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Abstract

The transient ensrgy function methoed 1is wused to determine the
critical clearing time of a power system. In this method, the critical
enargy is determined in terms of the rate of change ¢of kinetic energy.
For fast computation of critical clearing time, angles and speeds of
system generators are predicted through Taylor series expansion.

Barly computed c¢ritical clearing tima is used for choosing the
proper failure time of backup protection, to prevent both of system
instability and false triping of protective relays.

The proposed algorithm is applied on two power systems.The first
system is used for comparing results, while the second represents Dslta
region of unified power system of EBgypt.

1. INTRCDUCTION

Considerable progress has been made in power system transient
stability analysis using transient energy function {TEF) method
[1,2,3).The transient energy function{V) consists of two components:
kinetic energy {(Vke)} and potential energy {Vpe). When the power system's
eguilibriuvm is disturbed, there is an excess {or deficiency) of ensrgy
associated with synchronous machines, setting them to move or swing away
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from equilibrium. The power system ability to absorb excess energy
depends largely on the post-fault system configuration [2]

The basic idea of the TEF method is to compare two values of
transient energy. One is called c¢ritical wvalue (Ver) which is the
potential energy at the unstable equilibrium point (ygP).
The other value is the energy at the end of disturbance. The time at
which the value of TEF is equal to Vcr, is the <c¢ritical c¢learing time
(CCT). Comparing with the method of digital simulation of system
dynamics, the TEF methed has. a short consuming time for determining the
cct [1,3]. .

Several methods have been proposed to determine the critical
enerdgy. One method is based on computation of TEF at a particular VUEP
[1,2].This requries knowledge of generateors rotor angles (with respect
to COA refrence frame) for all the UEP's. Computationally, this 1is
difficult and the iterative methods used 1in computation may have
convergence proplems.Another method is based on the maximum potential
egnergy. In which,The critical esnergy may be equal to the maxXimum
potential energy component of the TEF along the faulted trajectory. The
drawback of this method is the assumption of constant machine
acceleration (7,9].

Rate cf change of kinetic energy (RCKE) method is proposed for CCT
computation.(3]. In this method, the CCT is the time at which the RCKE
of individual machines reaches its maximum negative value. This method
assumes that, for each machine, the system separates into
one-machine-infinite-bus (OMIB)system.Calculating the OMIB parameters,
for each machine, may take a long time c¢ompared to system transient
time.

This paper proposes a method for determining the critical c¢learing
time of the power system, following a large disturbance,'. using the
rate of change of kinetic energy of the system.The c¢ritical energy is
estimated without determining the UEP. Fast evaluation of critical
clearing time can be acheived through Taylor series expansion,which is
used tc predict the system states (generator's rotor angles and speed
deviations). The estimated CCT is used for determining the appropriate
failure time and ceoordinating margin factor of backup protection.

€. THE POWER SYSTEM MODEL

The power system is represented by a classical generator medel,
where the voltage behind Xd' and mechanical input are constants. The
dynamics of each machine, in center of angle (COA) reference frame, are
represented by the following equaticons [1]:
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where, for generator i

& ,wi = generator's angular position and angular velocity
deviation with respect to COA respectively
Mi = generator inertia constant
Eizd = voltage behind transient reactance
Pmi = mechanical power input
Cij = BEi Bj Bij
Dij = Ei Ej Gj

G.i,Gij,Bij are obtained from the network's reduced Y-matrix

2.1 The Transient Energy Function

Associated with egn. {1) the energy function V describing the total
system transient energy is always defined for the post-disturbance
of the system,is given by [2]:
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where @is (izi~n) is the angle at stable equilibrium point (SEP). The
first term in eqn. (3) represents kinetic energy and the remainder of
the terms constitute the potential energy of the system. The last term
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is a linear trajectory approximation for the path dependent integral
component of the transfer conductance {21.

2.2 Prediction of System States Through Taylor Series Expansion

The Taylor series expansions for generator rotor angles and angular
velocity deviation can be expresased as follows [8]:

2 3
o t
2 (t) = 6 (0) + 9‘{“ t 4+ e.t;?) =+ efsj = ...
L i L i 2! i 3!
(4-a)
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the prefault angle of generator i with respect to COA
the m :h derivative of & at t=0

where &i{o)
e

At t > tel, the post-fault network parameters are used 1in eqn.
{4-a). In this case:

gilo) = enltet)
(o {4-b)
& = wif{tel)
and other derivatives are calculated at tel. The expressions for the
coafficients of faulted,as well as,; post-fault system are given in
Appendix 1.

Eqgn.{4) predicts the system states accuratesly for a duration time
of 0.470.5 s, considering ‘terms up to 4th order derivatives [4].
However, if prediction of system states for longer duration is desired,
a second or multistep TSE in both the fault, as well as, post-fault
periods may be used, 1f necessary.

3. RATE OF CHANGE OF KINETIC ENERGY (RCKED

~From eqn.(3), the system kinetic energy is

von o 1 z' :
VKE = . : ¥oow (5)
L=
Differentiating egqn. (5} with respect to time, the RCKE of the
" Bystem is

Fo I
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Substituting egn.(1) into egn.{6) gives
tal
RCKE =T w [ P - P - (M /M) Pcoa ] (7)
1 1 ol L T

t=1

This RCKE explains how the system disturbing kinetic energy is
absorbed and converted into potential form.In disturbed system, more
disturbed generators may or may not lose synchronism with the rest of
the system, depending on whether the potential energy absorbing capacity
of the network, is adequate to convert the transient kinetic energy of
the system at the end of the disturbance into potential energy or not. .

Since the total energy {(t > tet) is constant, it is clear that
RCKE = dVxe/dt = - dVee/dt ) (8)

Henc¢e Vee can be obtained by integrating egn. (8) with respect to time.
This gives

tecl
VpE = —of {RCKE) dt {(9)

R.H.8 of egn. {9} represents the transient VKE at the end of
digturbance.If the fault is kept long enough, the injected kinetic
energy of the system reaches to its maximum value, when tha RCKE valuse
equals zero.Assuming tm is the corresponding clearing tims (Fig.3).

After the removal of the disturbance, ne new transient VKE is
injected into the system. Thus the critical energy Vcr should be equal
to the R.H.5 of egn.({9} at the clearing time tm as follows

Tm
Ver = —Of {RCKE) dt {10)

3.1 An Algorithm for Computation of CCT

The algorithm for computing the critical clearing time by the RCKE

method may be presented as follows:

Step l:using the prefault load flow data, compute the initial state

Step Z:obtain the Taylor series expansions of egn. (4} for the
faulted rotor angle and speed deviation

Step 3:select a clearing time tce,Starting:with a reasonably:ismal) value.
Compute RCKE of the system, using egn.(7), at the instant of
fault clearance

Step 4:If RCKE f 0 increase the clearing time by a suitable increment
and repeat step 3

Step 5:If RCKE =0, record the clearing time. This time is tm, at which
the VKE reaches its maximum value
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using eqn. (1i0)
eqn. (3) and

Step 6:calculate the critical energy Ver,

Step 7:calculate the total energy VvV from compare it

with Ver,obtained from step 6. The time at which V = Ver 1is the
critical clearing time.
4. RESULTS OF STUDY
For the purpose of comparison, the CCTs are calculated using the

classical step by step method, and the RCKE method. The results obtained

are as follows:

4.1 Three~ machine, nine- busbar system (system #1) [5]

The system is shown in Fig.l. A 3-phase t£o ground fault is applied
near busbar 7.1t is clearsd at 0.16 s. Circuit breakers at both ends of
line 5-7 are openedi-for fault clearance.

Fig.2 shows the generators swing curves by simulation and by
application of a single step TSE of egn.{4). For time duration of (.4 s,
the curves obtained by the two methods <c¢oincide. But, for longer

duration, the multistep TSE is requried.

Fig.3 shows the RCKE and the VKE of the system against the clearing

time. .It is shkown that at tm = 0.16 s, the RCKE passes through 2zero
and the area under the curve reaches its maximum value.
The variation of VKE, VPE, and system energy V are also shown in

The critical c¢learing time CCT is the time at which Ver equals V.,
.In this case, CCT is 0.20 s.

Fig.4
as shown in Fig.4

The estimated CCTs using the proposed method and wusing digital
simulation for three faults studied.in this system are given in Table 1.

Table 1,
Fault line Clearing CTT{(s) obtained by
location tripped time tm,s
Busbar betwesan for pProposed digital
no. buses RCKE = 0 method simulation
l

7 5-7 0.16 0.20 0.19

9 6-9 0.18 0.22 0.22

4 4-6 0.28 0.32 0.30

4.2 Five-machine, fifteen-busbar typical power system (system #2)

This system represents the reduced power network of Delta region of
unified power system of Egypt.The system single line diagram is shown in
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Fig.5.1ts data and initial operating conditions are given in Appendix 2.
These data are actual as recorded in Bgypt national load dispatch center
{6]1. The total load of 1711 MW recorded on 15/6/1993, is wused in the
study.

Fig.6 shows the generator angles response for 3-phase fault at
busbar 11 ,with duration of 0.12 s.The fault is cleared by opening one
of the two lines between bushars 11 and 9.

Fig.7 shows the comparison! between simulation method and single
step TSE, when they are used in computation of generator swing curves.
The results are coinciding in the first period of 0.4 s.

¥or the above fault location, the critical energy is computed and
compared with the total energy of the system, as shown in Fig.8. The
c¢ritical clearing time in this case is 0.42 =,

Faults at three different locations are considered in the system.
Table 2 shows the estimated CCTs obtained by the propossd method.

Table 2.
Fauit line tripped CCT obtained
location between by proposed
B.B no. buses method (s)
[
g 9-11 0.38
11 9-11 0.42
13 13-21 0.57

4.3 Case study on a local circuit breaker failure protection

The above computed CCT can be used for detsrmining the limits of CBF
clearing time and coordinating margin factor, for each area of the power
system.

The primary objective of a CBF protection scheme (Fig.9) is to open
all sources to an uncleared fault on a system. To do this efficiently,
the CBF scheme must operate fast enough to maintain systam
stability,prevent excessive equipment damage and maintain a prescribed
degree of service continuity [10]. This 1leads to the necessity of
coordinating the CBF relays with other relays on the system. Fig.i0
shows a flow chart of all of these related factors.

The problem of choosing the proper failure time 1is extermely
complex, involving the effect on the system stability, the type of
relays and the circuit breakers.
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The proposed algorithem may be used to evaluate the CCT of a thres
phase fault at each bus in the grid. The proper setting of the backup
and CBF protection, based on the evaluated CCT and the installed
protection gears operation time, can be cobtained using Fig.10.

5. CONCLUSIONS

A method of estimating critical clearing time for a disturbed
multimachine power system is proposed. For a certain fault location, the
fault clearing time is increased until the injected kinetic energy of
the system reaches its maximum value. This occurs when rate of change of
kinetic energy passes through zerc. The rate of change of kinetic energy
0of the system is used to evaluate the system c¢ritical energy. The
critical clearing time is the time at which the whole system energy
equals the critical energy.

Calculation of critical energy by the proposed method is simple. It
requires calculation of few coefficients, which depend on gquantities
such as angle, speed, power, etc. of the post faulted system. These
quantities can be fast predicted-using Tavlor series expansion.

The proposed method is fast in terms of computation, compared with
one of the existing methods of calculating clearing times (simulation of
system dynamics).

The proposed method can be used as a tool for determining the
failure time setting of backup protection and CBF whers quick
determination of critical clearing time is of interest.
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APPENDIX 1

Coefficients of taylor series expansion [4]
The second and tha higher derivatives of © c¢an be derived by
differentiating egn. (1) with respect to time. These derivatives are
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A =[ C sine +D cose  ]/M
oo L) 1 L) 1j i
B =[] -C cose +D  sing ] /M
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F. . =2D cos o /M (A3)
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APPENDIX 2

For system #2 shown in Fig.5

the line parameters in per unit based on 100 MVA, 220 KV are as
follows

NC SB EB RL AL YC
2 9 10 0004 .0031 0360
2 9 11 0014 .0103 1188
2 9 15 0032 L0235 2708
2 10 11 0014 0103 1188
2 11 12 0024 0177 2045
2 11 22 0043 0312 3601
2 12 13 0007 L0053 0612
A 13 14 Q051 .0259 1580
1 13 20 0162 .080¢9 1246
1 13 21 0111 0561 1170
2 14 17 0023 0172 1981
2 15 16 0013 0094 1080
2 16 17 0032 0234 2701
2 17 18 0020 0099 0606
2 i8 19 0036 0181 1106
2 198 20 0039 0200 1216
2 21 22 0064 0324 1975
2 22 23 0032 0162 0987

The generator internal voltages and their initial angles are given
in p.u by

E 25 = 1.076£9.513°
i 10

E <6 = 1.14729.140°

2 20

E <& = 1.202211.778 °
3 30

E 256 = 1.276.18.480°

& 40
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