC installed at one end of the line:

Assuming that TCSC is installed at end of the line, the equivalent circuit of the system is shown in
Fig.3 when an external fault occurs.

As shown in Fig.3, the differential current can be obtained
lea = Im 10 = lnc + Inc

Um + UTcsc + Un

Um_(_ ZT(:S<:><|m)+ Un led =
Zme Znc Zy

Where .. is the voltage drop while |, flows through the TCSC.

U-tcsc = Zrcsc < Im

Assuming the compensation level of TCSC is 50%, then
Zrcsc = -0.5Z,

CSEIT184515 | Published - 14 April 2018 | March-April-2018 [ (4 ) 5 : 137-149] 140




%

¢ d International Conference on New Horizons in Science Engineering Technology (NHSET-2018) IJ Q
-l -
z‘{vg International Journal of Scientific Research in Computer Science, Engineering and Information Technology CSEIT

© 2018 IJSRCSEIT | Volume 4 | Issue 5 | ISSN : 2456-3307
Un

| J/
Inc Inc Ir

Zine Znc _ D Re
= ® ®
| «|

Fig. 3. Equivalent circuit for an external fault when TCSC is at the end

The integrated impedance can be obtained.

z _ Un+Unp _ Un+Unp < Z ch<ZY
ed (Um+Un+UTCS(% Umnm+Un+Urtcsc Y

Y

In this case, the integrated impedance is smaller than the line capacitive impedance, but Urcsc is
relatively small. The absolute value of Z4 is still large compared to the impedance of the power source and
the line.

It can be concluded that irrespective of position of the series capacitor, absolute value of integrated
impedance is larger for external fault.

2) Internal fault:

Variations in characteristics of integrated impedance in case of an internal fault for different TCSC

placements are described as follows

a. TCSC installed in the middle of the line:

Assuming that TCSC is installed at middle of the line, the equivalent circuit of the system is shown in Fig.4
when an external fault occurs.
Assuming that the ratio of distance from the fault point to the end m to that of the entire line is p,

then 7\, = pZ,, Zin = (1-p)Z,.

Z Un Zi Zrcsc Z b U, Zs
(i
LI I
Inc I Ine
a Re b
ch ch Eb

Fig. 4. Equivalent circuit for an internal fault when TCSC is in the middle
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If the compensation level is 50%, Zcsc =-0.5Z;

The impedances and are as follows:
1) o<p<o05

Z1=Zmn+Zim
Zo=2nt2Zint+ Zrcsc
2) o5< p<1

Zi=2Zmn+Zim+ Z1csc

Zo=2Zn+2Zin

Since 0< p<1, 7, < zand 7z, <z, are always correct, Z; and Z; reflect the impedances of power
sources and the lines of two ends m and n, respectively. When the capacitance of the line is ignored, the

current through the fault branch is

_u
e = %RF+Z.1//ZZ)
Where, U, is the voltage at the fault point before the fault has occurred.

Let Up = ke®® (Um + U,) SO
la=Im+ =l lnct ¢

5
_ Un , Un, ke®(Um+Un)

Zme Zne (Re+zllZ2)

Unm+Un ke (Um+U,) (4)

lca =

Zv (Re+ 2zl 22)
Substituting (4) into (1), we can obtain
Zed = ( 1 kej(‘i j
- + - @ @ O @O @O0
Zv Re+Zi/lZ;
2o =z REF Z./l 2z (5)
ke’

Generally, the coefficient k is about 0.5, and when the power system is under normal condition, the
angle between the two equivalent power sources of the two ends of the line is less than 3¢°, so - 15°< & < 15° .
When bolted fault occurs inside the line, the current flowing into the line capacitance can be ignored because
it is much less than the current flowing into the fault branch, so

_ Re +Z./1Z> (6)
T ke

It can be derived from (6) that the integrated impedance Z. is related to the fault location and

ch

resistance, the power angled , the power-source impedances, and the line impedance. Fig. 5 shows the in the
R-X coordinate diagram. It is easy to know from Fig. 5 (a) that the Zcs stays in the first or second quadrant
when fault without resistance or with small resistance occurs. The sign of the imaginary part of 7, is positive,
and the value of the imagine part of ;  is small. Under the condition that Rr or 0 is large, 7., may go into the
fourth quadrant as seen in Fig. 5(b). The sign of the imaginary part of is negative, but the absolute value of its
imaginary part is much less than|z, |.

When a fault with large resistance occurs in the line, the influence of the line capacitance cannot be ignored.

Because - // >, << g, by ignoring -,/ », from (4.6) the following equation can be obtained:
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Zcd z/f 1 kej(s]:ZYll(R/keJo‘j
7+7
Zy Rr

So when a fault with large resistance occurs, Z.is equal to the impedance of the parallel connection

of 7, with R% . Obviously, the absolute value of the imaging part of the integrated impedance is much less
ke”

than| Zv
X X
R.Z, VAlA R.Z,
ZI//ZZ % ch 5 R
—
R Zc‘d
Z Y2 Z Y2

(a) (b)
Fig. 5. Integrated impedance with an internal fault. (a) The sign of the imaginary part of is positive. (b) The

sign of the imaginary part of is negative

b. TCSC Installed at one end of the line

Fig.6 shows the diagram of the equivalent circuit of the system model with an internal fault.

Un

Unm Zrese
Z,

Ea Ep

Fig.6. Equivalent circuit for an internal fault when TCSC is at the end

Assuming that the ratio of distance from the fault point to the end m to that of the entire line is p,
then
Zim=PZ;> Zin=(1-p)Z,
If the compensation level is 50%, z, .. =-0.5z, - The Impedances Z, and Z; are as follows:
Z1=Zm+Zim+Zrcsc=Zm+(p—0.5)Z,
Z>=Zn+Zin=2Zn+@1-p)Z,

From the analysis above, we can obtain
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_Re+Z./lZ,
Zca = kejé‘

Where Ziand Z, change with the different fault location as follows
1) When 0.5< p<1, Zm <Z1 and Zn<Z> are correct. Ziand Z» reflect the impedances of the power
sources and the line of two ends m and n, respectively. 7., stays generally in the first or second quadrant.
The sign of the imaginary part of zcd is positive. Under the condition that Rr or & is large, Z. may move
into the fourth quadrant, but the absolute value of its imaginary part is much less than| 7, |.
2) When 0<p<0.5,(z,—-05z)<zandZ,<Z,are correct. WhenZ,>05Z,, Zreflects the
impedance of the power source m and z2 reflects the impedance of the power source and the line of the end
n. Zed with a positive imaginary part stays generally in the first or second quadrant, and the value of its
imaginary part is much less than | Zy |.
3) When zm < 0.5z and the fault occurs near the end m, the imaginary part of z1 will be negative, but z2 is
still inductive and reflects the impedance of the power source and the line of the end n. In this case, 7 stays
in the fourth quadrant, but the value of its imaginary part is much less than | Zy |.

From the above analysis it is clear that integrated impedance can be used to detect internal fault in a
transmission line. For an external fault integrated impedance is a large value with a negative sign. But for an
internal fault, integrated impedance depends on fault location, fault resistance, the power angle, the power

source impedances and the line impedance.

IV. SIMULATION AND RESULTS

The proposed integrated impedance based algorithm for identifying the internal fault in an EHV/UHV
transmission line has been modelled and tested using Power System Computer Aided Design (PSCAD)
software. PSCAD is a Graphical User Interface (GUI) based professional's simulation tool for analyzing power
systems transients. It is also known as PSCAD/EMTDC. Electromagnetic Transients Including DC (EMTDC) is
the simulation engine, which is now the integral part of PSCAD.

A test system has been modelled in PSCAD/EMTDC and issues related to the series compensated
transmission line has been analysed. An algorithm based on integrated impedance has been implemented and

tested.

A.  Test System

The overall simulation setup of the considered test system in PSCAD software is shown in fig.7. It is a
doubly fed system of transmission line which is represented as a distributed nominal 7-model.

05(ohm) 172089 (uF] 0.5 [ohm] 0.5 [ohm) 7S -

51 .
—8—a- [ e .
é ’ i) J 0.0218 [H) 0.0278 [H] J <

1

0.0218 [H] B2

'l

i

Larl

—

Fig. 7. Simulation diagram of test system in PSCAD
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The parameters of the system shown in fig.7 is given in Table 1

Table.1. system parameters

S1 No. | Parameter/Devices Rating/Range

1 System voltage 100 V, 50Hz

2 Source 1 100 V, 50Hz, 6=0°

3 Source 2 100 V, 50Hz, §=0°

4 Transmission Line | R=0.01Q/km, L=0.436mH/km, C=2.25pF/km
Parameter Length: 100 km

5 Series Capacitor 50% Compensation

For the modeled system operating at 400 kV, an integrated impedance based relay is designed and tested under

various constions.

B. Implementation Of The Integrated Impedance Based Relay
As discussed in chapter 4 the integrated impedance based relay algorithm is implemented as shown in
fig.8. The overall system is divded into three subsystems for easy design and undestanding.

Threshold
valuel

[ coMPARATOR |

z 7|l an 1%
llice "R
X

SUBSYSTEM2 SUBSYSTEM3 T AL
Locica |5
oR
L

vs + RESISTANCE
s CALCULATION
I

SUBSYSTEM1

| comparaToR]

Threshold
value 2

Fig. 8. Block diagram of proposed algorithm

1) Subsystem 1:

Subsystem 1 calculates the impedance seen from both sides of the transmission line using voltage and
current data measured at that location as shown in Fig.9. The magnitude and phase angle of positive, negative
and zero sequence components of voltage and current have been extracted through FFT block in PSCAD.

Phase angle of positive sequence voltage and current is used to find the impedance angle. The
subsystem] estimates the impedances (Z: and Z2) seen at both the ends of the transmission line. These

impedances are given as inputs to the subsystem 2 shown in Fig. 10.
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Fig. 9. Subsystem 1

2) Subsystem 2
Subsystem-2, shown in Fig. 10 calculates the parallel combination of impedances seen from both sides

of the transmission line.

A A AA

e
!
53
5
7}
BN
oSN
7

e 1,
€]

Fig. 10. Subsystem 2
The estimated impedances in subsystem1 are used for this computation in the subsystem?2.

3) Subsystem 3
This subsystem is used to find the integrated impedance of the transmission line. The equation (7) is

implemented in subsystem 3.
z ()
ke'®

Where k=0.5, § is the power angle, Z is the impedance obtained from subsystem2 and Zy is the capacitive

Zv |l

impedance of the transmission line.
Then angle of impedance obtained from subsystem 3 is compared with a predetermined value and

then relay is activated for internal fault. Fig.11 shows the simulation diagram for subsystem 3.

Ko o

:_}—:.

Fig. 11. Subsystem 3
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For some cases according to the compensation level the fault has been wrongly detected. To rectify
this problem an additional algorithm based on resistance is used.
C. Fault Location Algorithm

Fig.12 shows the block diagram of the fault location algorithm where VS, IS, VR and IR represents the

voltage and current signals from both ends of the transmission line.

. Ry
Vs . RESISTANCE D,

CALCULATIO R,

N
DISTANCE
FROM SOURCE 1

AVERAGE
D,
Rg Ry
0.018

Fig. 12. Block diagram of fault location algorithm

RESISTANCE
CALCULATIO
N

Ve— —

100-D2

Iy

Using voltage and current signal, resistance is calculated then it is dividing by per km resistance value

of the transmission line. Average of the distance calculated from both sides is taken as location of fault.

D. Results
Relay based on integrated impedance methodology has implemented and effectively for different
locations of fault in a series compensated transmission line. This algorithm is implemented to protect 80% of

the transmission line.

Main : Graphs -

= Current
3 q————

Aperture

000s

Trip signal and impedance trajectory of the relay for fault at 120 km of the transmission line is shown
in fig.15 and fig. 14 respectively. Here also fault has given at 0.3 sec and trip signal is activated at 0.6 sec and
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from fig. 14 it is evident that impedance trajectory is coming inside mho circle and the after clearing fault it is

again going outside the circle.
Trip
\ op = TreSional
120
1.00
0.80
0.60
0.40
0.20
000
-0.20 ﬁ

-0.40 =

0.0008 7.0008 P 308

Fig. 16. Impedance trajectory of the relay for fault at 135 km

Tip
e = TripSignal
120

* 0.0 1.0 20 3.0 40 5.0
Time (second)

Fig. 17 Trip signal of the relay for fault at 135 km

Fig.17 and 16 shows the trip signal and impedance trajectory for fault at 135 km. Even though the mho
characteristics shows that there is a fault in the transmission line, the relay is not detecting it because 80% of

the transmission line is protected using angle criterion of the integrated impedance based algorithm.

Problems faced by the distance relay in a series compensated transmission line is analysed and
Simulation of a typical power system with fault at different locations is carried out. Integrated impedance
based relay is used to distinguish between internal and external fault. Angle of integrated impedance is used as

a criterion for detecting fault and which is implemented in PSCAD.

V. CONCLUSION

Due to the presence of a complicated impedance characteristics in a series compensated transmission line,
during the fault detection the conventional distance relay faces serious problem. In order to modify this
drawback a different algorithm based on integrated impedance is presented in this thesis. The mathematical

modeling of the relay has been extensively studied and presented in this thesis.
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The designed integrated impedance based algorithm has been verified by the analytical simulation tool of

PSCAD. The algorithm has been tested for a 400 kV doubly fed transmission system with 50% midpoint series

compensation. The location of the fault is continuously varied from the relay location to the other end of the

transmission line to validate the reach of the designed relay.

It has been identified that, simply magnitude estimation of integrated impedance will not help in detecting

the fault after some fault location. Especially a fault at 90 km from the relay location is over-reached by the

conventional integrated impedance method. The over-reach of the relay has been rectified by adding the angle

of integrated impedance also a decision making quantity. This algorithm can have further future applications

in the detection of unsymmetrical faults and zonal protection.
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