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Phasor Measurement Unit Incorporated Adaptive
Out-of-step Protection of Synchronous Generator

Jigneshkumar P. Desai and Vijay H. Makwana

Abstract—The existing out-of-step (OOS) protection schemes
have proven to be deficient in the prevention of significant out-
ages. OOS protection schemes must not operate in stable power
swing, and rapidly isolate an asynchronous generator or group
of generators from the rest of the power system in case of unsta-
ble power swing. The paper proposes a novel phasor measure-
ment unit (PMU) incorporating a polygon-shaped graphical al-
gorithm for OOS protection of the synchronous generator. The
unique PMU-based logic works further to classify the type of
swing once the graphical scheme detects it, which can identify
the complex power swing produced in the modern power sys-
tem. The proposed algorithm can take the correct relaying deci-
sion in the event of power swing due to renewable energy inte-
gration, load encroachment, and transient faults. In this paper,
the original and modified Kundur two-area system with a pow-
er system stabilizer (PSS) is used to test the proposed algo-
rithm. In the end, it provides assessment results of the proposed
relay on the Indian power system during the blackout in July
2012. The results demonstrate that the proposed algorithm is
fast, accurate, and adaptive in the modern power system and
shows better performance than the existing OOS protection
schemes.

Index Terms—Out-of-step protection, phasor measurement
unit (PMU), power swing detection, renewable energy integra-
tion.

1. INTRODUCTION

HE most common and inevitable disturbances of the

power system are usually faults and sudden load chang-
es. These disturbances lead to transient instability depending
on their severity [1]. Power system stability plays a vital
role in the reliable operation of the power system. The distur-
bances cause power oscillations, which are known as power
swings [2]. Power swings can be synchronous (synchronous
generators do not lose synchronism) or asynchronous (syn-
chronous generators lose synchronism) depending on the se-
verity of the disturbances [3]. At the generation side, when
the generator or group of generators is exposed to the asyn-
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chronous power swing, instability may occur, and the genera-
tor experiences the pole slipping, which can cause stress on
the system and pole (coil) [1]. Deep synchronous or asyn-
chronous power swings are accompanied by massive chang-
es in voltages and currents, which pose a serious threat to
power system operation. An unstable power swing may
cause mal-operation of some protection systems, especially
distance protection and under-impedance protection, which,
in turn, may lead to cascaded outages and blackouts [4]. For
reliable operation, the out-of-step (OOS) protection scheme
is provided, which has the following main elements [4]: (D
special protection and supplementary control; @ power
swing blocking (PSB) of distance protection; ) pole slip-
ping protection (PSP) of synchronous generators; 4) OOS
tripping in transmission networks.

Nowadays, the power system integrated with photovoltaic
(PV) generators leads to different transient events. The pow-
er swing characteristics of such a modern power system are
complex compared with those of the power system in which
only a synchronous generator is the primary source of power
generation [1]. The penetration of PV and doubly-fed induc-
tion generator (DFIG) improves the damping of the system,
but up to a certain level. If the penctration of solar PV is
more than 50%, it creates a negative effect on the damping
of the system [5]. The power system is generally protected
against the power swing using the blinder-based OOS protec-
tion scheme.The method measures the change in impedance
AZ to detect the OOS impedance trajectories [6]. The blind-
er-based relay may mal-operate for stable swing unless the
user performs exact threshold estimation [7]. Furthermore,
the blinder-based OOS relays require to improve with differ-
ent renewable penetration levels. The increment of renew-
able power penetration into the existing power system can al-
ter the coherent group of generators, swing frequency, and
impedance trajectory. Furthermore, the increased penetration
leads to timely changes in the OOS protection scheme [8].
The large-scale integration of wind generation changes the
characteristics of power swing [9]. The PSB time delay re-
quires frequent revision with increased penetration of wind
power in the system. Reference [9] addresses the concern of
protection improvements due to the negative impact of wind
power generation, but does not reveal any proposed solution
to the problem.

Reference [10] explains phasor measurement unit (PMU)
application in the OOS protection. It uses direct phase angle
comparison between different locations to identify the OOS
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condition of the generator. However, it does not compare the
proposed method with conventional OOS protection schemes
such as double-blinder (DB) scheme.

Distance relays are most likely to be a pickup under the
condition where the power swing arises on the transmission
line [11]. The PMU signals, along with line inputs, are used
to produce PSB signals under such conditions. The approach
uses normalized minimum positive sequence voltage online
as y-coordinate and positive sequence voltage angle as x-co-
ordinate [11]. It presents a method for the OOS protection of
line instead of the generator. The OOS protection of the gen-
erator is the most important during power swing, because re-
cent advancement in power system moves the swing position
away from the transmission line towards the generator and
generator transformer [12]. Reference [13] presents an adap-
tive OOS relay logic. The angular separation is calculated
and compared with the minimum and maximum angles. It
checks the energy of the rotor simultaneously. Using all the
information, it finds a stable or unstable power swing. Wide-
area monitoring system (WAMS) in the network allows the
real-time angular measurement to determine whether the sys-
tem is going to collapse or remains stable [14]. However,
the method in [14] uses the delays in the tripping of large
generators, which may lead to damage in case of mal-opera-
tion of the scheme. The WAMS in [15] introduces the OOS
splitting protection based on the information of voltage
phase angle at each bus. The paper presents the technique
that is not mathematically complex but relatively simple,
which encourages the use of PMU for the OOS protection.
In addition, the wide-area protection scheme for the preven-
tion of widespread blackout is described in [16], which uses
local signals available for distance relay and global signals
from synchrophasor measurements. It is usually used for con-
trolled islanding. The local and global signals can also be
used to make the correct decision from OOS relays after sud-
den disturbance. Reference [17] proposes wide-area OOS
prediction using an adaptively controlled islanding concept.
A new adaptive OOS protection method is proposed in [17]
and [18]. However, the method used for OOS protection in
[17] and [18] is complex and must be verified with different
levels of renewable penetration.

In this paper, we propose a novel solution, which over-
comes the issues of OOS relay due to the impact of renew-
able integration, the usage of power sysytem stabilizer
(PSS), the fault during power swing, the load encroach-
ments, and the symmetrical faults. The proposed algorithm
identifies the OOS generator or group of generators during
asynchronous power swing events. In this paper, some under-
lying facts are observed during power swing using PMU
measurements, which can detect unstable swing early regard-
less of system changes and configuration. The settings and
threshold of the proposed algorithm do not require frequent
revisions such as blinder-based relay. Thus, the proposed
work significantly improves the OOS relay by providing
pole slipping protection to a generator in the present power
system. Section II explains the underlying facts during pow-
er swing using the mathematical analysis of PMU incorporat-
ed in a graphical OOS protection scheme. Section III ex-
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plains the new algorithm steps and test system. Section IV
shows the test cases for different stable and unstable power
swings due to the symmetrical faults with PSS. In Section V,
the performance of the proposed PMU-based polygon-
shaped OOS protection scheme is described for the line-to-
line (LL), line-to-ground (LG), and significant generator
faults with the stable and unstable swings. A modified Kun-
dur two-area system is used in Section VI to test the perfor-
mance of the proposed OOS relay with the impact of renew-
able energy integration. Section VI also provides assessment
results of the proposed relay on the Indian power system dur-
ing the blackout in July 2012. The comparison of the pro-
posed relay with impedance-based relay and DB-based relay
is explained in Section VII. The result and discussion are
presented in Section VIII. Finally, the conlusion is presented
in Section IX.

II. MATHEMATICAL ANALYSIS OF OOS PROTECTION
SCHEME

The PMU at the generator bus can measure the magnitude
and phase of positive-sequence voltages and currents, local
frequency, local rate of change of frequency, and statuses of
circuit breaker and switch synchronously. Figure 1 shows the
schematic diagram of the PMU incorporated polygon-shaped
0OOS protection system. The advantage of PMU over the lo-
cal measurement is that it can measure an absolute angle re-
garding the global timestamp or pure cosine wave. A posi-
tive-sequence impedance can be measured using PMU data,
and is expressed as:

14
Z/0=""-(, -0, 1
|]|( ) (D

where Z, ¥, and [ are the positive-sequence impedance, volt-
age, and current, respectively; 6 is the relative angle be-
tween V and I; and 6, and 6, are the absolute angles of V'
and I, respectively. In Fig. 1, £, is the frequency of power
generation; and G represents the synchronous generator.

GPS
satellite

Generator bus

System bus T

PMU incorporated polygon-shaped OOS protection system.

Time

Fig. 1.

The expression of a positive-sequence current and a posi-
tive-sequence voltage at the generator terminal is given as:

10 E,/6-E,
X, X+ 2, @)
V40, =E,/6- X120, (3)

where E, is the voltage behind transient reactance of genera-
tor G; E, is the system voltage; J is the changing angle be-
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tween the generator and system voltage; X, is the equivalent
reactance of the generator; X, is the reactance of the trans-
former; and Z, is the system impedance.

Substituting the value of /26, into (3) yields:

V20, -k so-x, 20k
b X+ X X, “
Assume a special condition, where
E,
n=—-"2=1
E, 6]

1£6=cosd+jsin o
From (5), the impedance observed by PMU data in real
time is given by:
n—cosd—jsind
(n—cos §)* +sin*d

2L0=(X,+ X +Z)n X, (6)

From (6), it is clear that # is propositional to J, where J is
the angle between E, and E,, and 6=0, —0,.

If 6=180° during pole slipping, #=180°. Therefore, dur-
ing pole slipping, 8 is given by:

0,-0,=180° 7)

By using (7) during pole slipping, if an absolute angle of
voltage #, reaches 180°, an absolute angle of current 8, ap-
proaches 0°. After 8, approaches 0°, it crosses zero on the
time axis and reaches —180° as shown in Fig. 2.

—~

= 200

<=1 1N

< -200 L L )

~ 200

oo NI L

< -200 - - .

~ 400

¢ 11

S 400 k ‘ ‘
0

5 10 15
Time (s)

Fig. 2. 6,, 6,, and 6 in variation with time during an event of unstable
power swing.

At the time when the swing center arises near the genera-
tor transformer unit (GTU), there is a sudden change of fre-
quency f. If the rate of change of frequency df/d¢ exceeds
the threshold value, the generator may fall apart from the
significant loads or the generator may fall apart completely
[19]. In this paper, the threshold value of df/ds is set to be
1.5 Hz/s, which is dependent on the maximum permissible
unbalanced power through the synchronous generator and dff
dt relay settings. The value of df/d¢ is calculated in this work
using (8) at terminal G, by allowing the maximum possible
unbalanced power, which must produce the frequency varia-
tion less than the permissible range for grid frequency [20].
The permissible limit considered in the setting is +3% refer-
ring to the Indian power grid code.

df Ps-P

de  2S;H;
where P, is the output power of generation; P, is the power
load; f; is the rated system frequency; S, is the generator rat-

ing; and H; is the inertia constant of generation plant.
The impedance trajectory of the power swing that passes
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120° is generally not recoverable [12]. An associate genera-
tor breaker (GB) gets much stress with the OOS tripping
from 120° to 180°. The switching of breaker after 270° pro-
duces lower stress on the GB.

Consider E,=E, (n=1) in (6) for the visualization of im-
pedance trajectory, as shown in Fig. 3. In Fig. 3, point A is
the intersection point between the right slope 2 R, , with
horizontal line of resistance axis (X =0); point B is the inter-
section point between the right slope 1 R, with horizontal
line of resistance axis (X =0); point C is any point on the
maximum reactance reach of the inner polygon; point D is
any point on the maximum reactance reach of the outer poly-
gon; D, and D, are the power swing angles at points A and
B, respectively; and L, and L, are the left slopes 1 and
2, respectively. The actual swing characteristic differs from
the special conditions. Thus, to detect the sophisticated and
unusual swing in the case of PSS and increasing renewable
penetration, a new polygon-shaped graphical characteristic is
designed. The Kundur two-area system is considered as a
test system in this paper, and its details are given in Appen-
dix A [21]. The multi-band (MB) PSS with simplified set-
tings, i.e., IEEE type PSS4B according to IEEE Std 421.5,
works as PSS in the test system as shown in Fig. 4.

4

System slope i

S
>< 5
leopeZ :
-4 -2 0 2 4
R(Q)
Fig. 3. Polygon-shaped graphical characteristic of proposed algorithm.

Power transfer

Fig. 4. A Kundur two-area system (test system).

III. PMU-INCORPORATED POLYGON-SHAPED OSS
PROTECTION SCHEME

Figure 5 shows the flowchart of proposed PMU-incorpo-
rated polygon-shaped OOS protection scheme, and the pro-
posed algorithm is as follows.

Step I: at the generator bus, PMU continuously measures
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the impedance ZZ6. If the impedance trajectory crosses
from the right slope 2 to 1, the timer starts and calculates
T,. For visualization, refer to Fig. 3.

Step 2: if T\ 2T, where T, is the delay time, it indicates
slow power swing due to sudden load change, load encroach-
ment, or any other system power flow changes. If 7|, <T,, it
indicates fast power swing due to the fault.

Step 3: the graphical algorithm checks that either Z/£6
passes through the system slope or it passes the left slope 2
from the right slope 2. It simultaneously checks whether 6>
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270° using PMU. For the visualization of this condition, re-
fer to Fig. 3. If both conditions explained in Step 3 are satis-
fied in real time, the OOS pick-up condition is detected. The
OOS tripping will be declared after Step 4.

Step 4: using PMU measurements at generator bus, the al-
gorithm checks the following conditions: (D df/d¢>; (where
j is the threshold value of df/ds, and for the test system, j=
1.5 Hz/s); @ V£, crossing zero; 3) 1./6, crossing zero;
and @ @ passing the left slope 1.

From polygon characteristic ‘

Calculate passing time 7'

T,>T2

Power swing

Is 0, crossing zero?

D;ﬁ érzn N (fromright slope 2t 1) | | |Yes=1:No=0| | detected
generator bus ||| Is ZZ0 crossing system slope?
Yes=1;No=0 or
V0 Calculate| | | Is Z.Z0 crossing left slope 1?
! 7.0 Yes=1;No=0
120,
|| Is Z £ 6 crossing left slope 2?
Yes=1;No=0 ’—l
Ll Is 0>270°7 and
Yes=1;No=0
dfidr —| ISYCZd:t Tl i\SIOI'I:Z/S? Unstable swing
: and and 008
V0, — Is 0, crossing zero? condition
! Yes=1;No=0 detected

126, — Yes=1;No=0

Fig. 5.

Finally, the OOS tripping declares if Step 3 and Step 4 are
correct. Table 1 gives the setting and its calculation proce-
dure for polygon-shaped characteristics using G, data of the
Kundur two-area system, where Z,, Z,, and Z, represent
zone 1, zone 2, and zone 3, respectively; Z, is the total im-
pedance between generator to system; D, and D, are the en-
tering angles at right slopes 1 and 2, respectively; f,,, is the
slip frequency; and f, is the nominal frequency.

TABLE I
SETTINGS OF POLYGON-SHAPED CHARACTERISTICS

Setting Value Calculation procedure
Radius of Z, 0.4253 Q 80%Z ;5
Radius of Z, 0.6380 Q 120%Z 55
Radius of Z, 1.0633 Q 200%Z 5
Xy 0.73315 Q Transient reactance
Distance of point A 2Q Inside the maximum load
Distance of point B 0.79911 Q From point A, inside 35°
Distance of point D 1.46665 Q 2X,
Distance of point C 1333 Q From point D, inside 30°
Slope of lines A and B tan 60° At system line slope angle
X 0.3 Q From rating
Z, 281 Q Assuming healthy system
T, 0.025 s (B2=Do],
s Suip X 360°

Flowchart of proposed PMU-incorporated polygon-shaped OOS protection algorithm.

IV. IMPLEMENTATION AND TESTING OF PROPOSED
ALGORITHM

The three-phase short-circuit fault has been created just be-
fore GTU, as shown in Fig. 4. In this first event, the fault is
removed before the critical clearing time (CCT) of the sys-
tem. The results of the impedance trajectory in this case are
shown in Fig. 6.

4r )
Swing center

2t
< of
S

)

Point of equilibrium
-4 -2 0 2 4

R(Q)

Fig. 6. Impedance trajectory of stable power swing due to swing center
arising near GTU of G,.

In the next event, the fault is removed after the CCT and
the system becomes unstable, which is shown in Fig. 7.
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Fig. 7. Impedance trajectory of unstable power swing.

A. Event 1: Fault Removed Before CCT

The CCT for the three-phase fault located in Fig. 4 is
0.225 s, which is found by a simulation study. At =0 s, the
impedance point is outside the right slope 2. After 0.004 s,
the impedance trajectory crosses the right slope 2, and in the
next 0.003 s, it crosses the right slope 1. Thus, Step I of the
proposed algorithm is satisfied, and the timer calculates the
time 7. The result 7=0.0036 s<T7, indicates a fast power
swing from Step 2. After the fault clearance, the point comes
right back near the previous load point after 0.25 s. The al-
gorithm verifies that 6 is crossing 270° after the fault is
cleared, as shown in Fig. 8, and thus, the OOS pick-up is an-
nounced. Figure 6 shows the impedance trajectory.

200° (during fault)

Pole slipping

0 2 4 6 8 0 12
Time (s)

Fig. 8. Stable system after pole slipping.

Step 4 decides whether this complex swing is stable or
not. In this event, conditions (2)-(4) of Step 4 are satisfied
but (1) is not satisfied. Hence, the OOS blocking is detected,
and no tripping is announced. Step 4 identifies it as a stable
power swing. The decision taken by Step 4 is verified as the
system gains its equilibrium as shown in Fig. 6.

B. Event 2: Fault Removed After CCT

In this event, within 0.02 s after the fault, the swing pass-
es the right slope 2 to the right slope 1 and moves back by
crossing the left slope 1. The timer calculates the total time
T=0.0036 s<T,, and therefore, Step 2 indicates it as fast
power swing due to the fault. Step 3 of the proposed algo-
rithm is satisfied very quickly in this event, and the OOS
pick-up is announced. Now, Step 4 decides the type of pow-
er swing. From Figs. 7 and 9, it can be observed that condi-
tions (1)-(4) are satisfied. Finally, the OOS command is sent
to the GB for rapid disconnection. It is interesting to note
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that the actual loss of synchronism due to angle separation is
3.92 s after the fault, but the proposed algorithm detects it 1
s before. Early detection is beneficial for decision-making to
other relays, which are in co-ordination with the OOS relay.
The decision is verified correctly as the diameter of the
swing trajectory keeps on increasing as shown in Fig. 7.

5 64
S = 621 P W W
L N
e o p—
£ 58 k k
g1
| |
30
e
3
\_1 "
=) 1 2 3 4 5 6 7

Time (s)

Fig. 9. Frequency and df/ds detection in variation with time.

V. TESTING OF PROPOSED ALGORITHM FOR LG, LL, AND
THREE-PHASE (LLL) FAULTS AND SWING CENTER ARISING
INSIDE GENERATOR

Different faults at a given location in Fig. 4 have different
CCTs. The proposed algorithm is tested for LG, LL, and
LLL faults at a given location. The CCTs are 0.7 s, 0.4 s,
and 0.225 s for the LG, LL, and LLL faults, respectively.
We simulate the swing center inside the generator by creat-
ing a 3-phase fault at the terminal of the generator.

Figure 10 shows the rotor angle deviation ¢ for different
power swing conditions due to the LG, LL, and LLL faults.
The rotor angle deviation increases as the fault clearing time
increases, and for the fault removed before the CCT of the
system, the deviation is less than 2.5 rad, which finally
achieves the rotor angle stability with the action of PSS.
When the LG, LL, and LLL faults are removed after the
CCT, the rotor angle deviation is too high, which results in
the first swing instability under the action of PSS.

3.0¢
2.5¢
2.0f
1.5
1.0+
0.5}

Rotor angle Rotor angle stability

instability

-0.5E
-1.0

Rotor angle deviation (rad)

Time (s)
-0y, (stable); —d;;; (stable)
"0y, (unstable); — J;;; (unstable)

- -0, (stable);
- -0, (unstable);

Fig. 10. Rotor angle deviation during power swing due to LG, LL, and
LLL faults.

The rotor angle deviation is too high, which results in the
first swing instability under the action of PSS. From Fig. 10,
it is clear that LLL fault near the GTU of G, significantly af-
fects the rotor angle stability and provides very less control
margin compared with LL and LG faults near the GTU of
G,. Thus, the design of the OOS protection requires to con-
sider the three-phase fault near the GTU of G, carefully. Fur-



DESALI et al.: PHASOR MEASUREMENT UNIT INCORPORATED ADAPTIVE OUT-OF-STEP PROTECTION OF SYNCHRONOUS GENERATOR

thermore, the analysis of different power swings due to LL,
LG, and LLL faults also shows that the speed variation of
the generator has less margin in case of power swings than
the transient faults. Table II shows the results of all cases of
faults. Table III presents the settings calculated for DB
scheme for comparison with the proposed algorithm.

TABLE 11
COMPARISON OF PROPOSED ALGORITHM AND DB SCHEME IN DIFFERENT
TRANSIENT EVENTS WITH ACTIVE PSS

Event DB decision  Proposed algorithm
LLL fault (stable swing) Incorrect Correct
LLL fault (unstable swing) Correct Correct
LG fault (stable swing) Incorrect Correct
LG fault (unstable swing) Correct Correct
LL fault (unstable swing) Correct Correct
LL fault (stable swing) Incorrect Correct
Swing center in G, (unstable swing) Correct Correct
TABLE IIT
SETTINGS USED IN DB SCHEME
Type of setting DB scheme
Radius of mho element from the origin 1.1Q
Outer right blinder 2Q
Inner right blinder 0.79 Q
Outer left blinder -2Q
Inner left blinder -0.79 Q
T, 0.004 s

VI. PERFORMANCE TEST OF PROPOSED ALGORITHM

The performance test is divided into two parts: (D test un-
der different levels of wind power penetration; (2) test using

Northern region

@ swchor O
e

Allahbad
Sarnath

Fatehpur Balia
Kota Morak Agra

Schedule: (| : N
2220 MW Lo | N
Lo ! AN
2044 MW Lo @ | HVDC N
| Vindh N

Malanpur Badod Gwalior

Mahalgaon

Western region

Schedule: 1192 M
Actual: 3123

|
|
I
|
|
|
Actual: :
|
|
|
|
I

z =
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the real physical system.

For the simulation system, we have designed the modified
Kundur two-area system to find the effect of different levels
of renewable penetration on the proposed OOS relay. Four
identical doubly-fed induction generators (DFIGs) (type-4)
are connected at buses BG1-BG4 such that the total power
flow remains the same from area 1 to area 2 [8]. Figure 11
shows the modification in the Kundur two-area system to in-
ject power from wind power sources (W1-W4) by making
the power transfer the same as the original Kundur two-area
system.

—_—
Power transfer

B1

900 MW |

Fig. 11. A modified Kundur two-area system.

We have provided results by assessing the proposed algo-
rithm on the real Indian power grid, which is shown in Fig.
12 as a simplified system just before the blackout. The Indi-
an power grid experienced the blackout on July 30 (day 1)
and 31 (day 2), 2012. We have used real PMU measure-
ments of [22] and [23], which are shown in Fig. 13. We
have also used the real PMU data collected from data
logged at wide-area frequency measurement system
(WAFMS) at Indian Institute of Technology-Mumbai (IIT-
Mumbai) as the inputs to the proposed relay.

Sequence of events:

@ Bina-Gwalior tripping

North-eastern region

@ Gwalior-Malanpur tripping
(NER)

@ Bhinamal-Sanchor tripping,
loss of the WR-NR tie line
Jamsedpur-Roukela-2 tripping

Salakati

Bongoigoan

@ Jamsedpur-Roukela-1 tripping

@ Gorkhpur-Muzzafarpur tripping,
Schedule: -33 Mw loss of synchronism between
Actual: 95 MW NR to rest of grid

Muzzafarpur

Bhinaguri Birpara

Pasauli

---- Not in service
In service

Eastern region

(ER)

Budhipadar 220 kV line

Schedule: -278 MW
Actual: 2654 MW

HVDC
Badarwati
Schedule: 832 MW
Actual: 975 MW

Southern region
(ER)

Fig. 12. Antecedent condition of Indian power grid on July 30, 2012.

HVDC
Talcher-Kolar

400 kV line

—<} HVDC line

Schedule: 835 MW
Actual: 962 MW

HVDC
Gazuwaka
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2 200} — Angular separation between =
= 15}
é Kanpur and Jabalpur 485 2
150+ g’—
[
100k 48.0
50F 475
0 . . 47.0
02:33:08:000  02:33:11:200  02:33:14:400  02:33:17:600
Time
Fig. 13. Real PMU measurement on July 30, 2012.

A. Test at Different Levels of Renewable Power Penetration

The CCT of the system at the given location for three-
phase fault keeps decreasing as the penetration of wind pow-
er increases. Table IV shows the tripping time with different
levels of penetration. The impedance trajectory for different
levels of penetration is shown in Fig. 14. The details of
DFIG (type-4) are available in [24]. The proposed algorithm
performs perfectly well under renewable integration. The pro-
posed algorithm shows better performance when the system
becomes weak due to significant renewable power injection.
The changed path of impedance trajectory with the incre-
ment of renewable power does not require to change the
threshold and slopes in the proposed algorithm.

TABLE IV
TRIPPING TIME OF PROPOSED ALGORITHM WITH DIFFERENT LEVELS OF
RENEWABLE POWER PENETRATION

Penetration level (%) Swing due disturbance Tripping time (s)

7.6 Stable swing No tripping
14.1 Stable swing No tripping
21.2 Unstable swing 0.160
29.3 Unstable swing 0.060
35.4 Unstable swing 0.025

6 — Penetration level of 35.4%
— Penetration level of 28.3%
4l — Penetration level of 21.2%

— Penetration level of 14.1%
Penetration level of 0-7.09%

X(Q)
(=)

6 4 2 0 2 4 6

R (Q)
Fig. 14.
tration.

Impedance trajectory at different levels of renewable power pene-

The power swing characteristics are influenced by renew-
able power energy sources (RPESs) and exhibit an unstable
internal impedance. Also, the intigration of RPES has altered
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the reactance and resistance reach, as shown in Fig. 14. This
is due to limited current amplitude, current frequency offset,
and controlled current phase angle due to inverter-driven
sources, which are different from the synchronous-generator-
based sources.

B. Test Using Real Physical System

The different successive disturbing events on July 30,
2012 to the Indian power grid result in a blackout. It is ob-
served that before the blackout, the number of transmission
lines is not available, or in forced or planned outages, or
kept out to control high voltages. The out-of-service lines
are shown as dotted lines in Fig. 12. The number of out-of-
service lines results in a weak inter-region transmission net-
work with high demand in the NR. Figure 12 shows 220 kV
lines in green color, 400 kV lines in purple color, and se-
quence of events with numbers. Also, Fig. 12 shows the con-
dition before the disturbance with the scheduled and actual
power flows between different regions of the Indian power
grid. It can be observed that the grid is under stress condi-
tion before the blackout. Before complete area separation be-
tween WR-ER-NR to NR, the events are described as fol-
lows [23]:

1) Event 1 at 02:33:11:907 a.m.: 400 kV Bina-Gwalior-1
line tripping because of zone 3 tripping and 220 kV Gwalior-
Malanpur-1 transmission line tripping, which causes Malan-
pur and Mehgaon loads to be fed from the NR system.

2) Event 2 at 02:33:13:438 a.m.: 220 kV Bhinmal-San-
chor line tripping on zone 1 due to power swing.

3) Event 3 at 02:33:13:927 a.m.: 400 kV Jamshedpur-
Rourkela line 2 tripping on zone 3 distance relay.

4) Event 4 at 02:33:13:996 a.m.: 400 kV Jamshedpur-
Rourkela line 1 tripping on zone 3 distance relay.

5) Event 5 at 02:33:15:400 a.m.: 400 kV Gorakhpur-Mu-
zaffarpur circuit 2 tripping on power swing.

The above sequence is shown in Fig. 12 with its location
in the Indian power grid. The assessment of the proposed al-
gorithm for the above events is described as follows.

Step I: considering the NR end at 02:33:15:400 a.m., on
400 kV Gorakhpur-Muzaffarpur circuit 2, the measured
phase voltages are 123 kV, 116 kV, 115 kV, and currents are
242 kA, 2.48 kA, 2.45 kA for the red-yellow-blue (RYB)
phase, respectively. The calculated impedance for the control
area at the NR end at this time is in order of 0.65 Q. Hence,
the impedance crosses the right slope 2 to 1 in the proposed
relay.

Step 2: it detects the power swing due to load change at
02:33:15:400 a.m. due to slow trajectory which is reaching
to the system slope.

Step 3: 8>270° from PMU measurement is not satisfied
at 02:33:13:996 a.m. as the angle difference of WR-ER-NR
to NR does not exceed 270°, as shown in Fig. 13. The phase
difference less than 270° implies that the relative angle 6
does not exceed the set value, neither, which means that till
02:33:13:996 a.m., the proposed algorithm is immune to trip
the control area of NR at 2:33:13:996 a.m., which is the de-
sired operation. At 2:33:15:996 a.m., 8>270° is satisfied,
and Step 3 announces the OOS pick-up as per the proposed
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relay logic.

Step 4: it is explained with each condition as follows.

1) df/d¢t>j (considering j=1.5 Hz/s) is true at 2:33:11:800
a.m., because as per our test, by using real measurement da-
ta logged at WAFMS of I[IT-Mumbai, df/d¢> 1.5 Hz/s is trig-
gered at 2:33:11:800 a.m. on the NR end.

2) VZ£8, crosses zero at 02:33:15:400 a.m. on the NR end.

3) 1£6, also crosses zero at 02:33:15:400 a.m. on the NR
end.

4) 0 crosses 270° at 02:33:15:400 a.m. on the NR end.

As per the proposed algorithm, the OOS condition is iden-
tified at 02:33:15:400 a.m. for NR. The inquiry report has al-
so found that the actual separation of NR from WR-ER-NR
occurrs at around 02:33:15:542 a.m. [23].

VII. COMPARISON OF PROPOSED ALGORITHM WITH
EXISTING ONES

The proposed algorithm shows excellent reliability as it us-
es a balanced combination of direct and indirect measure-
ments for power swing detection compared with the existing
schemes such as the DB and impedance-based schemes. Ta-
ble V shows the contribution of the proposed algorithm in
terms of performance compared with the existing ones. The
impedance-based scheme alone is highly unreliable under
the present power swing conditions. If the relay reach of the
impedance-based relay is set high, it may trip for stable
swing, and if the relay reach is set too small, it is mal-oper-

1039

ated for unstable swings [21]. In the modern power system,
the resistance and reactance reaches are subjected to the vari-
ation of renewable integration based on the analysis of Fig.
14. The DB scheme is less reliable as it is based on a blind-
er, which measures the rate of change of impedance. Howev-
er, the rate of change of impedance is variable when the sys-
tem uses PSS. The results of Table II indicate that the DB
scheme is not much reliable. Also, both schemes are not
adaptable for the same reason as discussed above. For the
comparison of the accuracy of the proposed relay and exist-
ing ones, we have considered three criteria: (I) detection of
swing; (2 time of OOS detection; 3) detection at other plac-
es of generator location. According to the above three as-
pects, the impedance-based relay performance is inferior and
mal-operated frequently [21], where the DB scheme is better
than the impedance-based scheme for the detection of unsta-
ble power swing. However, the DB scheme is mal-operated
for a stable power swing as per the results of Table II. The
results of Tables II and IV show that the proposed relay is
accurately operated just before the actual loss of stability.
The impedance-based method has no provision to identify
symmetrical fault from power swing [21], wheras the DB
and the proposed algorithm have the ability to identify three-
phase fault from swing. However, the results in Table II
show that the DB scheme is not that accurate due to its exist-
ing methodology. Further, the effect of PSS does not affect
the performance of the proposed algorithm.

TABLE V
PERFORMANCE COMPARISON OF PROPOSED ALGORITHM WITH EXISTING ONES

Algorithm or Performance
scheme Reliability Adaptability Accuracy Detection of symmetrical fault Detection of fault during swing Effect of PSS
Impedance-based Less Not adaptable Less Not accurate Not possible More
DB Average Not adaptable Average Not accurate Not possible More
Proposed Excellent Adaptable Excellent Accurate Possible Not affected

VIII. RESULTS AND DISCUSSION

The effect of the LG fault on CCT with different levels of
penetration is shown in Table VI.

TABLE VI
EFFECT OF RENEWABLE POWER PENETRATION ON CCT OF SYSTEM FOR LG
FAuLT
Penetration level (%) CCT of system (s)
0 0.60
8 0.55
36 0.41
52 0.20
58 0.15
62 0.15

The CCT of the LG fault is significantly reduced with
50% renewable power penetration. The proposed algorithm
produces the correct OOS tripping when the system becomes

unstable due to the reduction of CCT, and remains immune
when the swing is stable at the same fault duration with dif-
ferent levels of penetration. The proposed OOS algorithm
adapts the renewable power environment and detects unsta-
ble swing faster compared with the system without renew-
able power penetration.

The LG fault more than CCT is applied near GTU of Gl,
as shown in Fig. 4. The proposed algorithm gives a decision
after 0.32 s of fault clearance wheras the actual loss of syn-
chronism occurs after 1.82 s of fault clearance. The DB
scheme detects it faster than the proposed algorithm, less
than 0.1 s of fault clearance. However, the algorithm needs
to take enough time to decide the swing nature. The OOS
triping signal must be sent to the generator before the actual
loss of synchronism occurs. Thus, there will be available
time for the island action. The DB scheme gives false trip-
ping for stable power swing produced due to transient LG
fault. The proposed algorithm proves to be reliable here and
does not produce an OOS tripping signal in a stable power
swing event. Figure 15 shows the impedance trajectory in
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the proposed algorithm and DB scheme, respectively, for an
unstable power swing due to LG fault.

X(Q)

R(Q)
(a) (b)

R(Q)

Fig. 15. Impedance trajectory for LG fault in proposed algorithm and DB
scheme of unstable swing. (a) Proposed algorithm. (b) DB scheme.

Figure 16 shows the unstable impedance swing due to LL
fault that arises near GTU of G, and reverses its direction,
which seems like the stable swing. The previous confusing
power swing of the LL fault is due to the effect of PSS
working during the fault. For the stable power swing pro-
duced due to LL fault, the DB scheme gives unreal opera-
tion, and the proposed algorithm gives a correct decision.

4r System impedance
— GTU impedance
— Generator impedance
2t
S o
=
21
-4 2 0 2 4

R(Q)

Fig. 16. Impedance trajectory for LL fault of unstable swing.

Figure 17 shows the rotor angle oscillations of generator
G1 compared with G2, G3, and G4 that are not separated.
The system achieves stability after the LL fault, and no loss
of synchronism occurs. The proposed algorithm issues no
OOS tripping signal and DB scheme issues a false tripping
command, as shown in Fig. 17. The system, which is stable
with 0% to 14% renewable power penetration, becomes un-
stable with 14% to 35% renewable power penetration for the
same disturbance at the same location. The proposed relay
gives the correct OOS tripping signal under unstable power
swing after 14% renewable power penetration, and remains
immune for stable power swing up to 0% to 14% penetra-
tion levels.

The swing center that arises inside the generator is simu-
lated by applying a three-phase fault at the terminal of gener-
ator 1. The swing trajectory is somewant more dangerous
when arising inside the generator, and therefore, the pro-
posed algorithm detects it faster. The fault is applied at 2 s.
The proposed algorithm gives the trip command after 0.106
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s of fault clearance, and the actual loss of synchronism is af-
ter 0.525 s. Figure 18 shows the comparison of OOS trip-
ping time of DB scheme and the proposed algorithm. The
DB scheme is not able to handle the severity of the fault. It
takes more time in this case and gives OOS tripping after
0.558 s. The assessment of the proposed algorithm using re-
al field data shows that the proposed algorithm has the capa-
bility to detect the loss of synchronism at the correct time,
which prevents the generators from being damaged due to
power swings.
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Fig. 17.  Untrue operation of DB scheme in stable power swing due to LL
fault.
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Fig. 18. Tripping time comparison with DB scheme when swing center

arises inside generator.

IX. CONCLUSION

The transient events of modern power system with PSS in
use can produce well-damped power oscillations as well as
power swings which are much more challenging to detect.
The PMU-based polygon-shaped graphical logic proposed in
the paper accurately performs the task and detects complex
power swings. The system is able to attain stability after one
pole slipped in some events where the DB scheme mal-oper-
ates. The DB scheme is not reliable with PSS-enabled power
systems or under renewable integration. Further, the DB
scheme requires modifications of blinders and time delays to
operate correctly under different power swing conditions.

The proposed algorithm is advantageous when a synchro-
nous generator or group of generators is/are required to be
protected from unstable power swings. The proposed algo-
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rithm gives faster tripping when different levels of renew-
able power penetration control the unstable power swing.
The impedance trajectory travels more distance from right to
left with the increased wind power penetration for the same
fault type, duration, and location. The result clarifies that the
proposed algorithm is speedy and correct when the swing
center comes inside the large generator. The proposed OOS
relay does not require the revision of settings when system
conditions are changed. The PMU data incorporated with a
novel graphical scheme makes the algorithm adaptive in
modern power system.

APPENDIX A

The system consists of two identical areas connected with
very sensitive tie lines. Each area with two generator unit
has a rated capacity and voltage of 900 MVA and 20 kV, re-
spectively.

The generator parameters at rated capacity and voltage are
as follows: X,=1.8 p.u; X, =1.7 p.u; X;=0.2 p.u; X/=0.3
p.u; X/=0.55 p.u; X,;=0.25 p.u; X/=0.25 p.u,; R, =0.0025
p. u; T4,=80 s Tp=04 s; Tg=003 s; T7=005 s;
A, =0.015 p.u.; Bg,,=9.6 p.u.; y,,;=0.9 p.u.; H=6.5 p.u. (for
Gl and G2); H=06.175 p.u. (for G3 and G4); K, =0.

For each step-up transformer, Z,=(0+j0.15)p.u. for the
900 MVA and 20/230 kV base, and the off-nominal ratio is
1.0 p.u.. For the transmission line, »=0.0001 p.u./km; x, =
0.001 p.u./km; b-=0.00175 p.u./km.

The system operates with area 1 exporting 400 MW to area
2, and the generation units are loaded as follows:

1) Gl: P,=700 MW, Q,=185 Mvar; and E,=1.03 p.u.
(20.2°)

2) G2: P,=700 MW; Q,=235 Mvar; and E,=1.01 p.u.
(10.5°)

3) G3: P,=719 MW, Q,=176 Mvar; and E;=1.03 p.u.
(—6.8°)

4) G4: P,=700 MW; Q,=202 Mvar; and E,=1.01 p.u.
(-17.0°)

The loads and reactive power by shunt capacitors for bus 7
are: P, =967 MW; Q, =100 Mvar; and O, =200 Mvar. For
bus 9: P, =1767 MW; Q, =100 Mvar; and O, =350 Mvar.
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