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Abstract: This paper presents a novel impedance-based approach for out-of-step (OOS)
protection of a synchronous generator. The most popular and commonly used approaches
for detecting OOS conditions are based on the measurement of positive sequence
impedance at relay location. However, FACTS devices change the measured impedance
value and thus disrupt the performance of impedance-based relay function. In this paper,
the performance of synchronous generator OOS protection function connected to the
transmission line in the presence of a static synchronous compensator (STATCOM) is
investigated. Moreover, an analytical adaptive approach is used to eliminate the effect of
STATCOM. This approach requires only the remote bus voltage and current phasors to be
sent to the relay location via a communication channel. Simulation results show that
STATCOM changes impedance trajectory and causes the incorrect operation of OOS relay.
Furthermore, the proposed approach corrects the relay mal-operation and improves the
accuracy of OOS impedance-based function when the STATCOM is used in the system.

Keywords: Out-of-Step Protection, STATCOM, Impedance Trajectory, Synchronous

Generator.

1 Introduction

ISTURBANCES in power systems such as faults,

line switching, and generator outage lead to
electro-mechanical oscillations and power swing. In the
unstable case of oscillations, severe disturbances may
cause a large deviation of generator rotor angles, and the
generator loses its ability to operate synchronously with
the power system grid. This condition is called out-of-
step (OOS). During OOS condition, there are large
cyclic variations in the currents and voltages of the
effected machine. These stresses are detrimental to not
only the affected generator but also it may endanger the
stability of the entire system [1, 2].

To avoid such damages, a reliable generator
protection scheme is necessary to detect the OOS
condition. Until now, many techniques have been
proposed to detect the OOS condition. Conventional
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impedance-based techniques detect the OOS condition
by analyzing the measured impedance at the R-X
plane [3, 4]. Recent studies have presented new
approaches such as the equal area criterion (EAC),
extended equal area criterion (EEAC), swing center
voltage, and distributed dynamic state estimator [5-10].
The main features of these methods are compatibility
and strength against changes in power system
configuration. However, these approaches are
complicated, difficult to implement and need at least the
instance of fault clearing time to be fed as an input to
the relay [2]. Therefore, impedance-based techniques
are still incorporated for OOS condition detection.

In recent years, FACTS controllers have been used in
transmission lines for different purposes such as
reactive power control, voltage profile correction,
increasing transmission line capacity, and improving the
dynamic/transient stability of power systems [11]. In
spite of all advantages, these devices change the voltage
and current of the network and cause the mal-operation
of impedance-based protective relays [12]. Many
studies have examined the effect of FACTS devices on
distance protection [13-22]. Results show that the
presence of various series and shunt controllers usually
makes distance relays under-reach, thereby changing
trip characteristic of the distance relay [14].
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Other studies have investigated the effects of FACTS
devices on the loss-of-excitation (LOE) protection of
synchronous generators [22-26]. Results revealed that
the presence of FACTS causes a substantial delay in the
performance of LOE relay.

Discrimination of power swing and fault condition in
transmission lines is done by distance relays. But in the
power plants the power swing is detected by OOS
function. In spite of extensive research on the
performance of distance relays in the presence of
FACTS devices only a few articles have been published
on distance relay performance for a compensated line
during the power swing condition [27-31]. In [27, 28]
various methods for discriminating the power swing
from a fault were presented in a fixed capacitor
compensated line. Moravej et al. studied the impact of
UPFC on swing characteristics and it is shown that
parameters of transmission line (ABCD) would change
in the presence of UPFC [29]. The effect of SSSC on
the locus of the apparent impedance under different
system operation and fault condition is studied by
Jamali in [30].The Performance of power swing
blocking methods in compensated transmission line by
UPFC was investigated by Khodaparast et al. in [31].
Despite studies to investigate the effect of FACTS
devices on the distance relay under Power swing
conditions, no study has examined the effect of FACTS
devices on synchronous generator OOS protection.

In this paper, the impact of STATCOM on the
performance of OOS protection has been investigated.
Impedance-based OOS protection detects the OOS
condition by comparing the measured impedance with
supervisory characteristic at the R-X plane. Unlike
distance relays, the rate of change of impedance does
not apply to OOS diagnosis. Due to the widespread use
of impedance-based relay for detecting OOS condition,
it is essential to consider the effect of FACTS devices
on this protection function. Contributions of this paper
are as follows:

1. The dynamic response of STATCOM has been
studied during OOS condition in the presence and
absence of STATCOM.

2. Full detailed modeling of STATCOM in two
modes (reactive power control and voltage
regulation operation) is simulated and the effect of
STATCOM on the performance of the OOS relay
has been investigated.

3. An analytical approach is developed to eliminate the
negative effect of STATCOM on measured
impedance by the OOS relay. This approach uses
the wvoltage and current phasor information
sampled by PMU in the remote bus of the
generator.

2 Conventional Impedance-Based OOS Protection
2.1 Behavior of Impedance Trajectory during Swing

The OOS condition in synchronous generators can be
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illustrated by considering the simple two-machine
system in Fig. 1. This system consists of a generator
connected to an infinite bus by a step-up transformer
and transmission line. Ea and Eg are the amplitude of
generator internal voltage and external system voltage,
respectively. Angle ¢ is the phase angle of generator
internal voltage phasor that equals to generator rotor
angle. Zy, Zy, Zine and Z. denote the generator,
transformer, transmission line, and external system
impedances, respectively. The effect of rotor angle
swings on the relay quantities is analyzed by
considering the measured impedance by relay installed
at the generator terminal (Bus C).

The measured impedance by the OOS relay can be
found as follows:

EnZ6-Z],

| o)

t

where, 7 and I; are terminal voltage and current,
respectively. I; can be written as (2).
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By substituting (2) into (1), the measured impedance by
OOS relay can be written as follows:
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where, Zg is the measured impedance and Zi: as shown
in Fig. 1, is the sum of the impedances between Ea and

Es. If K= :—A is defined, then the measured impedance
B

is obtained with some calculations as follows:
Z
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Based on (4), the measured impedance is a function of
o and voltage amplitude ratio (K). Furthermore, this
result is valid for single-machine system in which the
generator is connected to an infinite bus by the
transmission line. Fig. 2 shows the locus of measured
impedance Zr as a function of ¢ for different values of K
on an R-X diagram [1]. If K=1, the impedance path
perpendicularly passes from the center of the system
impedance line. The angle between any point of the

Ziot = Zg + Zir + Ziine + Ze

Protected
Generator

Unit Transmission External
Transformer Line System

Fig. 1 The two-machine system.
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locus and points A and B is equal to the corresponding
J. At the middle of system impedance line, 6 = 180.
This point is called electrical center of system and the
voltage at this point is equal to zero. Therefore, in this
point the relay will witness a three phase fault at the
electrical center point and a high-current is drawn from
the generator. If K+ 1, the impedance loci are circles
with their centers on the extensions of impedance line
AB. For K> 1, the electrical center will be above the
impedance center and if K < 1, the electrical center will
be below the impedance center. The electrical centers
are not fixed points since the effective machine
reactance and the magnitudes of internal voltage vary
during dynamic conditions [1].

During an OOS condition, the impedance locus moves
on the circles, and the rotor angle oscillates between
-180° and 180°. These oscillations lead to cyclic
variations in the currents and voltage of the affected
machine, with frequency being a function of the rate of
slip of its poles. The high-amplitude currents and off-
nominal frequency operation could result in winding
stresses and pulsating torques that can excite potentially
damaging mechanical vibrations. There is also a risk of
losing the stability of the whole system when several
units are simultaneously oscillating in two or more
coherent groups.

2.2 Generator OOS Protection

In the case of the electrical center is placed inside the
transmission system, the detection of OOS condition
and isolation of the unstable generator are accomplished
by line protection. However, for situations where the
electrical center is within the generator or step-up
transformer, a special relay must be provided at the
generator. Such a situation occurs when a generator
pulls out of synchronism in a system with strong
transmission. A low excitation level on the generator
(Ea < Eg) also tends to contribute to such a condition.

In order to prevent destructive effects on the units and
maintain system stability, it is desirable to have an OOS
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Fig. 2 Impedance trajectory.
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relay that will trip the unit. Tripping should be restricted
to the disconnection of the machine from the system by
opening the generator circuit breaker rather than
initiating a complete shutdown of the unit. This allows
the resynchronization of the generator as soon as
conditions stabilize. Two commonly used approaches to
generator OOS protection are the mho element and the
blinder scheme [1]. In this study, we used the blinder
scheme presented in [32].

2.2.1 Blinder Scheme Principle

This scheme consists of two impedance elements,
referred to as blinders, and a supervisory relay with an
offset mho characteristic (see Fig. 3(a)) [1].

Reference [27] used the blinder scheme to implement
the OOS protection function. Fig. 3(b) illustrates the
characteristic of this function which consists of two
polygons. Characteristic 1 represents the lower section
of the rectangle and Characteristic 2 covers the upper
hatched area. Depending on the electrical center of the
power swing, or in the vicinity of the power station, the
impedance trajectory passes through the range of
Characteristic 1 or that of Characteristic2. The
intersection point of the imaginary axis and the
impedance trajectory assign the characteristic for relay
operation. Characteristic boundaries are determined by
the setting parameter impedances Za, Zy, Zc and (Zg—Zc)
which are given in Table 1. The polygon is symmetrical
around its vertical axis. In Fig. 3(b), the diagnosis of
OOS condition requires that the impedance trajectory
enter a characteristic side and exit the opposite side
(Cases 1 and 2). On the other hand, if the impedance
trajectory enters and exits the same side, the power
swing will tend to stabilize (Cases 3 and 4).

Im(Z) 4 )

x*

T —— 7, Re(Z)

—— @

| «— @

(b)
Fig. 3 Generator OOS protection using a blinder scheme.

Table 1 Setting parameters of OOS relay polygon.

Parameter Setting

Xg + X + X,
Za Zamw ————— & Oy =120
2 tan ( CRIT / 2)

Zy X'
Z (0.7-0.9) Xir
Zg Xir + aXsys & a~0.25-0.30
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3 Impedance-Based OOS Protection Function

Fig. 4 illustrates the simplified single-line diagram of
the power system introduced in Fig. 1. This system
consists of a synchronous generator connected to an
infinite bus by the transmission line. Z; is equal to Zg, Zy
is step up transformer impedance and Z, is equal the
transmission line impedance. Before the installation of
the STATCOM, the impedance measured by OOS relay
can be found by Egs. (5)-(7).

= b ©
RZ,+Z,+Z,
\7R = E1 _erR (6)
z, :\i: E (Z, J:Ztr)~+ E,Z, ™
R E1 - Ez

In this equations, £; and £, represent the generator
internal voltage and remote bus voltage phasors,
respectively. The phasors 7z and I are the voltage and
current measured at the generator terminal bus.

Now suppose a shunt STATCOM is connected to the
system at the beginning of the transmission line (see
Fig. 5(a)). STATCOM is a shunt device of the FACTS
family using power electronics to control reactive power
and improve transient stability on power grids [11]. The
STATCOM regulates voltage at its terminal by
controlling the amount of reactive power injected into or
absorbed from the power system.

The equivalent circuit of the right side of B2 busbar
can be considered as thevenin equivalent circuit (see

E 1731 VBZ E,

Fig. 5 a) Equivalent circuit of the network side of Fig. 4,
b) Equivalent network after installing STATCOM.
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Fig. 5(b)). This equivalent circuit is similar to the
original system before installing of STATCOM with the
difference that the impedance Z, and voltage £, have
been replaced by thevenin impedance (Z) and voltage
(Ew). Therefore, by having the thevenin values, the
measured impedance is obtained by (7).

In Fig. 5(b), thevenin impedance and voltage can be
calculated by (8) and (9), respectively.

Z i

Zy=Z,||Yy=—"T2— & Y, ==2 (8)
th 2 h 1+22Ysh h VBZ

S S~ 9
"4z, ©)

In these equations Ysn, Ve, and I are the equivalent
admittance, voltage and current of the STATCOM,
respectively. The STATCOM is modelled as time
varying impedance and its value should be calculated at
any time step. The phasors Vs, and Iy are calculated
according to (10) and (11), respectively.

(10)
(11)
By comparing the equivalent thevenin circuit by

original system the measured impedance by OOS relay
can be written as follows:

Z, =

V, B, +2,)+E2, )
IR

El_Eth
Based on (12), by installing the STATCOM on the

network, the value of impedance is changed and may
lead to mal-operation of the relay.

3.1 Modified Adaptive OOS Protection

To eliminate the effect of STATCOM on measured
impedance, thevenin equivalent values from (8) and (9)
must be substituted into (12). Thus we will have:

El(ztr+ Z; j+( ! Ezjzl
_ 1+27Z,Y, 1+7,Y,,

R
S
1+7,Y,,

E(Z,+Z,2,Y,+2,)+E,Z,
(1+2,Y,)E -E,

_E(Z,+2,)+E2Z, L L2

(1+Z,Y,)E —-E, (1+Z,Y,)E -E,

— El(ztr +ZZ)+ Ezzl x El _ EZ + ZtrZZYsh E1 =
(1+ ZzYsh)El— E, E-E (1+ ZzYsh)El— E,
= -E Z,Z,Y,E
ZR :ng E1 2 + tr =2 sh~ 1 _ (13)

(1+2Z,Y,)E -E, (1+Z)Y,)E -E,

By some manipulations, the modified impedance is
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obtained as follows:

E
Zg=Zx+(Zo—Z,)Z,Y,, ﬁ (14)

2

In this equation, Zg is the measured impedance by relay
and Zg° is the modified impedance. In general, with
installation of STATCOM at m percent distance from
the beginning of transmission line, the thevenin
equivalent parameters are obtained by (15) and (16),
respectively.

Zy, :(1_m)zz Y, = (15)

1+(1-m)Z,Y,
1 ~

E,.=— = F
T (1-m)Z,Y, (16)

If the similar calculations for Zg° are repeated with the
corresponding thevenin voltage and impedance values
with m # 0, the modified impedance will be as follows:

E
Z8 =Zoq+(Zg—Z, —MZ,)x(1-m)Z,Y,, = —1I§ (17)

1 2

It should be noted that the modified impedance value
in (14) and (17) is not exactly the same as measured
impedance before installing the STATCOM. Because
the voltage phasors £7 and E; are changed by installing
the STATCOM. Another point to be considered is that
this modification only requires one remote bus or
STATCOM voltage and current phasors samples to be
sent generator terminal. Similarly, remote data transfer
to the relay location for other protection functions are
also proposed in the literatures. For example, in order to
modify the LOE function, the algorithms presented
in [24, 26] require sending the FACTS devices data to
the relay location. Also, double-ended fault location
algorithms need remote bus data [33]. Therefore, for
implementation of some protection function, remote
signal system is needed. Nowadays, this possibility is
provided by using phasor measurement units (PMUs) on
the network.

The internal voltage of synchronous generator is
calculated by the voltage and current phasors measured
at relay location. The direct method for calculating the
internal voltage phasor is presented in the next section.

3.2Direct Method for Internal Voltage Phasor
Calculations

The internal voltage phasor can be calculated using
KVL at generator terminal. Fig. 6 represents the voltage
phasor diagram of the machine. According to Fig. 6, the
internal voltage phasor is calculated as follows [1]:

E, =|E,| €0 =V, +(R, + X, )T, (18)
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where, 6 is the angle of internal voltage vector referring
to the terminal voltage vector. The rotor angle is the
angle of internal voltage referring to the reference bus.
Therefore, to gather the rotor angle, the angle of
generator terminal voltage (o) must be added to 6

(Fig. 6).
5=0+a (19)

Equation (18) is valid for the steady state condition.
However, since the rotor angle stability and OOS
condition are low frequency phenomena, (18) is valid
during the receiving data window and can be used in
this study. Fig. 7 shows the comparison of real and
calculated rotor angles of generator in the single-
machine infinite bus (SMIB) test system shown in Fig.
8. Detail information of this system is presented in
example 13.2 of [1]. After the occurrence of a three
phase fault at point F in the transmission line, the rotor
angle oscillates. The fault occurs at t=1sec and
duration of fault is 0.06 sec, i.e., less than the critical
clearing time of the generator. It is clear that the
calculated angle is almost equal to the real angle in post
fault duration.

9\'9
%

.

=
<,

_f’:;)
Fig. 6 Voltage phasor diagram of the two-machine system.

—==—=Calculated Rotor Angle

120 Real Rotor Angle

Rotor Angle(degrees)

o} O.‘S ‘; 1.‘5 2‘ 2.‘5 :‘3 3.‘5 “l 4.‘5 5
time(sec)

Fig. 7 Comparison of real and calculated rotor angles of the

generator.

Fig. 8 Single-machine infinite bus system.
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4 Performance of Modified OOS Function in the
Presence of STATCOM

To investigate the effect of STATCOM on OOS relay
function, the SMIB test system presented in [1] is used.
As shown in Fig. 8, the system consists of four
555 MVA synchronous machines that are modelled with
an equivalent generator. This equivalent generator is
connected to the infinite bus through the step-up
transformer and the double-circuit transmission line.
The simulation studies have been carried out in the
MATLAB/Simulink environment. The system nominal
frequency is 60 Hz. Other detail information about this
system is presented in Appendix 1. In practice, to
protect the generator, the voltage and current are
sampled at generator terminal and before the step-up
transformer. In this study, the samples also were taken
in the LT bus before the step up transformer while in [1]
sampling was done in the HT bus after the step up
transformer.

4.1 Impedance Trajectory

Fig. 9 depicts the block diagram of the impedance-
based OOS relay. First, the voltage and current are
sampled by voltage and current transformers. Then, the
samples pass through the low-pass filter (LPF) to
remove high-frequency components. The cut off
frequency of LPF is set 120 Hz. By sampling voltage
and current real time signals analogue-to-digital
conversion is done. The sampling frequency must be at
least ten times greater than network frequency to reflect
the system dynamics. In this study, the sampling
frequency is considered 25 kHz. In the next step,
voltage and current phasors are calculated by full-cycle
discrete Fourier transform (FCDFT). The Fourier block
performs a Fourier analysis of the input signal over a
running window of one cycle of the fundamental
frequency of the signal. The detail about phasor
calculation is presented in the next subsection. The
measured apparent impedance is obtained by voltage-to-
current phasors ratio. Finally, the impedance trajectory
is obtained by plotting the apparent impedance on the
real-image plane.

4.1.1 Phasor calculation

The Fourier analysis is used to calculate voltage and
current phasors calculation. Recall that a signal f(t) can
be expressed by a Fourier series of the form (20).

f(t)=%+ian cos(net)+b, sin(nat) (20)

n=1

Output of CT
Outout of VT

Positive

Analog to

Digital FCDFT

Fig. 9 OOS relay block diagram.
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a, = TEILTf (t)cos(net)dt (21)
b, :ng;f (t)sin(not)dt (22)

where, T =1/f; and f; is the fundamental frequency of
signal in Hz and also o =2xf; is the fundamental
frequency is rad/sec.

In (20)-(22), n represents the rank of the harmonics.
(n =1 corresponds to the fundamental component.) The
magnitude and phase of the selected harmonic
component are calculated by these equations:

|Hn|=,/a§+bn2 (23)

/H = tanl[z_nj (24)

The positive sequence voltage and current phasors, is
calculated based on (21)-(24) for n = 1.

4.1.2 Fault Scenario

A three-phase short circuit fault occurred at the
beginning of the second line (Point F) at time t = 1 sec,
and the second line is disconnected from the network at
t=1.1 sec. After the fault is cleared, the generator
accelerates and the J angle increases. This situation
causes the impedance path move to the left side and
leaves from the left side of Characteristic 2. The
impedance path between time interval t=1.11 sec to
t=1.72 sec, is illustrated in Fig. 10 that is identical with
the result of Example 13.6 presented in [1].The rotor
angle variations during and after fault interval
demonstrated in Fig. 11. It is evident that, after the
clearing fault, the rotor angle is not stable and fluctuates
between 180° and -180°.

Electrical Center.

02+ k___.__;__..ﬂ
t=1.72 =

t=1.671 - H
1 !

0.1F

Re(2)

X(pu)

0.1
s Char. 1

====Char. 2
= Impedance Locus

0.2f

03 L L | . L L | .
-1 08 -06 -04 02 O 02 04 068 08 1

R(pu)
Fig. 10 Impedance locus after fault in time interval t = 1.11
sectot=1.72 sec.
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200

t=1.56
4 = 180°
100

Rotor Angle(degree)
o

-200
0 05 1 15 2 25 3

time(Sec)
Fig. 11 The rotor angle variations during OOS condition.

4.2The Effect of STATCOM on the Impedance
Trajectory

To examine the effect of STATCOM on the measured
impedance by OOS relay, a £200 MVAr STATCOM is
installed at the HT bus of SMIB system. It consists of a
GTO-based, square-wave, 48-pulse voltage-sourced
converter (VSC) and interconnection transformers for
harmonic neutralization. During the fault, the dynamic
of STATCOM is comparable relative to the transients
and phasor modeling of STATCOM leads to erroneous
results. Therefore, detailed (discrete) modeling of the
STATCOM is required.

The VSC is made up by cascading four 12-pulse
three-level inverters and two  series-connected
capacitors which acts similarly to a variable DC voltage
source in the DC bus of the converter. Detailed
parameters of the STATCOM are given in Appendix 2
and more information such as component
interconnection and control system topology are
reported in [11].

During fault condition, the STATCOM can improve
transient stability through reactive power injections into
the short circuit point. Due to the rapid response of the
STATCOM, this equipment has a significant impact on
the transient stability of the power system and increases
critical fault clearing time [11]. However, it may
interfere with the operation of the OOS relay. On the
other hand, if the fault duration is less than the critical
fault clearing time, the STATCOM makes the generator
to be stable. Otherwise, the generator will be unstable
and the relay operation may be disrupted.

Fig.12 shows the measured impedance trajectory after
the occurrence of short circuit when the STATCOM is
in service. The STATCOM is simulated in the two
modes of voltage regulation (VR) and Q-control (QC).
To create unstable conditions, the fault lasts for 0.03 sec
more than the critical clearing time. In Table 2, the
corresponding times are given with and without
STATCOM. In this table, important times are compared
and 'ND' stands for Not Detected. According to Fig. 12,
it is clear that the STATCOM changes the impedance
path and causes it to exit from the upper side of the
polygon. In both QC and VR modes, impedance
trajectory enters from right side of Characteristic 2, but
does not have any intersection with imaginary axis

S. R. Hosseini et al.

inside the Characteristics 1 and 2. Therefore, in both
modes, the OOS will not be detected. On the other hand,
the STATCOM causes the electrical center to move
away from the generator which it leads to relay mal-
operation. The next rounds impedance trajectory in the
QC mode is illustrated in Fig. 13. It is clear that the exit
point of impedance trajectory also leaves from the upper
side of Characteristic 2. In the VR mode, the impedance
trajectory is almost the same and exits from the upper
side of Characteristic 2; repetition is avoided.

0.5 T T T Time@) T T T T
— VR Mode
t=1.69 = =QC Mode

0.4 t=1.61' —— without STATCOM |

03 r

N
t=1.65 5
02 F —_— t=1.1 =115

g t=1.13

01 Electrical Center

X(pu)

Re(2)

0.1+

-0.3

-1 —OI.S -Ol‘é -01‘4 —OI.Z 0 0:2 0?4 Oj6 OjS 1
R(pu)
Fig. 12 Impedance trajectory after installing the STATCOM.

Table 2 Comparison of important OOS relay times.

Without With STATCOM
STATCOM VR Mode  QC Mode
Critical clearing Time(tc [sec]) 0.07 0.082 0.0989
Fault Clearing Time (teiear [S€C]) 11 1.112 1.1289
Characteristic Entering Time 1.43 1.41 1.36
(ten [seC])
Characteristic Outing Time 1.67 1.55 1.48
(tout [seC])
ts= 180 [s€C] 15 1.555 1.485
Detection Time [sec] 0.67 ND ND
4 ; . . . Img(Z)

8]
T

e(Z)

N

b 0.6
0.4
-4+ 0.2 (i
0
-6~ -0.2
-1 <05 \
ki Ripu)

-10 L '
-25 -20 -15 -10

P

X(pu)
[ ]

X(pu)

5 0 5 10

R({pu) )
Fig. 13 Next rounds of the impedance trajectory in the
presence of STATCOM.
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The relay operation is examined by the presence of
STATCOM in the middle of the transmission lines. Fig.
14 shows the SMIB system with the STATCOM
installed in the middle of the transmission lines.
Simulation results of the OOS relay operation following
the tree phase fault in points F1 to F4 are given in
Table 3. In all cases, F1 to F4, the three-phase error
lasted for 0.02 sec more than the critical clearing time of
system with the STATCOM and then the breakers of
faulted line open. These results show that the presence
of middle STATCOM has less effect on OOS relay
operation and it only causes delay time on relay
operation.

4.3 Evaluation of the Modified Relay Function
The modified OOS relay function block diagram is

S. R. Hosseini et al.

illustrated in Fig. 15. The modification process is
performed based on the analytical approach, discussed
in (5) to (19).

Similar to Fig. 9 the voltage and current phasors
calculations are done based on FCDFT and Zg is
obtained by voltage-to-current ratio. The internal
voltage phasor E£; is calculated based on (18). The
voltage/current phasors £, and I, receive from remote
bus PMU and the shunt bus voltage (Vs;) and the
STATCOM current (Iy) are calculated based on
KVL/KCL equations. Also, the STATCOM admittance
Ysh is obtained by current-to-voltage ratio. Finally, with
the values Zg, £1, E> and Ys, the modified impedance Zg°
is obtained from (14) or (17).

In this section, the fault condition discussed in the
previous section is repeated. The STATCOM is

Infinite
Bus

“FPEg

Fig. 14 Single-machine infinite bus test system with the middle STATCOM.

Table 3 OOS relay operation times for middle STATCOM.

tc [sec]

Detection Time [sec]

Fault Location —\r it STATCOM _ With STATCOM _ Without STATCOM _ With STATCOM o1 [sec]
” 1.067 s 1075 15 175 0.05
o 1.036 o 1.080 1.803 1.806 0.003
- 1033 e 1.049 182 1.823 0.003
F4 2 totear = 1.170 e 22 27 0o

Ve | Z

'd A N\
Output of CT, Phasor
Outout of VT A/D
—> \
. J

Analog to FCDET
Digital

. E - S
Receive Data From —2L—f

Remote bus PMU —2—]  KCL

| Equation| E;

Equation Zg
(14) and(17) —>

(18)

KVL/

—

Fig. 15 The modified OOS relay block diagram.

Table 4 Comparison of important times of Modified OOS relay.

. With STATCOM
Without STATCOM VR Mode _QC Mode
Critical Clearing Time (tc) 0.07 0.082 0.0989
Fault Clearing Time (tciear) 11 1.112 1.1289
Characteristic Entering Time (ten [sec]) 1.43 1.19 1.23
Characteristic Outing Time (tout [sec]) 1.67 1.45 1.542
15 =180 [SeC] 15 1.347 1.375
Detection Time [sec] 0.67 0.45 0.542
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installed at the HT bus of SMIB system in Fig. 8. By
applying the modifications process presented in Fig. 15,
simulations are repeated at the same fault clearing time
of Table 2. The comparison of important times for
modified OOS relay are given in Table 4. Based on
Table 4, the relay detects OOS condition correctly using
the modified algorithm.

The results show that the relay detects the OOS
condition after 0.45 sec and 0.542 sec, respectively, in
VR and QC modes. The detection time of different
cases with and without STATCOM in different modes
cannot be compared together. Because the critical fault
clearing time is different and, therefore, the fault
duration time varies. Detection time is faster in VR
mode than the QC mode, which is also faster than the
case without STATCOM. In other words, after a fault
occurs, the STATCOM in both VR and QC modes starts
injecting reactive power into the faulted point and tries
to regulate the voltage of the connected point. If the
power of STATCOM is sufficient and the fault duration
is short, these actions maintain the stability of the
system; otherwise, they lead to incorrect detection.
Based on Fig. 16, in the VR operation mode, the
modified impedance path enters the right side of
Characteristic 2 and leaves the left side. Because of the
oscillating nature of the OOS, the impedance trajectory
rotates in closed paths and re-enters the characteristic
and leaves it. Fig. 17 shows the second intersection of
impedance path with Characteristic 2. If the relay is set
to operate at second or higher turns, the next
intersection is important. It is obvious that the relay is
robust for the following turns and operates correctly.

Similar results are obtained when the STATCOM is
operated in the QC mode. Fig. 18 demonstrates the
modified impedance trajectory at this operation mode.
After 0.1289 sec of fault duration, the relay detects OOS
after 0.542 sec. The second turn of the impedance
trajectory crosses the left side of Characteristic 2 after

0.5 T T T
Im(2)
e without STATCOM
04k == Modified Impedance Locus ||
. = VR Mode of STATCOM
0.3
gty ]
0.2 !
t=154 1
B
B
0 Re(Z)
-0.1
-0.2
.03 L . . . 1 .
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

R(pu)
Fig. 16 The modified impedance trajectory with STATCOM
in the VR mode.
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1.83 sec. The next turns are not perfect circles because
of the change in voltage and voltage ratio (K) by the
STATCOM.

The modified OOS relay works correctly for the
diagnosis of stable oscillations and during stable power
swing. In these situations, the impedance trajectory does
not enter Characteristics 1 or 2. An example of modified
impedance trajectory in the stable conditions is shown
Fig. 19. In Fig. 19 the STATCOM was operated in QC
mode and the fault duration was 0.06 sec that is less
than the critical clearing time in this mode. It is clear
that the impedance trajectory has not entered in the
characteristics and the swing is detected stable. The
rotor angle variations are illustrated in Fig. 20. It is clear
that the oscillations are gradually reduced and the
system is stable.

The approach presented in this paper can be

(8]

X(pu)

Re(Z),

[=]

) X(pu)l—

%)
T

~

e

0.5 0 05

R(pu) . |
-20 -15 -10 -3 0 3 10 15
R(pu)

Fig. 17 Next rounds of impedance trajectory in the VR mode.
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T
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|
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T
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Fig. 18 The modified impedance trajectory in the QC mode.
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Fig. 19 The modified impedance trajectory in the stable rotor

angle swing conditions.
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Fig. 20 The stable rotor angle swing after installing the
STATCOM in the QC mode.

generalized into other shunt FACTS devices such as
SVC, TCR, and FC-TCR. Given the speed of
responding to the transitional conditions, each device
will have different effects on OOS. New equations must
be extracted for the series FACTS family. The only
weakness of the approach presented in this paper is that
it requires to receive phasor data from the remote
bus/STATCOM bus. Nowadays, with the advent of the
wide-area measurement system (WAMS), this
possibility is provided by phasor measurement units.
However, if the STATCOM installed in the power plant
substation, the phasors data of STATCOM are available
and it is not required to receive data by
telecommunication.

5 Conclusion

In this paper, the effect of STATCOM on impedance-
based OOS protection function has been investigated

S. R. Hosseini et al.

and a novel modification function has been presented.
The STATCOM with rapid response improves transient
stability and increases critical fault clearing time.
However, if the fault duration is greater than the critical
fault clearing time, the generator will be unstable and
the detection of relay will be disrupted. In this situation,
both operation modes of voltage regulation and reactive
power control of STATCOM cause the OOS to be not
detected by the OOS relay. To solve this problem, an
analytical adaptive approach is used to eliminate the
effect of STATCOM. This approach requires remote
bus voltage and current phasors to be sent to the relay
location via the communication channel. Simulation
results indicate that the presence of STATCOM changes
the impedance path and interferes with the detection of
the OOS relay. Also, the results demonstrate that the
proposed modification improves the accuracy of OOS
impedance-based function and help the correct
diagnosis when the STATCOM is in service. Moreover,
the modified function discriminates between stable and
unstable power oscillations and the modified impedance
path does not enter into the characteristic under stable
power swing.

Appendix 1

Table 1.1 Generator parameter.
Parameter Value [p.u.] Parameter Value [p.u.]
Xd 181 Ra 0.003
Xq 1.76 T, 8.0
X, 0.30 - 1.0
X, 0.65 T, 0.03
X 0.23 T, 0.07
Xy 0.25 H 35
Xi 0.15 Kb 0
Appendix 2

A list of some sample system parameters of
transformers and STATCOM:

Transformers: St = 2220 MVA, 24/500 kV,
Ry = 0.002, L, = 0, R, = 0.002, X = 0.15 p.u., Rm =Lm
=500 p.u., D1/Yg winding connection.

STATCOM: Nominal power = +200 MVA, Four phase
shifting transformers: St = 200/4 MVA and 125/24 kV,
Cp = Cn = 3000 F., Droop = 0.03, Voltage Regulator:
Kp = 15, K;j = 2500, VAr Regulator: Ke = 5, K; = 50.
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