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fault conditions. In this paper, a terminal voltage based method for transient
stability study of IG is proposed. For this purpose, an improved analytical method
is used to determine Critical Clearing Time (CCT) of IG in the state of grid fault,
including near and non-near faults. For the faults occurring far from the terminal
of generator, electromagnetic torque is not equal to zero during fault. Hence,
equivalent circuit model of 1G and network is used to calculate the CCT. A new
formulation based on terminal voltage of IG is presented to consider the stability
constraint on Over Current Relay (OCR) coordination, to prevent disconnecting of
IG in grid fault condition. Simulations are carried out on two samples network,
and the results demonstrate the efficiency of proposed method.

1) Introduction
In recent years, the use of new renewable energy has

grown rapidly and among the renewable energy sources,
wind power with Induction Generator (IG) is a more
interesting choice to develop. Hence, the penetration level
of 1G in the grid has been increased. As a result, the
transient stability of them is an important issue for
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continuous operation of grid [1]. In the previous works,
transient stability analysis for fault near IG and its impact
on IG characteristics have been studied [1-6]. Appropriate
model for squirrel cage 1Gs (SCIG), including single-
squirrel cage and double-squirrel cage IGs, is proposed
for rotor speed stability studies [2]. The authors of [3] and
[4] have studied equivalent model of a wind farm for
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transient stability studies using dynamic simulation. The
effect of network parameters on transient stability of wind
farm has been studied in [5]. Also, in [6], the transient
analysis of IG at unbalanced fault has been performed and
it has been compared with that of IG at balanced fault.

The authors of [7] have proposed a trial and error
method using dynamic simulation to determine CCT,
which involves several repetitive runs. CCT is the
stability criteria in the generator transient stability. Hence,
CCT estimation problem has been solved with dynamic
simulation, which avoids repetitive runs [8-10]. Also,
methods for determining CCT with terminal voltage and
rotor speed have been studied and have been compared
with each other in [11].

The methods based on iterative analysis in the time
domain have been proposed to determine CCT of IGs [12-
14]. In [13], the transient stability of multi IG network has
been studied for fault in different places of network. This
method, which is based on step by step calculation, uses
IG equivalent circuit and Norton equivalent model of
network. In [14], Lyapunov function and controlling
unstable equilibrium point (CUEP) have been obtained to
calculate CCT using step by step time domain integration.
An analytical method for transient stability of 1G has been
proposed only for fault in the terminal of IG in [15]. Also,
the effect of IG parameters on transient stability has been
investigated in the study.

Transient Stability if Dual Stator-Winding Induction
Generator (DWIG) is studied in [28]. This paper
improving transient stability by using slip frequency
control containing braking resistors.

CCT calculation for doubly fed induction generator
(DFIG) has been studied in [16]. In fault condition,
crowbar protection acts to protect the rotor and convertor
during the fault. When the crowbar protection is activated,
DFIG action will be as same as IG with crowbar resistance
connecting to the rotor side. So in this condition, DFIG
can be analyzed by IG studies.

Also improving transient stability of DFIG is studied in
[29], [30]. In [29] bridge fault current limiter used for
reducing power transient stability of DFIG. In [30]
investigate the influence of the closed-loop control system
on transient stability

In [17] has been investigated CCT calculation for
synchronous generator in presence multi induction
generator. 1Gs were modeled as negative loads for CCT
calculation of synchronous generator and stability of 1Gs
were not considered.

Presence of renewable energy sources in distribution
networks can associate problem for protection systems
that overcurrent protection is one of them. In the result,
some authors have been investigated overcurrent
protection with renewable energy sources [18-20]. In
[18], the authors solved over-current coordination
problem by using fault current limiter (FCL) selection in
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presence of distributed generation (DG). Also in [19], has
been improved coordination equivalents for distribution
feeders with renewable generation.

In recent years, the modern grid code enforces the wind
generators to remain connected to the grid in fault
conditions [21]. This ability is known as low voltage ride
through (LVRT). If the wind generator disconnects from
the grid, it may be lost the active power generation after
clearing the fault. In the previous works, setting of the
generator bus relays has been determined considering
CCT for faults at the generator terminal [22]. The
contribution of IG to fault current and its impact on OCR
coordination has been studied in [23]; however, the
stability of 1G has not been considered.

In this paper, an improved analytical method proposed
for CCT calculation of IG in the state of grid fault. This
method is based on the equivalent model of IG and
network in three states: pre-fault, during fault and post-
fault. After sensitivity analysis on the network
parameters, a simplified method is derived for
determining the CCT of IG per voltage sag in the terminal
of 1G. Two important application of this model in stability
study of IG is presented; improving LVRT and
considering stability constraint in OCR coordination. In
fact, the contribution of this paper to earlier work includes
three novelties as below:

- CCT calculation with considering non-zero
electromagnetic torque of 1G during grid fault

- Deriving a new formulation for CCT per voltage
sag

- Considering the stability constraint of IG in OCR
coordination algorithm using terminal voltage based
method
The proposed method with related equations is fully

described in the following.

2) Transient Stability of 1G
In order to explain the transient stability of IG, a test

network is considered as shown in Fig. 1(a). This test
network consists of an 1G with 2MVA capacity connected
to a 2.4 kV, 50 Hz network [12].

It is supposed that a fault occurs in line 2. Fig. 1(b)
shows torque-slip curve of IG in pre-fault and during fault
states. As can be seen, during fault condition, electrical
torque of IG reduces because of voltage sag, however,
speed of mechanical torque variation is slower than
electrical torque variation, so mechanical torque remains
almost unchanged. For this reason, rotor speed increases,
and the rotor slip starts to change from initial slip.
Transient stability of IG depends on the clearing time of
fault. IG will remain stable, if the fault is cleared before
that rotor speed reaches to critical speed. As shown in Fig.
1(b), initial slip (si) and critical slip (sc) can be obtained
from intersection of electrical and mechanical curves.
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Fig. 1(c) shows the torque-speed curves of IG when the
fault is cleared by tripping the circuit breakers of line 2.
In this state, network structure alters, hence,
electromagnetic torque and critical slip (sc) are changed.
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Fig. 1. Test network consists of IG. (a) Single line
diagram of test network. (b) Torque-angle curve
without changing in network structure in post-fault.
(c) Torque-angle curve with tripping L2 in post-fault.

CCT calculation has been studied previously by
assuming that fault occurs in the generator terminal [15].
In this condition, electromagnetic torque is equal to zero
during fault and CCT is the linear function of slip.
Relation between electrical torque and rotor slip can be
given by:
ds dw 1
== T (2)

Using (1) yields:
dt=—2"1_gs %)

Tm _Te

By integrating Eq. (2) from initial slip to critical slip,
CCT is obtained as:
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CCT =2H jT d_ST ©)

For fault in the terminal of the generator, Tcis equal to
zero, and Tn is constant during fault. So, Eq. (3) is
simplified as follows:

CcCcT :?l_—H(sc -s;) (4)

m

3) CCT Determining of IG For Non-near Fault
In non-near fault condition, the electromagnetic torque

cannot be considered equal to zero, during fault, and Eq.
(3) cannot be simplified as Eq. (4). In the other word, for
CCT calculation using Eg. (3), the electromagnetic
torque, during fault, should be obtained as a function of
rotor slip. For this purpose, circuit modeling of IG is
developed and used to calculate the electromagnetic
torque.

3.1) Extended Circuit Model of IG
The model of IG is extended by considering network

equivalent circuit and capacitor bank. As shown in Fig.
2(a), Us and Z; are the voltage and impedance equivalent
of the network, respectively, and X. is the reactance of the
parallel capacitor bank. Rs+jXsand R//s+jX, are the stator
and rotor side impedance, respectively, and X is the
magnetizing reactance of 1G. s = 1-w is the rotor slip,
which @, is the rotor speed. Equivalent circuit is
simplified as shown in Fig. 2(b). Where Uy and Zy are
thevenin equivalent values for voltage and impedance,
respectively, which are seen from rotor side.
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Fig. 2. Equivalent circuit of IG. (a) Complete
equivalent circuit. (b) simplified equivalent circuit.

According to the simplified equivalent circuit of IG,
rotor current I, is calculated:

| = U (5)

\/(RSHL ijer(Xr +Xm)2
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The electrical torque T. can be determined as follows:
T = & |r2 (6)
S
So, substituting Eq. (5) into Eq. (6), after some
simplifications yields:

3 S
* as’+bs+c
@)
Where a, b and c are as below:
RZ+(X +X.)
_ R (X, 2 o) ’ bZZRﬂ;l oo er ®)
RrUth Ulh Uth

Electrical torque is obtained as a function of rotor slip
in Eq. (7). This equation can be used to draw the torque-
slip curve of IG as shown in Fig. 1 in three states: pre-
fault, during fault and post-fault. Since, the parameters a,
b and c are the functions of network thevenin voltage (Us)
and network thevenin impedance (Zs), the torque-slip
curve is different for three mentioned states.

CCT can be determined substituting Eq. (7) into Eq. (3)
as below:

N
CCT:Z—HLSC(1+ T - )ds
T 7 as’+(b——)s+c
Tm
. (©)
2H 2H 7 °
= (s, -5 )+ (" m ds
e A )

1
m as’+(b—-—)s+c
( T)

In Eq. (9), a, b and ¢ are the parameters of torque-slip
curve in the state of during fault, according to Eq. (7).
Also, the parameters of torque-slip curve in pre-fault and
post-fault states should be calculated to determine the
initial slip (si) and critical slip (sc), respectively.

3.2) Extended Circuit Model of IG
To calculate the CCT using Eq. (9), thevenin equivalent

circuit of network, including thevenin voltage and
thevenin impedance should be determined in three states:
pre-fault, during fault and post-fault [23].

3.2.1 Thevenin Voltage
Thevenin voltage at the terminal of 1G is equal to bus

voltage without connecting of IG to the network. Bus
voltage in pre-fault and post-fault states, can be
determined using load flow calculations. In during fault
condition, the bus voltage is determined using fault
calculation analysis. When a fault occurs at bus f of a
network with m buses, the voltage of all buses is obtained
from fault analysis equation as follows [24]:
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AU, 0
. Z, Z.
‘ Z, . Z '
AU, =1 (10)
Z, o Z,
AU, | 10 |

Where AU; is the voltage deviation between pre-fault
and during fault conditions. Z is the impedance matrix of
network, including Zi1 to Zmm, and also, Is is the fault
current which is calculated as below:

TRG
I, = Z

ff

(11)

Where U, """ s the pre-fault voltage of bus f.

Therefore, the voltage at the bus n which the IG is
installed, in during fault, can be calculated substituting
Eg. (11) into Eq. (10) as below:
(pre—f)
U ( fault) =U (pre—f) —Z f( f P ) (12)
n n n Z

ff

3.2.1 Thevenin Impedance

Thevenin impedances at the bus n, in pre-fault and post-
fault states are equal to the diagonal elements (Znn) of Z.
Thevenin impedance in during fault is equal to Z'snin fault
condition. Importing the fault in impedance matrix, Z
changes to Z" which can be obtained easily by inverting
the admittance matrix of network considering the fault.

Z=(Y)" (13)

3.3) Stability of IG per Terminal Voltage

3.3.1 CCT-VS Characteristic

As mentioned in the previous section, values of a, b and
c are the functions of network thevenin voltage (Us) and
network thevenin impedance (Zs) during fault. So the
second part of Eq. (9) is a function of network parameters
while, the first part is independent of them. Hence, Eq. (9)
can be considered as below:

CCT =A+f(U,,Z,) (14)
Where f (Us, Zs) and A are:
1
2H s 7 °
fU.2)=T[ )ds (15)
T Si 2 1
m a,8° +(b, - —s)+¢c,
Tm
A=ZL(s,-3) (16)

Since, in the fault condition, thevenin impedance of
network is very smaller than generator impedance,
voltage drop caused by thevenin impedance can be
neglected. To clarify this fact, in Fig. 3(a) the CCT values
of 1G is obtained using Eq. (9). It can be seen, assuming a
constant Us, the CCT value of IG is approximately
constant to different thevenin impedances. The variation
range of Z is between 0 and 0.02 ohm for fault in different
points of simple network.
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Since, the MVA capacity of IG should be in the
allowable range for interconnecting to a network, the
short circuit impedance in point of common coupling,
which is equal to Zs, is very smaller than generator
impedance. On the other hand, the value of Z; during fault
is lower than it’s value in pre-fault condition (0.02 ochm).
Hence, neglecting of Zs during fault condition is an
acceptable approximation in all usual networks. So, Eq.
(14) can be written as follows.

CCT=A+fU,) 17

The first part (A) is the CCT of I1G when the fault is
occurred in the terminal of 1G and the terminal voltage
become to zero, as studied in the previous works. It can
be seen from Eq. (16), the value of A depends on the
installing point of 1G in the network which determines S¢
and S;, and is independent of fault location.

Solving Eq. (17), considering test network parameters
given in [11], the CCT formulation per terminal voltage
can be determined as follows:

S,

0.56xU2 xk, (U,)x Arctan[@]
CCT =| 2.13s+ kU.) (18)
kZ(Us)
-0.28xU 7% x log(sxk, (U,) +$* +0.006)
k,(U,) =0.03+0.26xU2 (19)
k,(U,) = /0.02-0.01xU? —0.07 xU (20)

Asymptote of CCT’s curve determined by root of
K2(Us) function. According to the Eqg. (17), CCT is
obtained as a function of Us and CCT-Us curve that is
shown in Fig. 3(b) for maximum and minimum of Zs.
Note that Us is terminal voltage of IG in the fault
condition. The curve has asymptote between 0.71 and
0.73 for variation of Zs between maximum and minimum
of it’s rang. This voltage is a critical voltage for stability
(CVS), and generator will remain stable if Us is greater
than CVS.
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Fig. 3. (a) CCT versus thevenin impedance for
different thevenin voltages. (b) CCT versus thevenin
voltage for maximum and minimum thevenin
impedance.
The curve of Fig. 3(b) can be determined for any IG,

which depends on the installation point of IG in the
network. So, CCT can be calculated for fault in different
points of network and with different fault resistance only
by determining voltage sag in the terminal of the
generator.

3.3.2 OCR Coordination Considering CCT

With increasing the capacity of IGs in the network, it
is important to stay them in the network for avoiding of
inappropriate outages. Hence, the setting of relays in the
distribution network can be modified to clear the grid fault
before instability of IG. The proposed method using CCT-
Vs curve can be applied to determine the CCT of IG for
the fault in different point of the network. In order to
achieve this goal, in this section, OCR coordination is
studied by considering CCT.

Coordination of relays is carried out using GA which is
a powerful artificial optimization technique [25-27]. In
optimal coordination of OCR the decision variables which
should be determined are Time Dial Setting (TDS) of
relays. To achieve a better result in OCR coordination
algorithm considering CCT of IG, the pickup current of
relays (Ip) also are considered as decision variables. The
performance of Ip in keeping the stability of IG is fully
described in next section. The common objective function
for optimal OCR coordination is as below:

N
Minimized :  OF = >'(t) (21)
i=1
Subjectto: t—t;>CTl,  V(i,j)eQ (22)
TDS,™" <TDS, <TDS,™™, Ip™ <Ip <Ip™ (23)

Where t; is the operating time of i™" relay for the fault
near to the relay and Q is the set of main and backup relay
pairs. ti and tj are the operating times of main and backup
relays, respectively, for the fault near to the main relay.
Furthermore, CTI;1 is the coordination time interval
between main and backup relays which is assumed equal
t0 0.25.
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The time interval between the relay operating time and
the CCT of IG should be greater than CTI,to consider the
delay of circuit breaker opening and safety margin. So, the
second constraint is formulated as below:

CCT (fault(X,R)) — t;(fault(X,R)) =
CTI, fault(X,R) €S; (24)

Where ti and CCT, respectively, are the operating time
of i relay and the CCT of IG, for the fault in the X percent
of the protected line with the resistance R. S; is the set of
all three-phase faults occur along the protected line with
different fault resistances. CTl. is assumed to be 0.2 sec.
in this paper.

Since, the coordination algorithm using GA needs
numerous iterations, calculation of Eq. (26) for all
mentioned faults in each iteration will cause to large run
time. In the other hand, many of the faults in a line with
different resistances cause to similar voltage sag in the
terminal of I1G and lead to similar CCT. Therefore, Eq.
(24) is rewritten using CCT-Us curve. The relation
between fault current (If) and terminal voltage of IG can
be written from Eq. (10) as below:

Up = VU(0) - L+ lr (25)

Where bus k is installing point of IG and n+1 is a new
bus created to consider fault point on the line. The
operating time of OC relay is a function of fault current
and following popular time-current characteristic is
considered:

t:(If) = (%—+ B) TDS

@) -

The parameters A, B and p are constants that vary with
the type of used characteristic. Substituting Eq. (25) into
Eqg. (26) yields the operating time of relay as a function of
IG terminal voltage (Uy).

ti(Vie» Zins1y) = (

(26)

L — +B)TSM

(Vk(o)—vk> 1
Zi(n+1)

If the protected line is assumed between bus n and m,
considering the relation between impedance parameters
Zin < Zin+1) < Zgm, EQ. (27) can be considered with
Zim, instead of calculating all operating times of relay

with changing the fault location on the line.
t:(Uy) = ((W)_AW +B) TSM
Zkm
CCT-Us curve can be compared easily with the
operating time of relay using (28). So, Eq. (24) can be
rewritten as Eq. (29):
CCT (Uy) — t;(Uy) = CTI,

(27)

(28)

(29)

4) Simulation and Results
4.1) Simple Network
The first sample system to verify the method is a 10kv

and 50Hz network with 1MV A capacity |G connected via
a transformer, as shown in Fig. 4. The network parameters
are given in Appendix.
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Fig. 4. Single line diagram of simple network.

4.1.1 Stability of IG for Grid Fault
The CCT of IG for fault over the line L2 (in Fig. 4) is

given in Table I. In third column, CCT is calculated using
a new analytical method by Eq. (9). As can be seen, the
CCT value increases for faults occuring farther from the
generator. To validate the result of new method, CCT
determined by simulation in Simulink/ MATLAB and the
results are given in second column of Table I. It can be
seen; the results of proposed analytical method have
acceptable deviation (maximum 3.1%) compare to
simulation method results.

The last column shows the voltage sag in the terminal
of IG for faults occurring in line L2. According to section
2, part C, CCTs are determined from CCT-US curve by
using voltage sag, and the results are given in the last
column of Table II. As can be seen, maximum deviation
compared to simulation method is 4.54 percent.

Table I. CCT result of new method for simple
network during fault on line L2.

Simplified
iy Simulation New method method using
= method (Eq.9) Voltage sag

& (Eq. 17)

T 5

<3 o _< @]
= @ [N 5]
S 38 328 2% <& 328 Z2s&
o - — - — ~ 3 c @ - — =3
S = ~ 9 =
2
0 360 357 0.83 0 357 0.83
0.1 375 367 2.13 0.09 362 3.46
0.2 385 376 2.34 0.16 373 311
0.3 400 390 2.50 0.23 301 2.25
0.4 420 407 3.10 0.28 409 2.61
0.5 439 426 2.96 0.33 430 2.05
0.6 460 447 2.83 0.37 455 1.08
0.7 485 470 3.09 0.41 486 0.20
0.8 505 495 1.98 0.44 511 1.18
0.9 530 521 1.70 0.47 548 3.39
1 550 539 2.00 0.50 575 454

4.1.2 OCR Coordination Considering CCT
After CCT calculation, the coordination of relays R1

and R3 are studied in Fig. 4 considering the stability of
IG. According to coordination constraint in Eq. (22), the
time interval between operating time of backup relay (R1)
and main relay (R3) for the fault close to R3 should be
equal to CT1,=0.25. Since, the time setting and operation
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characteristic of relay R3 is assumed to be TDS3=0.05 and
extremely inverse, respectively, the operating time of
relay R1 for the fault close to R3 is obtained 0.27 sec.

Then, time setting of R1 (TDS:) can be calculated
considering three standard characteristics, including
normally, very and extremely inverse. Fig. 5(a) shows this
three characteristics of relay R1 and the CCT curve versus
the fault location in line L2 (without considering fault
resistance).

IG will remain stable for fault in L2, if the operating
time of R1 is smaller than CCT. In the other word, the
stability constraint of Eqg. (24) should be satisfied.
According to the Fig. 5(a), the minimum time intervals
between the curves of CCT and relay operating time by
using NI, VI and El characteristics are obtained 0.13, 0.23
and 0.28, respectively. Therefore, very and extremely
inverse curves can be used for R1 to keep the stability of
IG. But the NI curve does not satisfy the stability
constraint even by changing the TDS of relay. If the TDS
of relay is reduced to satisfy the stability constraint, the
operating time of relay R1 will decrease and the
coordination of relay R1 and R3 will be disturbed. So,
selecting the suitable characteristics of relays is required
to achieve better results.

Since, the OCR characteristic selection has some
limitations, the pickup current selection is the other
solution which is used for this problem, as shown in Fig.
5(b). It can be seen, for fixed relay characteristic (assumed
NI) the slope of relay curve increases by enhancement of
pickup current. If I, is selected lower than 600A, time
interval between CCT and operating time of R1 will be
lower than 0.2 sec. So, I, should be selected higher than
600A to satisfy both of stability and coordination
constraints. It is suggested that, in greater networks the
optimization algorithm based on GA is used for
determining TDS and I, simultaneously.

The curves of figures 5(a) and 5(b) are considered
without fault resistance. To consider all faults with all
resistances along the protected line, as described in
section 4.3, the curves of operating time of relays and
CCT of IG are obtained versus terminal voltage of IG.
These curves are shown in Fig. 5(c). It can be seen that by
selecting NI characteristic of relay, 1,=600A and
TDS=0.1, the time interval between two curves is greater
than CT1,=0.2. This result also obtained from Fig. 5(b).
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Fig. 5. Operating time of R1 and CCT for fault along
line L2. (a) Considering various characteristic type of
relay (without fault resistance). (b) Considering
various relay pickup current (without fault
resistance). (c) Operating time of R1 and CCT versus
terminal voltage of IG (Us).

4.2) |EEE 30 Bus Network

The proposed method also has been applied to IEEE 30
bus  network, which is a meshed sub-
transmission/distribution system. The distribution section
of the network that will be studied here is fed from three
primary distribution substations 132/33 kV at buses 1, 6
and 13, as shown in Fig. 6. The information of network is
given in [24]. Also, one IG has been installed at bus 10
that it’s information is given in Appendix.

4.2.1 Stability of IG for Grid Fault
The CCTs are calculated for three-phase faults in

different buses of network using the proposed method, as
given in Table Il. It can be seen; the stability of 1G will be
disturbed for fault in five buses of network. To validate
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the proposed method, CCTs also are obtained using
simulation method in  Simulinkk MATLAB. The
calculation result of CCT wusing two methods, is
approximately similar with the maximum deviation of
3.05% percent, for five mentioned buses.

TDS and |, is given in Table I11. In the state two, in
addition to the coordination constraint, stability
constraint according to Eq. (29) is satisfied.

Table I11. OCR coordination result for TDS and Ip of
relays.

without With without With
considering Considering considering Considering
2 ccT ccT 2 ccT ccT
& 2
P P
= c
3 3
: DS Ip DS Ip : DS lp  TDS Ip
1 045 437 019 747 20 051 103 019 191
2 014 403 024 347 21 025 100 031 100
3 051 281 022 494 22 026 380 033 399
4 021 423 073 249 23 046 219 156 142
Fig. 6. Single line diagram of IEEE 30-bus
distribution network 5 013 474 086 201 24 035 188 035 227
6 007 395 093 117 25 009 615 008 721
Table Il. CCTs for IEEE 30 bus system for fault in
different buses 7 012 322 081 103 26 017 100 007 100
Bus Simulatio Proposed Deviation 8 016 170 039 110 27 005 329 005 100
n method method
number T T (%)
CCT(ms) CCT(ms) 9 042 48 197 241 28 031 176 010 362
1 450 460 2.22
2 Stable Stable - 10 038 429 106 294 29 035 154 075 101
3 Stable Stable -
4 Stable Stable ) 11 092 197 097 221 30 027 312 102 143
> Stable Stable ) 12 040 280 130 182 31 011 441 010 512
6 Stable Stable -
7 Stable Stable - 13 047 231 18 123 32 018 378 020 371
8 Stable Stable -
9 425 412 3.05 14 029 185 130 104 33 013 663 169 200
10 400 404 1.00 00
15 056 118 05 441 34 058 306 026 476
11 465 478 2.79
12 Stable Stable B 16 025 400  0.82 254 35 043 185 036 235
13 Stable Stable -
14 740 748 1.08 17 008 182 035 100 36 010 100 005 157
15 Stable Stable -
18 006 100 005 100 37 016 322 014 398
4.2.2 OCR Coordination Considering CCT
19 005 100 005 100 38 014 326 015 371

OCR coordination algorithm based on GA, as

represented in section 3, is used to determine the OCR
settings. Values of I, and TDS is optimized in this
algorithm. The range of TDS is considered between 0.05
and 2, and the range of I, is assumed to be between 0.5
and 2.5 times of the nominal current. Also, characteristic
of OCRs is assumed to be IEC extremely inverse curve.

The proposed method is applied to network in two states;
without considering CCT (stability constraint) and with
considering CCT. In the state one, only coordination
constraint according to Eqg. (22), between all main and
backup relays is considered to be satisfied. The result of

IURTEL., 2022, Vol.1, No. 1, pp. 1-11

Since, IG is unstable for fault in five buses of network
(1, 9, 10, 11, and 14) according to Table Il, the lines of
network can be divided into three groups. First group
consist of lines that are not connected to unstable buses.
The voltage drop in the terminal of IG is greater than CVS
for the fault in all over these lines. Hence, it is not required
to consider these lines in the stability constraints. Second
group includes four lines within unstable buses (i.e. L10,
L11, L13 and L15), and third group contains six other
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lines, which are connected to unstable buses from one side
(L1, L2, L9, L16, L17 and L19).

The faults on lines of groups 2 and 3 maybe cause to
instability of 1G. To prevent instability of IG, the setting
of OCR relays on these lines are determined according to
stability constraint. For example, relays R30 and R29 are
located on lines L11 (group 2) and L10 (group 3),
respectively. Fig. 7(a) shows the operating time of R30 for
fault in L11 without considering CCT. According to Eg.
(27), the relay curve is between upper relay curve (URC)
and lower relay curve (LRC), depending on the fault
location and resistance. The minimum margin between
CCT and URC, without considering CCT constraint, is
obtained 0,07. It can be seen from Fig.7(b), after applying
the new method, the discrimination time between the CCT
of IG and the operating time of OCR (URC) is greater than
CT1,=0.2 for the faults on different locations of the line.

It should be noted that, from Fig. 7(a), the voltage of IG
(Us) for the faults without resistances is in the range of
U1=0 to U2=0.11. The constraint between two curves is
satisfied in this range. However, Us is in the range of 0 to
CVS=0.72, with considering fault resistance, which the
margin is lower than CTl,. Hence, the efficiency of new
method which is based on IG terminal voltage, can be

approved.
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Fig. 5. Relay operating curves and CCT curves for
fault throughout the lines. (a) Operation of R30 for
fault in L11 without considering CCT. (b) Operation
of R30 for fault in L11 with considering CCT. (c)
Operation of R29 for fault in L10 without
considering CCT. (d) Operation of R29 for fault in
L10 with considering CCT.

5) Conclusion
In this paper, a terminal voltage based method is

proposed for stability study of 1G. To achieve this goal
analytical method for CCT calculation is used for fault in
all buses and lines of grid. The electrical torque of IG
calculated as a function of rotor slip using the equivalent
circuit of 1G and network. Then, a new model is derived
for representing the relation of CCT versus terminal
voltage. the model is used to formulate OCR coordination
algorithm considering stability constraints. By optimizing
the pickup current of relays the appropriate curve of relay
is selected proportional to CCT curve to satisfy the
stability constraint. The proposed method is applied to
two samples network and the results demonstrate the
accuracy of new analytical method for CCT calculation.
Also, the results show the efficiency of the new
coordination algorithm in considering the stability of 1G.
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6) Appendix

The parameters of I1Gs in two case studies are listed in
Table 1V and also, transformer’s parameters are listed in
Table V. The line impedances in the simple network are:

Zi1=2Z12=213=0.124j0.3Q

The capacity of loadl and load2 are 2MW and 1MW,
respectively.

Table IV. The parameters of IGs in the sample
networks

parameters Simple network IEEE 30bus
capacity 2MVA 1IMVA
voltage 690v 11kv
Rs 0.048 p.u 0.04 p.u
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Xs 0.075p.u 0.08 p.u
Rr 0.018 p.u 0.024 p.u
X 0.13p.u 0.14 p.u
Xm 3.8p.u 3.67 p.u
H 1.5s 1.06s
Xe 4p.u 4pu

Table V. The parameters of transformers in the
sample networks.

parameters Simple network IEEE 30bus
capacity 3MVA 1.25MVA
Rt 0.02 p.u 0.01 p.u
Xt 0.1pu 0.05p.u
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