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Abstract. In this paper the transient stability of power system is improved by development of an efficient generator tripping approach. Tripping
number of generators is one of the most-used technique at when a serious disturbance lurching the steady sate operation of the power system.
Traditional generator tripping techniques suffered from over-tripping generators beyond the stability requirements. The instability in the power system
is usually followed by some delay to be detected by the system which has been unclear for traditional tripping approaches, resulting in miss-
commitment of tripping generators or unnecessary tripping. As a remedy to this, fuzzy system based rotor angle prediction is proposed to study the
behavior of the fault before when the instability detected by the system. However, fuzzy system prediction has an impressive performance on
nonlinear systems on which the rotor angle attitude is utterly an identical case with nonlinear characteristics. Results obtained by various and
practical simulations exhibit that the stability index of the system improved by less number of tripped generators at the proper time. Simulations are
conducted by MATLAB and DIgSILENT software on a 9- bus system with 3 generators to demonstrate the promised results.

Streszczenie. Przedstawiono metode poprawy stanéw przej$ciowych i stabilno$ci system energetycznego przez ulepszenie wyzwalanie generatora.
Dla poprawy jako$ci tego zatgczania zastosowano uktad logiki rozmytej bazujgcy na przewidywaniu kata wirnika. (Skuteczny system wyzwalania

generatora z minimalnym ograniczeniem bazujacy na ukfadzie z logika rozmytg z prognozowaniem kata wirnika)
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Introduction

Power system stability has been one of the important
issues for years. Another sense, holding the current steady-
state operation mode of the system is a thorny issue which
had drawn long attentions to make the better preventive
and corrective actions to such matter. In fact, any abrupt
violation from the system prescribed operating zone makes
the whole system afflicted by the serious disturbance
consequences, resulting in cascading failure to the system.
As a severe case, the transient of such disturbance can
make this picture even worsen. Therefore, the transient
stability of the system has to be strictly maintained to
prevent the whole system from falling into asynchronism [1].
Stability of the power system can also be referred to an
ability of system, for a given initial operating condition, to
return back to operating state equilibrium after being
subjected to a physical disturbance. [1].

Different methods such as controlling the generator's
excitation, generator ftripping [2], fast valving, braking
resistor, eliminating time, removal of charge and series
capacitors have been reported to improve transient stability
[3]. The combinations of said methods can be also made to
provide better means for improving transient stability [4, 5].

Tripping one or more generators of one group from those
connected to a common busbar, is the simplest technique
for rapid changes [6] of torque’s balance and it is also an
effective technique to manage transient fault [7]. To make a
control scheme in tripping process, one has to be able to
detect the instability of system earlier, and then unleash any
control action. It is known that the best way to follow up the
instability of a dynamic system is by monitoring rotor angle
oscillations which is greatly reflects the future mode of the
system.

Transient instability usually appears as anon-continuous
periodic curve that is due to insufficient synchronizing
torque. It is manifested as the first swing stability. However,
in the large power systems it is also possible that the
transient instability occurs in the later swings, mainly
relating to lack of sufficient damping torque. The most
important form of the large disturbances considered in the
transient stability studies includes faults that usually inject a
large amount of kinetic energy to the power system [8].
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The organization of this paper follows as: at first the
issue of transient stability prediction is described. Then the
applicability of predicting the rotor angle at generator
tripping is expatiated. The proposed methodology to solve
the problem is explained afterwards. Paper ends with the
results and discussions followed by the conclusions to
address the proposed idea.

Problem Description

The problem of transient stability can studied in two
categories of evaluation and prediction [9], Transient
stability evaluation usually focuses on the critical clearing
time (CCT) of the power system in response to a fault. It is
defined as the maximum time after occurrence of
disturbance, during which if the fault is cleared, the power
system can hold the transient stability [9].

There are plenty of methods reported in literature on
how to look at the transient stability evaluation issue, such
as numerical routines for solving the state space differential
equations [10], [11], Direct Methods like energy method
[12], [13], [14] catastrophe theory [15], pattern recognition
techniques [16], [17], neural networks [18] and combined
method of pattern recognition and neural network [19], [20].

In transient stability prediction, the CCT is out of
interest. In this aspect, monitoring of the progress of power
system transient is targeted when occurrence of a
disturbance drew large threat to the operation. The key
question in the realm of transient stability prediction is to
find that the transient swings are finally become converged
or not.

Generally speaking, having prediction on transient
status of power system, will equip one to take the better
control actions at the suitable time. For instance, as a result
of this, some relay operations such as out-of-step blocking
and ftripping, or other control actions may start on.
Moreover, by means of these predictions, the system
planners can identify weak points of their power system for
future developments [21].

The polynomial function expansion method[22] was
proposed on which employed the first several terms in the
Taylor series expansion to predict absolute rotor angles for
future times. The problem arises when the number of
known values is much greater than the required one for
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prediction. Only n+7 known values can be used for nth
order polynomial function. And a high-order polynomial
function expansion method becomes unstable in some
cases [23].

Two methods of polynomial curve fitting and cubic spline
interpolation [23] have also been developed. In this sense, it
was shown that the time of calculating the cubic spline
interpolation method is more than the polynomial curve
fitting method which is important in stability transient online
evaluation. In these methods in the last several terms have
lots of errors where it may even be diverged in some cases.

The numerical routines or state space techniques for
transient stability prediction have found to be inefficient.
These methods are computationally demanding, especially
for on-line dynamic security assessment. Besides, each
execution of these methods usually requires careful
preparation of large input data files. The experienced
operators usually raise this problem. In these methods
when the execution done the rotor angle of the generators
appears at the output. These rotor angles are separately
evaluated. Plotting these diagrams and comparing them
with each other were led to determine the transient stability
status, tripped generators and islanded parts (scenario
description).

As an alternative, the decision tree building algorithm
[24] was developed which usually based on a statistical
analysis that recursively splits the training set into regions of
increasing purity in terms of class memberships. Each split
corresponds to a node of the tree. Starting at the top node,
the tree building process checks every split on every
variable of the input vector. So, a decision tree for transient
stability prediction involves many parameters e.g., rotor
angles and complex input/output mapping functions. This
technique usually requires tremendous processing and
terminal nodes and many training samples. Besides,
forecasting accuracy of the decision tree for transient
stability prediction is usually limited.

It is seen that a computationally efficient method that can
predict the transient stability status without requiring much
input data looks worthwhile.

Generator Tripping based on Rotor Angle

Predicting transient stability status of power system
aimed at better control actions to maintain stable mode of
operation. In order to perform generator tripping effectively,
the instability of the system has to be detected beforehand.

If the synchronism is lost due to transient instability, after 2
to 3 seconds the instability can be obvious. As a lemma, the
generator tripping must be done prior to when instability is
triggered.

When a fault occurs, output power of generator is wildly
alters while the input power is remained still constant, as a
result the synchronism of the system endangered which
finally may push the system into instable mode of operation.

The generator tripping has to be managed efficiently, as
the production of 1 MW required voluminous amount of
money and efforts and involved many technical process to
run up. Meanwhile, the tripping has to be initiated at a
proper time to prevent over and under tripping. For
instance, if the system is strong enough to withstand the
fault there would be no machine tripping. Assuming the
situation where the generator tripping triggered in

unsuitable time. As a consequence, the rotor angle
deviation becomes more and more, requiring additional
generators to be tripped as a way to recover stability.
However, prediction of rotor angle can provide one with
better plan on generator tripping. It meant the least number
of generators would be blown off. It is known that a
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generator falls into instability if the change of rotor angle
outpaced 180°.
Fig. 1 presents a typical fault which has a fault

occurrence time of 0.016 sec,fault clearance time of 0.105
sec. It can be seen that the proper time of generator tripping
was found to be at 0.128sec while the instability detected at
0.878 sec which shows a delay from clearance time. It
brings one to the point that the generator tripping must be
triggered at shorter time after fault clearance and right
before instability detected. This is the case if one has
applied a predictor on the rotor angles. Further, prediction
of instability leads the least amount of generator tripping
which is calculated based on rotor angle.

Rotar Deeree

DIGSILENT |

Fig. 1.Timing subsequence of rotor angle

Fuzzy Based Control System Design
Look-up table based fuzzy system

By assuming a pair of input — output (xb,y?) where p =
1,2, ...,Nand
(1) x5 €U =[ay,B,]x..x[a,B,]cR"
) yPev= [Gy, By] cR
The objective is to design the fuzzy system of f(x) according

to input — output pair. Toend objective, following algorithm
was employed [25]:

Step 1: Definition of fuzzy set

For each [o,B;] where i= 1, 2 , ..... , n. N; the fuzzy
systemis defined as A"i where i =1, 2, ... ,N; as similar for
[ay, By].Ny the fuzzy systemis defined as B where j = 1, 2,
. Ny.

The fuzzy sets for each x; € [a;, ;] must be a Ajiat where
there should bep ,j(x;) # 0

Step 2: Producinglrule

For each input-output pair,(x?,, ...,x5,; y>), membership of
xP. (i=1,2,...,n) in fuzzy sets A and membership of y? in
fuzzy sets B! are defined accordingly. In other words
calculating the y; (xb) andugi(yh).

Step 3: Specialty of degree to produce rule in previous step.
Degree can be defines as:

(3) :
D(rule) = 1_[ HAJ;*(Xgi)HBl* o)
i=1

Step 4: Formation of fuzzy rule base.
Step 5: Creating a fuzzy system according to fuzzy rule
base.
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Fuzzy system prediction

The problem of prediction is when the given values of
x(k),x(k — n),x(k — 2n), ...,x(k —mn), where n, m are
positive numbers, therefore the expression ofk — mn must
be positive, and x(k + n)should be predicted. By means of
the objective of monograph determination which is obtained
from[x(k), x(k — n),x(k — 2n), ...,x(k — mn)] € R*,  to[x(k +
n)] € R. This developed fuzzy system monograph is based
on input—output data.
Letx(1),x(2), ...,x(k) are given. The k-n input-output pairs
are then constructed as:

[x(k —n), ..., x(k — 1),x(k)]

(4) [x(1), ..., x(n), x(n + 1)]

These input—output pairs are used to design a fuzzy
system f(x) which is called the look-up table technique.
Therefore f(x) is used for predicting of x(k + n). Input of f(x)
is [x(k — mn), ..., x(k)] and output isx(k + n).

Fuzzy based rotor angle prediction

In this section,it is intended to predict the nonlinear swing
curve of rotor angle which is expressed by:
®) d2s

MF =P,—P. =P,
where 8, P,, P,, M are rotor angle, mechanical power,
electrical power and inertia coefficient respectively.
In order to curb the rotor angle nonlinearity and very rapid

changes, the fuzzy system should be designed in a way
that more training can now be held. It is also imperative to
reduce previous time data on the system output. However,
this system will have two separate parts on which one of
them perform prediction and the other subsystem used for
training. The proposed subsystems exploit the look-up table
and prediction is also based on previous data from input—
output pairs. Moreover, the fuzzy system is designed by

multiple Fuzzy Inference Engine, singleton Fuzzifier and
center average Defuzzifier. For each pair, the membership
used looks like Fig. 2.

Fig. 2. Membership for each input variable

The fuzzy system must export the order of generator
tripping with prediction of rotor angle after fault clearance
those caused a serious turbulence and risk of instability. To

diagnose these types of fault,lots of methods have been
introduced.

As an overall picture, the procedures of training and
predicting the fuzzy subsystems can be expressed as
following steps:

1. Subsystems 1 and 2 train with times previous data.

2. Subsystem 1 predicts the oscillation of rotor angle in
(T1+k)for each sample until when it reachesT7 and
subsystem 2 trained from online data.
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3. Subsystem 2 predicts the oscillation rotor angle in (T2+k)
in each sample until when reachesT7 and subsystem 2
trained from online data.

4. T1=T1+step_time, T2=T2+step_time (step_time=cte)

5. Returning to the step 2

-

fuzzy
systemPredictor:
multiple Inference

rotor angle at Enging, singleton Squad list
time of (k-mn) B Fuzzifier ,center of units for
average Defuzzifier generator

Ly tripping

strategy

F 4 x
z?[np,_m)
Rotor angle at

time of kx(k) g

o
z(l-[a“‘ (I,})
=AY

- /

Fig. 3. Fuzzy system

Simulation Results

Analyses were conducted on 9-bus, 3-genrator unit and
6-line system, shown in Fig 4.DIgSILENT and MATLAB
software have used to present the proposed algorithm. In
this sense, the fuzzy controller available in MATLAB was
integrated into DIGSILENT software to cover the proposed
approach wholly.
The proposed Fuzzy control structure was drawn in Fig. 3.
In this case, the number of membership functions for fuzzy

system is found by trial and error which was equal to 6, and
in the form of triangle. The fuzzy rules will be fixed and
equal to 36 as the number of rules which are defined when
the controller was designed. Followings are the simulation
results for two type of rotor angle predictor by aid of fuzzy
system.

Fig. 4. single-line diagram of studied network

Table 1. Constant values of generators

Number
unit Of H Xq4
machine (s) (P.U)
1 1 4.775 0.15
2 5 5x0.354 §><1.15
3 3x0.583 §><0.69

Assumption: machine 1 as a slack unit with voltage
of 1.0420°. System's specifications are given in Table 1.
Case [. Fault is 3-phase, occurrence time = 0.01 sec,
clearance time = 0.11 sec and 500m away from 7—bus:

The simulation results are shown in Fig.5 and Fig. 6 for
both of generators 1, and 2 respectively. The rotor angle
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prediction has been monitored and pertinent error prediction

for both units are calculated upon.
Based on the obtained results, the mean squares error

for generator 1 is 7.77 and for generator 2 is equal to 3. 44

degree.
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Fig. 5. A) Rotor angle and rotor angle prediction for generator 1
B) prediction error
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Fig. 6. A) Rotor angle and its prediction for generator 2 B)
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Fig. 8. A) Rotor angle and its prediction for generator 2 B) Error of

prediction
Case II: Fault is 3-phase, occurrence time= 0.01 sec,

clearing time = 0.1 sec, 500m away from 78 —line:
The results are demonstrated in bellow Fig. 7 and Fig. 8.
The mean squares error for generator 1 is 3.46 and for

generator 2 is equal to 6.35 degree.
It is important to say that the best time to perform the

proposed fuzzy based generator tripping control is when the
instability has become completely clear. In this point,
efficient number of tripped generator can be attained
without any interruption.
As an example, let a 3-phase fault with occurrence time
of 0.01 sec, clearance time of 0.15 sec happened at 200 m
from 7-bus, using rotor angle fuzzy prediction, Fig. 9 shows
that the system will be instable unless generator tripping

comes to the picture.
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Fig. 9. Rotor angle after occurring fault

a) Without fuzzy predictor:

Fig. 7. A) Rotor angle and its prediction for generator 1 B) Error of

prediction

If one neglects the fuzzy prediction, as mentioned

earlier, the instability of the system has to be detected
In this case, instability detected at 0.563 sec

first.
therefore at this time generator tripping is triggered. Fig.
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10 shows that though tripping one generator at this time
would be inadequate and system still lies on instable

mode.

o
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Fig. 10. Rotor angle after tripping the generator 2 without fuzzy
predictor

To improve stability, at the time of 0.563 sec, more
generators required to be tripped. With tripping 4 generators
system will be healed up. Fig. 11demonstrates how tripping
4 generators without use of fuzzy predictor can still hold up
the stability of the system.
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Fig. 11. Rotor angle after tripping 4 generators from plant 2
without fuzzy predictor
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Fig. 12. Rotor angle after tripping one generator from plant 2
with fuzzy predictor

b) With predictor fuzzy system:

If fuzzy predictor used integrated with generator
tripping, it may result in preventing instability with
minimum plan of generator tripping at the proper time. If
the synchronism is lost within transient instability,
instability will be popped up few cycles following a severe
fault. In this sense, the generator tripping must be done
before outbreak of generator instability. In this example,
instability detected at 0.563 sec whereas for many
instants the system was instable. To avoid total instability
previously prescribed additional generators to be tripped.
Using fuzzy predictor led one to anticipate the instability
several cycles before power system became instable. As
a result, with less tripped generators, the system returns
back to the initial stable point.

In this simulation, fuzzy system predicts rotor
angles which found to be instable at 0.563 sec. tripping at
0.16 (a moment after fault detected) replaced by 0.563
sec. Consequently, one generator was tripped to prevent
instability. Fig. 12 shows how fuzzy predictor made the
generator tripping quite efficient with only one generator
and the system withstands against the given fault in such
a robust manner.

Conclusion
In this paper, a fuzzy system used to improve the

traditional way of performing generator tripping, aimed at
enhancing the transient stability of the power system.
Generator tripping has been widely used but over-tripping of
the generators has also been reported by many cases. As
an alternative, a fuzzy logic based generator tripping was
proposed. It enabled the system to predict the instabilities
before when it really appeared to the system. This issue
has long suffered the conventional tripping approaches. The
proposed fuzzy based rotor angle prediction has boosted
the conventional tripping approach with robust control
actions and minimum number of tripped generators at the
right time. The improvement in transient stability as well as
obtained results demonstrate the effectiveness of the
proposed technique which can offer plenty of opportunities
for system planner to make use of this efficient approach.

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 9a/2012



Acknowledgements

The authors cordially acknowledge the financial
supports allocated by Khorasan Regional Electric Company
(KREC), Mashhad, Iran throughout this research.

REFERENCES

[11 P.Kundur, J. Paserba, V. Ajjarapu, G. Anderson, A. Bose,
C.Canizares, N. Hatziargyriou, D. Hill, A. Stankovic, C. Taylor,
T. V.Cutsem, and V. Vittal, Definition and classification of
power systemstability, IEEE Trans on Power Sys, 19(2004),
No.3, 1387-1401.

[2] M. Edidiani, M. E. Baydokhty, M. Ghamati and H. Zeynal ,
Transient Stability Improvment Using an Efficient Generator
Tripping Scheme, Canadian Journal on Electrical and
Electronics Engineering, 2(2011), No.7, 313-319.

[3] C.W.Taylor, PowerSystemVoltage Stability (1994),
York:McGraw Hill.

[4] M.Eidiani, M. E. Baydokhty, M. Ghamati, and H. Zeynal ,
Improving Transient Stability Using Combined Generator
Tripping and Braking Resistor Approach, International Review
on Modelling and Simulations (IREMOS), 4 (2011), No.4,
1690-1699.

[5] P.Kundur, Effective Use of Power System Stabilizers for
Enhancement of Power System Stability, in proc.1999 IEEE
PES Power Engineering Society Summer Meeting, 96-103.

[6] J.Machowski, Power System Daynamic and Stability (1997),
NewYork:Wilery.

[71 G.Karady and J.Gu, A Hybrid method for Generator
Tripping,/EEE Trans on Power Sys, 17(2002), 1102-1107.

[8] P. Kundur, Power System Stability and Control(1994), in The
EPRI PowerSystem Engineering Series. New York: McGraw
Hill.

[9] C.W. Liu, M. C. Su, S. S. Tsay, and Y. J. Wang, Application of
a novel fuzzy neural network to real-time transient stability
swings prediction based on synchronized phasor
measurements, |[EEE Trans. Power Sys, 14(1999), No. 2,
685-692.

[10] H. E. Brown, H. H. Happ, C. E. Person, and C. C. Young,
Transient stability solution by an impedance matrix
method,/EEE Trans Power App Syst, PAS-84(1965), No. 12,
1204-1214.

[11] G. A. Jones, Transient stability of a synchronous generator
under conditions of bang-bang excitation scheduling, IEEE
Trans Power App Syst, PAS-84(1965), No. 1, 114-121.

[12] H. D. Chiang, C. C. Chu, and G. Cauley, Direct Stability
Analysis of Electric Power Systems Using Energy Functions:
Theory, Applications and perspective,Proceedings of the
IEEE, 83(1995), No.11, 1497-1529.

[13] A. A. Fouad, V. Vittal, Power system transient stability
analysis usingthe transient energy function method (1992),
Englewood Cliffs, N. J. , PrenticeHall.

[14] M. A. Pai, Energy Function Analysis for Power System
Stability(1989). Norwell , MA: Kluwer.

[18] Z. Wang, V. Aravnthan, E. B. Makram, Generator Cluster
Transient  Stability = Assessment Using Catastrophe
Theory,I[EEE 2011.

[16] P. Yan, A. Sekar and P.K. Rajan,Pattern Recognition
Techniques Applied to the Classification of Swing Curves
Generated in a Power System Transient Stability Study, in
Proc. IEEE Power Engineering Society Winter-Meeting(2000),
493-496.

New

[17] G. Garcia, J. Benussou, and M. Berbiche, Pattern recognition
applied to transient stability analysis of power systems with
modeling including voltage and speed regulation, Proc. Inst
Elect Eng. B, 139(1992), No. 4, 321-325.

[18] V. Miranda, J. N. Fidalgo, J. A. Pecas Lopes, and L. B.
Almedia, Real time preventive actions for transient stability
enhancement with a hybrid neural network-optimization
approach,/EEE Trans Power Syst, 10(1995), No. 2, 1029-
1035.

[19] C. S. Chang, D. Srinivasan and A. C. Liew, A Hybrid Model for
Transient Stability Evaluation of Interconnected Longitudinal
Power Systems Using Neural Network/ Pattern Recognition
Approach, IEEE Trans Power Systems, 9(1994), No. 1, 85-92.

[20] R. Schalkoff, Pattern Recognition Statistical, Structural and
Neural Approach (1992), John Wiley & Sons.

[21] A. A. Grobovoy, Russian far east interconnected power
system emergency stability control, in Proc. IEEE Power
Engineering Society Summer Meeting, 2(2001), No. 15, 824—
829.

[22] K. Matsuzawa, K. Yanagihashi, J. Tsukita, M Sato, T.
Nakamura, and A. Takeuchi, Stabilizing control system
preventing loss of synchronism from extension and its actual
operating experience, IEEE Trans Power Sys, 10(1995),
1606-1613.

[23] G.Karady and J.Gu, A Hybrid method for Generator Tripping,
IEEE Trans on Power Sys, 7(2002),1102-1107.

[24] S. Rovnyak, S. Kretsinger, J. Thorp, and D. Brown, Decision
trees for real-time transient stability prediction, IEEE Trans
Power Sys, 9(1994), No. 3, 1417-1426.

[25] .C. Lee, "Fuzzy Logic in Control System:Fuzzy Logic
Controller - Part 1 and 2,” IEEE Trans on Systems, Man, and
Cybernetics, 20(1990), No. 2, 404 - 435.

[26] M. Eidiani and M.H.M. Shanechi, FAD-ATC A New Method for
Computing Dynamic ATC, International Journal of Electrical
Power & Energy System, 28(2006), No.2, 109-118.

[27] M. Eidiani, A Reliable and efficient method for assessing
voltage stability in transmission and distribution networks,
International Journal of Electrical Power and Energy Systems,
33(2011), No.3, 453-456.

[28] H.Zeynal, A.K.Zadeh, K. M. Nor, M. Eidiani, Locational
Marginal Price (LMP) AssessmentUsing Hybrid Active and
Reactive Cost Minimization, International Review of Electrical
Engineering (I.R.E.E.), 5(2010), No.5, 2413-2418.

Authors: Mohammad Ebrahimean Baydokhty, Gonabad Branch,
Islamic Azad University, Gonabad, Iran, E-mail:
ebrahimean.m@gmail.com; Assoc. Prof. Dr. MostafaEidiani,
Bojnourd Branch, Islamic Azad University, Bojnourd, Iran, E-mail:
eidiani@iau-gonabad.ac.ir ; Hossein Zeynal, Science and
Research Branch, Islamic Azad University, Tehran, Iran,E-mail:
hzeynal@gmail.com; Hossein Torkamani, Gonabad Branch,
Islamic Azad University, Gonabad, Iran, E-mail:
hneiginkvr@yahoo.com;HashemMortazavi, R&D manager,
Khorasan Regional Electric Company (KREC), Mashhad, Iran,
Email:hmortazavi@yahoo.com

*The correspondence address is:
e-mail:eidiani@bojnourdiau.ac.ir

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 9a/2012 271



