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This paper presents a study of the impacts of the Flexible AC
Transmission Systems (FACTS) devices on the transmission line
impedance measured by numerical impedance protection relay when
applied to protect a shunt compensated transmission line. Most of the
FACTS devices are installed on existing transmission lines to enhance
their capacity and performance. The Static Synchronous Compensator
(STATCOM) is a shunt device of the FACTS family using power
electronics to control power flow and improve transient stability on power
grids. This paper investigates the effect of STATCOM operation
conditions during voltage fluctuations and faults on the impedance
measured by numerical impedance relay. Matlab with SimPowerSystems
toolbox is used to model and simulate a 500 KV, 300 Km shunt
compensated transmission line. The effects of different fault types and
different voltage fluctuation cases on the numerical impedance relay are
investigated of compensated and uncompensated transmission line.

KEYWORDS: FACTS, STATCOM, Voltage fluctuation, Impedance
relay.

1. INTRODUCTION

Impedance based protection relays are widely used as the main protection devices for
transmission lines. They operate based on impedance measurement at the relaying
point, which is affected by several factors. Impedance relay utilizes a combination of
the voltage and current signals at the relay location to determine the apparent
impedance as seen by the relay under all conditions. One of numerical distance relay
algorithm is based on estimation of transmission line parameters as impedance and
reactance to calculate the fault location. This algorithm utilizes the voltage and current
signals at relay location to estimate the apparent impedance of transmission line [1].
When a fault occurs on a transmission line, the voltage on the line depresses and,
therefore, the line charging currents are minimal. If the line charging is neglected, the
line can be modeled as a resistance and inductance connected in series [2].

Recent development of power electronics introduces the use of FACTS
devices in power system. The shunt FACTS devices are used for controlling
transmission line voltage, power flow, reducing reactive losses, and damping of power
system oscillations for high power system stability and reliability. They can be
connected to transmission line in series or shunt. The Static Synchronous Compensator
(STATCOM) is one of these types and is connected in shunt. The STATCOM consists
of three-phase sets of several gate turn off switched based values (GTOs) and a DC
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link capacitor. The STATCOM regulates the voltage at its terminals by controlling the
amount of reactive power injected into or absorbed from the power system [3,4,5,6,7].
The STATCOM is widely connected at the midpoint of transmission line or at a heavy
load area to maintain the connecting point voltage [8].

There exists literature on the performance of the protection for a power system
containing FACTS devices [9,10]. The study presented in [9] studied the impact of
STATCOM on impedance protection relays under normal operating conditions as well
as for fault conditions under different loading levels. The study in [10] demonstrates
that the presence of FACTS devices on a transmission line will affect the trip boundary
of distance relay, and both the parameters of the FACTS device and its location have
impact on the trip boundary. In this paper, the impacts of STATCOM operation
conditions during voltage fluctuation and fault on the estimated transmission line
impedances are studied. The impedances are measured by left and right numerical
relays located at sending and receiving end respectively.

2. CASE STUDY
2.1 System Simulation

Figure 1 shows a single line diagram of a midpoint compensated transmission line
under study. A simulation model of 500 KV, 300 Km transmission line is used to
produce voltage and current waveforms for different types of faults and voltage
fluctuations on transmission line.
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Fig. (1) Midpoint compensated transmission line

The transmission line joints two areas system (left area and right area), the
direction of real power is from the left area to the right area with power angle 6 equals
18°. The transmission line is modeled by four & sections and the protection relay is
located at sending and receiving ends to be studied. A 100 Mvar STATCOM is
connected to the transmission line midpoint via a coupling transformer. It is able to
change the power flow in the system by controlling the amount of reactive power
injected into or absorbed from the power system to regulate the voltage profile of the
bus to which it is connected.
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2.2 STATCOM Operation and Control

The reactive power transfer via a coupling transformer is controlled by the following
equation:

o V,(V, -V, cosd;)

XT
Where V, is the bus voltage, V, is the voltage of voltage sourced converter, X, is the

)

reactance of the coupling transformer and ¢&; is the phase difference between the voltages
V, and V,. In a steady state operation condition, the line voltage V, and the generated
voltage V, are in phase, and (&; =0), the amount of reactive power is given by

_ V1 (Vl _Vz)
Q= . (2)

When the transmission line voltage is increased, the STATCOM operates in
inductive mode to absorb reactive power from transmission line. When the voltage is
decreased the STATCOM operates in capacitive mode to generate reactive power to
inject it into the transmission line.

Figure 2 shows the block diagram of the STATCOM controller. The
fundamental component of the generated voltage V, is controlled by varying the DC
bus voltage. The STATCOM control system task is to increase or decrease the
capacitor DC voltage, so that the generated voltage V, has the correct amplitude for

the required reactive power. During steady-state operation, the STATCOM control
system must keep the generated voltage V, in phase with the system voltage V, except
a small phase shift is allowed for active power required by transformer and inverter
losses. The voltage and current measurement systems compute the positive sequence
components of the STATCOM voltage and current respectively using phase-to-dq
transformation. The voltage regulator block is a Pl controller which computes the
reactive current reference I, . which uses the measured voltage mean value V,

mean

T

and reference voltage value V. The current regulator block is a Pl controller which

computes the phase shift angle of the inverter voltage with respect to system voltage.
For example, when the system voltage V___ decreases than V . , the voltage regulator

mean ref ?

output is a positive Iq_ref . Then the current regulator will increase the phase shift angle

lag inverter voltage with respect to system voltage to generate more capacitive reactive
power.

2.3 Apparent Impedance Calculation

When a fault occurs on a transmission line, the line charging currents are minimal and
they can be neglected. In this case, the transmission line is modeled by series R-L
circuit. There are two advantages of this model. The first advantage is that it measures
the inductance of the line from the relay location to the fault, this parameter is
independent on the system frequency and, therefore, the measurements are valid at the
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nominal as well as the off-nominal frequencies. The second advantage is that the DC
offset in the current does not affect the measurements.
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Fig. (2) STATCOM control system used in the simulation of the case study.

The voltage v at the relay location can be expressed as a function of the
current i in the circuit as follows [2]:

. di
v=Ri+ L(a) ®3)

By applying the differential equation technique, the parameters R and L can be
expressed in terms of the current and voltage samples as follows:

R= Vi (ik+2 — iK ) _Vk+1(ik+1 — ik—l) (4)

ik (ik+2 - iK ) - ik+l(ik+1 - ik—l)

L= (ZTS) : -(Ik)(v-kﬂ) _ (IkJr-l)(Vk)- (5)
I (|k+2 - Ik) - |k+1(|k+l - Ik—l)
where K is the sampling number and T, is the sampling time interval. Also the apparent
impedance Z can be calculated from the estimated values of R and L. The voltage vV
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and current i signals which are used to calculate the apparent impedance Z depend on the
fault type. In case of three phase faults, v represents the line to ground voltage

(Vs Vi, @Nd v, )and i represents the line current (i,, i, and ). In case of phase to

ag’
phase fault, Vv represents the line to line voltage (V,,, V.. and v, ) and i represents the
delta line current (i, I,. and i ). In case of phase to ground fault, v represents the line
to ground voltage (V,,, Vig and ch) and i represents the compensated current
(i, + Kyly, 1, +Kiy and i, + Ki,). i, represents zero sequence current, K, represents
zero sequence compensation factor, K, =(Z,—2,)/Z,. The values Z, and Z, represent

zero and positive sequence line impedances.

In this paper the impedances are obtained from sampled current and voltage
signals at both ends of the transmission line. The voltage and current signals are
deduced from the current and voltage waveforms before and after the inception of
faults and voltage fluctuations. The conditions of the simulation program are based on
the fundamental frequency (60 Hz), where the sampling frequency is 2000 Hz, (Ts=0.5
ms), the total simulated time is 0.5 s and the digital filter is used to pass frequencies
from 60 to 120 Hz.

3. SIMULATION RESULTS

3.1 Effect of Voltage Fluctuation

To study the effect of voltage fluctuation, a programmable voltage source is used to
simulate different voltage fluctuation cases at the left area. Initially the programmable
voltage source is set to increase the voltage by 5% of its nominal value for a period of
100 ms and let the voltage return to its nominal value for a period of 100 ms. Then, the
voltage is decreased by 5% of its nominal value for a period of 100 ms and let it return
to its nominal value. The simulation is repeated for 10%, 15%, 20% and 25% of
voltage fluctuation. During these variations the transmission line impedances are
estimated from the voltage and current signals which are obtained from current
transformer and voltage transformer which set at left and right sides of transmission
line. The variation in estimated impedances is calculated as a percentage error by the
following equation:

Z -Z .
Percentage error Of Z — steady stste fluctuation (100) (6)

steady stste

where:
Z

Z

steacy stste 1S the impedance during normal operation.

is the impedance value measured by the relay during voltage fluctuation.

fluctuation
The variation of reactive power which is generated by STATCOM during
voltage fluctuation of 5% is shown in Fig. 3. It is noticed that when the voltage is
increased, the STATCOM absorbs reactive power from transmission line and when the
voltage is decreased, the STATCOM injects reactive power into transmission line.
As shown in Fig. 4, when the voltage at left area is increased by 5% of its
nominal value, the impedance Z which measured by left relay is more than the steady
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state impedance by 6.7% in case of uncompensated transmission line and it is increased
by 8.2% in case of compensated transmission line. When the voltage is decreased by
5%, the measured impedance Z by left relay is more decreased by 7.9% than the steady
state value in case of uncompensated transmission line and by 10.1% in case of
compensated transmission line. The values of Z measured by right relay in case of
voltage increasing by 5% is decreased by 5.8% in case of uncompensated transmission
line and is decreased by 5% in case of compensated transmission line. The variations
of transmission line impedance Z which are seen by left and right relays during voltage
fluctuation by 15% and 25% are illustrated in Figs. 5 and 6 respectively.
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Fig. (3) Reactive power variation of STATCOM during 5% voltage fluctuation.

Figure 7 shows the percentage error of transmission line impedance measured
by the left relay during the voltage fluctuation in two cases with and without
STATCOM. Fig. 7(a) illustrates the percentage error variations of measured impedance
Z in case of sending end voltage increasing than its nominal value by 5%, 10%, 15%,
20% and 25%. The percentage error is calculated based on equation (6). When the
measured impedance is increased than the impedance value during normal operation,
the percentage error value is negative. When the measured impedance is decreased
than the impedance value during normal operation, the percentage error value is
positive.

o At 5% and 10%, the percentage error in Z is increased in case of compensated
transmission line (STATCOM existence) than the case of uncompensated
transmission line.

e At 15%, the percentage error of Z is the same in case of compensated and
uncompensated transmission line.

o At 20% and 25%, the percentage error of Z is decreased in case of compensated
transmission line than the case of uncompensated transmission line.



OPERATION OF BASED IMPEDANCE PROTECTION...... 989

o
a1
o

----- Without STATCOM
— With STATCOM

N
(=3
o

w
a1
(=}

Z (Ohms) - Left relay

w
o
(=]

[ |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

o

3]
o
o

o
3]
S

o
>
S

o~
B
(=}

Z (Ohms) - Right relay

o~
Y]
[=]

| [ [ | [ | [ [ |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time (s)

Fig. (4) Transmission line impedances in case of 5% voltage fluctuations
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Fig. (5) Transmission line impedances in case of 15% voltage fluctuations
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Fig. (6) Transmission line impedances in case of 25% voltage fluctuations

Figure 7(b) illustrates the percentage error variations of measured impedance Z
in case of sending end voltage decreasing than its nominal value by 5%, 10%, 15%,
20% and 25%. It is noticed that the percentage error of Z in case of compensated
transmission line is more than the case of uncompensated transmission line. Figs. 8(a)
and 8(b) show the variations in transmission line impedance measured by the right
relay during the voltage increase and decrease than its nominal value respectively.
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Fig. (7) The percentage error values of measured impedance by left relay versus the
sending end voltage fluctuation percentage values
(a) Sending voltage increased (b) Sending voltage decreased
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The apparent impedances measured by left and right relays are influenced by
the operation characteristics of the STATCOM during different voltage fluctuation
cases. Where, the STATCOM operates in inductive mode to absorb reactive power
from the transmission line when its voltage is increased. When the transmission line
voltage is decreased, the STATCOM operates in capacitive mode to generate reactive
power to inject it into the transmission line. The reactive power value varies with the
power transfer between the sending and receiving ends to maintain constant voltage at
the mid-point.

3.2 Effect of Faults

To study the effect of STATCOM on the measured impedance during faults
occurrence, the simulation is performed to simulate three types of faults, three phase to
ground, double line to ground and single line to ground fault. The fault location at
225Km from left area (sending end) and the fault duration is 100 ms. Firstly, the
simulation is performed without STATCOM. During the simulation, the transmission
line impedances are measured by the left and right relays. Secondly, the simulation is
repeated during STATCOM connection. Also, the percentage error in estimated
impedances values is calculated by (6). The variations of STATCOM reactive power
during fault occurrence and after the fault is cleared for different faults are shown in
Fig. 9.

As shown in Fig. 10, in case of three phase to ground fault, the effect of
STATCOM on the measured impedances is not obvious. Also, in case of double line to
ground fault, the variation of estimated impedance during fault is not obvious for
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faulted phases as shown in Fig. 11. But for healthy phase C, the impedance value
which is measured by left relay increases by 2.25% in case of uncompensated
transmission line and increases by 3.12% for compensated transmission line. Also,
there are small variations in impedance values which are measured by right relay for
healthy phase C. It is found that the impedance value decreases by 0.65% in case of
uncompensated transmission line and increases by 0.1 % for compensated transmission
line.

200

—Reactive power in case of double line to ground fault
==-Reactive power in case of three phase to ground fault
L Reactive power in case of single line to ground fault

100

a1
o

o

o
S

-100

STATCOM Reactive Power (Mvar)

-150

R I I I I
200O 0.1 0.2 0.3 0.4 0.5

time (s)

Fig. (9) Reactive power variation of STATCOM during different fault types

In case of single line to ground fault as shown in Fig. 12, the variation of
estimated impedances for un-faulted phases B and C is more obvious. It is found that
the estimated impedance by left relay for phase B is increased by 12.7% in case of
uncompensated transmission line and is increased by 9% in case of compensated
transmission line. Also, the value of impedance measured by the right relay for phase B
indicates that it is increased by 16.89% in case of uncompensated transmission line and
increased by 15% in case of compensated transmission line.

Regarding the impedances measured by left relay, the STATCOM s in the
front of the fault. In this case, the STATCOM boosting the voltage at mid-point of
transmission line through injecting a current in quadrature with the line voltage, which
is seen as additional impedance by the left relay. The impedance may be either
inductive or capacitive, depending on the operation mode of the STATCOM which is
located prior to the fault. Regarding the impedances measured by right relay, the
STATCOM is behind of the fault. In this case, the STATCOM is not present in the
fault loop. Therefore, the effect of STATCOM on the measured impedances is not
obvious. For a double line to ground fault, the relay voltage input is line to line voltage
and the current is delta line current. Because of the presence of STATCOM, the
apparent reactance of healthy phase measured by the left relay increases hence the
apparent impedance increases. But unlike the single phase to ground fault the apparent
impedance decreases.
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Fig. (10) Transmission line impedance in case of three phase to ground fault
(a) Impedances measured by left relay (b) Impedances measured by right relay

4. CONCLUSIONS

During power system fluctuation and faults, the power flow in transmission line is
varied due to power injected into or absorbed from transmission line by the Static
Synchronous Compensator (STATCOM). During voltage fluctuation, the transmission
line impedance which is measured by the numerical impedance relay is affected. It is
also varied obviously according to the existence of STATCOM. So, the power caused
by STATCOM must be taken into account to increase the accuracy of the measured
impedance calculations. During fault occurrence, the power injected into or absorbed
from the transmission line depends on the variation of the bus voltage caused by fault.
Also, this power depends on the fault type and its location. There are obvious
variations in estimated impedance of healthy phase in case of STATCOM existence.
That may cause error in discrimination between faulted and healthy phases or fault
location estimation. Therefore, the variations in the measured impedance values caused
by STATCOM must be taken into account during the application of the fault location
determination technique based on measured impedance.
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