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1. INTRODUCTION

Nowadays, Flexible Alternating Current Transmission System (FACTS) devices are applied to power sys-
tems in order to improve the transmission capacity of the lines, enhance the power system stability and provide the
optimum utilization of the system capability [1], [2]. The measured impedance at the relay location is the basis of
the distance protection operation. There are several factors affecting the measured impedance at the relay location
as presented in [1], [2]. Some of these factors are related to the power system parameters prior to the fault instance,
which can be categorized into two groups [3]-[5]. The first group is structural conditions, represented by the short
circuit levels at the transmission line ends, whereas the second group is the operational conditions, represented by
the line load angle and the voltage magnitude ratio at the line ends. However, with the presence of FACTS devices
such as SVC in particular, the conventional distance characteristics such as MHO and Quadrilateral are greatly
subjected to mal-operation in the form of over-reaching or under-reaching the fault point [6]-[8].

Generally three installation positions are considered for the SVC; at the near end bus, at the mid-point of
the line and at the remote end bus [9], [10]. In the case of ends buses, SVC is not present in the fault loop and
therefore not affecting the distance relay operation. When SVC is installed at the mid-point, if the fault locates
between the relaying point and the midpoint, the SVC is not present in the fault loop, otherwise SVC would be
included in the fault loop. When SVC is not present in the fault loop for zero fault resistance, the measured
impedance is equal to the actual impedance of the line section between the relay and fault locations. On the other
hand, when SVC is within the fault loop, even in the case of zero fault resistance, the measured impedance would
be deviated from its actual value. Therefore, the conventional distance relays are exposed to the mal-operation,
in the form of over-reaching or underreaching. In this case, the effect of SVC on the protective zones should be
considered accurately [9]-[11]. Thus, it is essential to study effects of FACTS devices on the protective systems,
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especially the distance protection, which is the main protective device at Extra High Voltage (EHV) level.

This paper presents the SVC impact analysis on the performance of distance protection relay on the power
transmission line using Matlab/Simulink software. At first a review of the effects of a SVC connected at the
midpoint of a transmission line on the performance of distance protection relays is presented. Followed by a
detailed simulation study for various types of faults applied on a transmission line protected by distance relay. The
rest of the paper is organized as follows. The MHO characteristic and SVC operation principle are explained in
Section 2. In Section 3, SVC impact analysis to the distance relay is presented in detail. The simulation results,
analysis and evaluation are also showed in this section. Finally, the conclusion of this paper is included in Section
4.

2. MHO CHARACTERISTICS AND SVC
2.1. MHO characteristics

MHO distance protection is based on an electrical measure of distance along a transmission line to a
fault. The distance along the transmission line is directly proportional to the series electrical impedance of the
transmission line (Z,) between busbar A and B as shown in Figure 1. The distance protection measures distance
to a fault by means of a measured voltage to measured current ratio computation [12]. The philosophy of setting
relay at Sonelgaz Group [2] is three forward zones (Z, Z5 and Z3) for protection the line HV between busbar A
and B with total impedance Z4p.

A B C

TI
CB I |

Zone 3 (220%)

Figure 1. Setting zones of distance protection relay

The setting zones for protected transmission line without shunt FACTS devices are expressed by [11]-[15].
Z1=08Z45=08(Rap+jXaB)

Zy=Rap+jXap+02(Rpc + jXBc) (1)
Zs=Rap+jXap+12(Rpc+ jXpc)

where:
Z1, Zs and Z3: The impedance of Zone 1, 2 and 3.
R ap, Xap: The resistance and reactance of the line AB.
Rpc, Xpc: The resistance and reactance of the line BC.
The total impedance (Z 4 ) of transmission line AB measured by the distance relay is given by:
K
Zimeas = Kz 21 = ( TU) Z ©)
Krp
where:

Krpy, K7y is the ratio of voltage and current transformers installed at the busbar A.
Zmeas 18 the measured impedance from the relay to the fault location.
Z 1, is the actual impedance of line from the relay to the fault location.

2.2. The measured impedance at relay

This section considers the making of a distance relay by calculating the apparent impedance and comparing
the result against some geometric shape. In this paper, we refer to this approach as the Z = V/I method. This
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method is appealing in that it only requires one impedance calculation per fault loop. Multiple zones (or geometric
shapes) only require more geometric tests of the result. These measured impedance equations are listed in Table 1.

Table 1. Apparent Impedance Equations [7]

Fault type v, i, Z, =Ve/ I
AG v i +Ki, v, /(1 +KI,)
BG A I, +KI, \/b/( I, + KID)
CcG Yi I +KI, V. (I'c + KI'O)

AB/ABG V-V, i~ (V.-V,)/(1.-1,)

ACIACG Y ) (V. -V,)/(1, - 1.)

BC/BCG V-V, i1 (V,-VL)/(1, - 1.)

ABC/ABCG v orV orV. [ oriorl. V. V

where:

I a I by I < The current of phase A, B and C respectively.

Vs Vi, V.2 The voltage of phase A, B and C respectively.

Iy = (fa + I+ fc)/3: The zero sequence current.

K = (z0 — z1)/#1. 20, z1: The zero-sequence and positive-sequence impedances of the line respectively.

2.3. Operation principle of SVC [6]

SVCs are devices that can quickly and reliably control line voltages. A SVC will typically regulate and
control the voltage to the required set point under normal steady state and contingency conditions and thereby
provide dynamic, fast response reactive power following system contingencies (e.g. network short circuits, line and
generator disconnections). In addition, a SVC can also increase transfer capability, reduce losses, mitigate active
power oscillations and prevent over-voltages at loss of load.

The SVC is customized to fit each customer with their specific needs. The SVC consists of a number of
fixed or switched branches, of which at least one branch includes thyristors, and the combination of branches can
be varied a lot depending on requirements. A SVC (Figure 2) typically includes a combination of at least two of the
given items below (e.g. TCR/FC or TCR/TSC/FC): thyristor controlled reactor (TCR), thyristor switched capacitor
(TSC), harmonic filter (FC) and Mechanically switched capacitor bank (MSC) or reactor bank (MSR) [6], [10].
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Figure 2. Simple control diagram of SVC [6]
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2.4. Modeling of SVC

A typical terminal voltage versus output current of a static var compensator with a specific slope is shown
in Figure 3. In most of applications, the static var compensator is not used as a perfect terminal voltage regulation,
but rather the terminal voltage is allowed to vary in proportion with the compensating current. This regulation slope
is defined as [6].

AV, max AV max
Slope = —F ==t (3)
IC max IL max

The regulation slope allows to extend the linear operating range of the compensator, to improve the stability
of the voltage regulation loop and to enforce automatic load sharing between static var compensator as well as other
voltage regulating devices.

Vimax

/1 AV

A V(_‘max vrcf /

Lcmax 0 T max Isve

Capacity Inductive

Figure 3. V-I characteristic of SVC

The voltage at which the static compensator neither absorbs nor generates reactive power is the reference
voltage V,..y shown in Figure 3. In practice, this reference voltage can be adjusted within the typical range of
10%. The slope of the characteristic represents a change in voltage with compensator current and, therefore, can be
considered as a slope reactance. The SVC response to the voltage variation is, then, determined from:

Vi = Viet + Xsrlsve “4)
Referring to Figure 3, the control range of a SVC is defined as follows [6]:

Imin < ISVC < Imax (5)
Vmin < VSVC < Vmax
In this range, the SVC is represented as a PV-node (generator node) at an auxiliary bus with P = 0,
V' = Vyes. A reactance of (Xgy,) equivalent to the slope of the V-I characteristic is added between the auxiliary
node and the node of coupling to the system. The node at the point of common coupling is a PQ-node with P = 0,
@ = 0, shown in Figure 4.
When SVC operates outside the control range, it is represented as a shunt element with the susceptance
(jB) on the operating point (see Figure 4.b), B is defined as:

If V < Vain : B=—
(6)
If V>Viw: B=-——

where X and X, are the reactances of the capacitor and reactor, respectively.
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Figure 4. Equivalent model of SVC

3. SVC’S IMPACT ANALYSIS TO DISTANCE RELAY
3.1. The studying power system model

Matlab is a high-performance language for technical computing. It integrates computation, visualization,
and programming in an easy-to-use environment where problems and solutions are expressed in familiar mathe-
matical notation. It is also applied in computing electrical engineering problems such as power quality analysis
[16]-[18], modeling protection relays in power systems [19]-[20], etc. Therefore, to test and analyze the impact
of SVC when a fault occurs on the power transmission line, the authors have developed a computer simulation
program using Matlab GUI shown in Figure 5 to simulate the operation of distance protection relays in the power
systems. In this model, the power system elements have the parameters as shown in Table 2.

TI Mid point
CB \? \? >
SvC
TU Fl F2
FAULT TYPES CURRENT AND VOLTAGE MEASUREMENTS
| | | |
ZONE TRIP STATUS n
] | ]
Zone 1 Zone 2 Zone 3 —
Coome ] [ ]| | b e
(e ] [ ] | | 2o

Figure 5. Distance relay simulation model with SVC in Matlab

The transmission line in the model is protected by the distance relays at the ends of the line and the SVC
is located at the mid-point of the protected line. It is assumed that there are two fault locations which occur on
the line including F1 (before SVC’s location) and F2 (after SVC’s location). Depending on the type of fault, the
relay will determine the current and voltage signals from the current transformers and voltage transformers. Then,
the measured currents at relay are compared to the current thresholds to identify the fault type and the measured
impedance from the relay location to the fault location is also determined from the measured current and voltage.
Finally, the relay will determine the fault which zone of MHO characteristic the fault belongs to. The main display
functions on the graphical user interface are as follows:

+ A, B, C and G: The signals of fault type identification on the faulted phases A, B, C and G respectively.

+ Zone 1, Zone 2 and Zone 3: The signals of Zone 1, Zone 2 and Zone 3 respectively.

+ IA, IB, IC and I0: The measured current on the phase A, B, C and zero-sequence at the relay location
respectively.

+ UA, UB, UC and UO: The measured voltage on the phase A, B, C and zero-sequence at the relay location
respectively.

+ Z: the measured impedance at the relay location.

+ L: The fault location on the transmission line.
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Table 2. The Element Parameters

Element Parameters

Source f =50 (Hz); V, =220 (kV)
S, =9000 (MVA); X/R=1

Transmission line z,=0.01273+ j0.2933 (Q/km)

7,=0.3864 + j1.2963 (Q/km)
C,=12.74.10° (F/km)
C,=7.751.10° (F/km)
L =200 (km)
SVC V, =220 (kV)
Quc =[-200+200] (MVAR)

+ MODEL: The button to open the three-phase system.

+ TEST: The button to run the program.

+ RECORDS: The button to record the simulation results.

+ RESET: The button to reset the program to the initial values.

3.2. Response of SVC for faults

Assuming an one-phase to ground fault occurs on the line, the parameters of the SVC is shown in Figure
6. In normal operation mode before fault (0-5s), the voltage on the SVC is the rated voltage value (1.0 pu) shown
in Figure 6(a). The value of the SVC substance is negative as shown in Figure 6(b), which shows the power system
with capacitive properties. The SVC consumes a small amount of reactive power from the system Qsyc > 0
shown in Figure 6(c). When the fault occurs (at 5 seconds), the voltage of SVC rapidly decreases to zero shown
in Figure 6(a). The value of SVC substance increases to 1 p.u shown in Figure 6(b). However, since the terminal

voltage of SVC is decreased to zero, there is no reactive power of SVC generated or consumed shown in Figure
6(c).

a)

2
s 1
s |
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b)
2
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0o 1 2 3 4 5 6 7 8 9 10
Time (s)
c)
0.5
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Time (s)

Figure 6. The SVC’s parameters for one-phase to ground fault at location 100 km on the transmission line

3.3. Measured impedance at relay with/without SVC

It is assumed that the fault types occurring at different locations on the transmission line are in turn sepa-
rated by a distance of 20 km from the relay location. Table 3 shows the simulation results of measured impedance
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at the relay location with and without SVC which is connected at mid-point of the line.

Table 3. Mesured Impedance for Fault Types

Fault Actual Measured impedance Zmeas (€2)
location Impedance Without SVC With SVC

(km) Zact () LLLG LL LLG LG LLLG LL LLG LG
20 5.872 5.873 5.878 5.878 5.872 5.874 5.873 5.873 5.869
40 11.744 11.745 11.752 11.887 11.743 11.75 11.752 11.752 11.733
60 17.616 17.611 17.599 17.685 17.615 17.641 17.641 17.641 17.597
80 23.489 23.483 23.393 23.404 23.49 23.546 23.548 23.548 23.456
100 29.361 29.359 29.334 29.251 29.364 29.477 29.476 29.476 29.321
120 35.233 35.233 35.256 35.169 35.225 35578 35.581 35.581 36.083
140 41.105 41.104 41.219 41.119 41108  42.036 42.035 42.035 43.179
160 46.977 46.958 47112 47.058 46.987  48.874 48.876 48.876 50.614
180 52.849 52.844 52.835 52.95 52.768 56.145 56.147 56.147 58.369
200 58.721 57.706 58.806 58.773 58.829 63.896 63.896 63.896 66.346

The results in Table 3 show that when a fault occurs at the particular location on the line with any types of
fault, the relay also determines the same measured impedance. Therefore, the fault location will be determined as
the same result. However, if a SVC is connected to mid-point of the line, the measured impedance at the relay will
have different results comparing to the without SVC case. This simulation result is shown in Figure 7. In Figure 7,
the trajectory of measured impedance at the relay when a one-phase to ground fault occurs at the location 120 km on
the line calculated from the relay location. The results show that if there is no SVC, the measured impedance point
will belong to Zone 2 of MHO characteristic, but if the SVC is connected to the mid-point of line, the measured
impedance at the relay location will belong to Zone 3.

140

« Line impedance

120}

1001

80f

X(©Q

601

401

201
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without SVC
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-80 -60 -40 -20 O 20 40 60 80
R (Q)

Figure 7. Apparent impedance with SVC at mid-point of the line

In order to evaluate the error between the measured impedance at the relay location and the actual impedance
of the line calculated from the relay location to the fault location, this paper proposes an error which is given as
follows:

Error% = Zimeas = Zoct 100 @)
Z’Zact

The percentage error result of the measured impedance for all fault types which occur at the different
locations on the line in two cases including with and without SVC is shown in Figure 8. For all fault types, if the
location is before SVC location, the SVC will not affect the measured impedance at the relay. So the measured
impedance in both cases (without SVC and with SVC) is almost equal as shown in Figure 8 (from 0-100 km). If a
fault occurs after the SVC location, the measured impedance at the relay in both two cases is different. Specifically,
the measured impedance with SVC will be much larger than the measured impedance without SVC in the same
location as shown in Figure 8 (from 100 to 200 km). So when there is a fault occurring in the location before it has
errors SVC impedance measuring nearly O even when there is a fault occurring and farther behind SVC placement,

the level of total return measured error will be greater.
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Figure 8. Error of measured impedance at relay for fault types at different locations. a) Three-phase to ground fault,
b) Phase to phase fault, c) Two-phase to ground fault, d) Phase to ground fault

Fault resistances affect the measured impedance at the relay because they can make the voltage and current
at the relay different with the direct fault without resistance. So this paper also studied the impact of the fault
resistance on the distance relay as shown in Figure 9. Figure 9(a) shows the error of the measured impedance at the
relay when direct faults occur at different locations on the line. It clearly shows that the error depends on the fault
resistance and location. When SVC is connected to mid-point of the line, the error increases significantly for faults
occurring after the SVC location as shown in Figure 9(b).

Error (%)
Error (%)

10
R (@) 0 40 km)

40 80 120 160 200 40 80 120 160 200
L (km) L (km)
Figure 9. Error of measured impedance at relay according to the fault resistances and locations. a-b) The 3D plots
of the error without and with SVC, c-d) The contour plots of the error without and with SVC

4. CONCLUSION

This paper studies the influence analysis of SVC to the measurement impedance determination of the
distance protection relay in the power system. The voltage and current measured at the relay location depend on the
faults’ location and type which occur on the transmission line. Then the measured impedance is determined from
these signals. MHO characteristic is used to determine the fault zone.

SVC is located at the mid-point of the power transmission line to analyze and evaluate in this paper. From
the simulation model built on Matlab/Simulink software, this paper has analysed and showed that the SVC will
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affect the measured impedance at distance protection relay if the fault occurs after SVC’s location. SVC can make
the position of the fault fall in the different zones other than the case of without SVC. This can make the trip signal
incorrectly and not guarantee the selective feature of the relay.
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