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ABSTRACT

Stable operation of a power system requires am@ootis match between energy input to the prime nsover
and the electrical load of the system. Any charfdearl demand must be accompanied by a correspgndin
change in terms of the amount of energy prime mguan to the turbine system. When a power sysgem i
subjected to significant transient disturbances, niachine may lose synchronism to the system.idf th
were to happen, the machine’s rotor angle will ugdevide variations, voltage and frequency may dievi
widely from normal valuesThis paper presents the applications of Area-Bdsadsient Stability Indexes
(TSI): COI Angle and COI Speed as a new techniqueualuate the impact of disturbances to power
system stability and to optimize the mechanicaltnmower of synchronous generators in order to gev
transient instability in a power system using Eviolnary Programming (EP) approach. Transient aislys
is carried out using PSEE software on IEEE 118 Bus Test System at systarditons with various types
of loads, static and dynamic. The optimizationtef input power to generator is carried out usiaggient
stability indexes as fithess functions for a thewea IEEE 30 Bus and IEEE 118 Bus Test Systems
respectively. Results obtained from the experimemtaled that the EP approach is able to give éimap
solution.

Keywords: Area-Based Transient Stability Indexes: COIl Angled aCOIl Speed, Optimization,
Evolutionary Programming

1. INTRODUCTION may lead to out-of-step or loss of synchronism due
to the large excursion of generator rotor angle [1]
Transient stability is concerned with the ability[3]-[6]. The system is in a state of transient
of the power system to be in equilibrium whennstability if one or more generators fall out oé[s
subjected to a severe disturbance [1]-[3] such asith respect to the rest of the system [7]-[8]thé
major fault on transmission facilities, large lasfs mechanical input power does not rapidly match the
load or generation. These types of fault may causeelectrical power load demand, the turbine speed of
large amount of kinetic energy being imposed tthe generator will not be at its optimal speed;
the power system, which will result to large flolv o hence, system parameters will be affected,
fault currents and variation of torque experienceffequency and voltage will deviate from their
by the machine concerned. When the differenceominal values. The impact is propagated in the
between the mechanical input power to a generatagespective power system network.
P, and the electrical output powét; is significant,
an unbalanced torque may act on the rotor, which Research carried out on transient stability can
causes the generator to either accelerate be in the form of transient stability assessment,
decelerate. In another word, the generator'which includes analyses on the out-of-step
operating point may oscillate as such its oscdlati condition. Most of power system stability books,
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papers and journals used classical equal aremd split the system network [2], [13]-[21].
criteria based on the accelerating and deceleratihgportant parameters such as angle, speed, power
energiesto analyze an out of step condition.are converted to COI frame to derive a first swing
However, some may monitor the variation ofstability index as an additional output quantitynfr
apparent impedance viewed at a line or generattite time domain simulation [13]. Reference [2] uses
terminals as a function of system voltages anttansient stability index as a new transient sitgbil
angular separation between the systems. It fsrecast, which can predict both transient stapbilit
formulated during a loss of synchronism eithestatus and tripped units. The values of measured
between two system areas or between a generatotor angles in the COI coordinates valugg; at

and a system. Reference [7] applied a modifieghyit clearing time and a few cycles after fault

time domain equal area criterion technique tQlearing time are considered as the input
discriminate between stable and out-of-step swingsformation of the forecast processi & will
4

basgd on the local voltage_ and current 'nformat'ogetermme the chances of saving or losing
available at the relay location while [8] detectad .

..~ synchronism.
out-of-step phenomenon based on the variation 0

resistance, the behavior of the impedance loci. - .
For a large power system it is easier to track the

: . . system stability based on the stability of

Neural network is another method to |dent|fy.y y ) Y
interconnected areas where generators’ rotor angles

the unstable out-of-step based on rotor angle .
IN the system are being assessed based on area [13]

excursion [9]: if the rotor angle of the generator : . )
under study reaches 180° within 1s the system L14]. This reference introduced area-based Center

classified as unstable with a given stability inadéx F inertia (COI) referred Transient Stability Index

. . oo . that represents a group of generators in the
0, otherwise the sample is classified as stabl,jtan ; o
is given a stabilty index of 1. This methodrespecuve area to assess the stability of thesyst

considered three factors: the pre-fault loadinthef focusing on the COl-referred rotor angles. The
- the pr difference between this paper and reference [14] in
generator or the mechanical input povigy, the

generator kinetic energy deviation the instant Ot,rerms of lpower ﬁys_tem sta?!l[ty alglalyss 1S this
fault clearing; and the average acceleration durinpaper evaluates the impact of disturbances in power

%/stem with different types of loads, static and

fault. An out-of-step condition can also be . : .
classified based on the three characteristics ®f tr(]jynamlc loads using Area-Based: TS| COI Angle

separation interface tie-lines [10]: first, the iaet and TSI COI Speed. Nevertheless, reference [.14]
. - focused only on the COl-referred rotor angles. With
power on these lines crosses zero and oscillat

S ) . | COI Speed included in the transient stability
perlodlcally, second, the eX|s_tenc_e of OUt'Of's‘te%nalysis the evaluation becomes more firm to
center point on the separation |n.t(.arface, Whosggnify the dynamic state with the fact that a rirult
voltage fluctuation amplitude is significantly larg

AR . machine system is in synchronism with all the
than th_at of othgr points; third, the reactive POWE 1 achines turning at a constant speed [4]. Hence,
flows into the interior from both sides of the

separation interface. Similarly, reference [11£he transient stability analysis in this paper udels

tracked the changing of the voltage oscillationhe TSI COI Speed of the synchronous generators,

center through synchrophasor measurements g(/)h;glmat the same time reflects the frequency ef th

detect the synchronism loss as an adaptive powe¥

system separation criterion. This paper consists of two parts: first, transient

stability analysis is carried out by studying the

An angular excursion C.)f instantaneous v_oltag% havior of rotor angles in each area of IEEE118
values can be translated into angular velocity ar‘l:c?je

angular acceleration and used to detect an out-gf-- Test System. The stability of this system is
9 - i "Qlirther examined based on the Accelerating Power
step condition [12]. A protective relay that applie

) . - ) and Area-Based: TSI COIl Angle and TSI COI
this concept is more sensitive compared to d'Stan%epeed. Second, an EP approach is used to optimize

relay, which applies impedance variation principle : .
Center of Inertia (COI) reference frame [3]-[5] ISSynchronous_ generator input power using area
. ) ) : " ; based transient stability indexes. In this study,
being widely used in transient stability analysis f . . : S
mechanical input power is optimized to prevent

various specmc_ objective(s) and approaCheﬁansient instability in the system that includes
including to monitor, evaluate and predict system

stability, improve transient stability, optimizealngular instability, _ frequency instability and

. voltage instability. The optimization is based on
power flow, design a controller for S-I-A-I-CO'VI'Area—based: TSI COI Angle and TSI COI Speed.
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The angular and frequency stabilities are governeatiynamic frequency (possibly above or below the
by two fitness functions: TSI COI Angle and TSlsteady state speed) [4].

COI Speed respectively while voltage stability is

being controlled by the constant and control The COI reference transformation defines the
variables. The algorithm is tested using three are@Ol Angle and COIl Speed instead of referring to
system on two test systems: IEEE 30 Bus Teshe angle of a specific machine. The COI reference
System with 6 generators and IEEE 118 Bus Testansformation defines the TSI COI Angle as [14]:

System with 28 generators. gj.fﬂ'i =& — & (2)
Two optimization engines have been developed 5=ivY. 5 3)
to optimize TSI COI Angle and TSI COIl Speed, P o=t

making them a single objective optimization

implemented separately. Results obtained from the Geor = iELLMﬁ[ (4)
experiment revealed that the EP approach is able to ’
give an optimal solution. The comparative studies M. =3T_ M (5)

are conducted with respect to the conclusions
obtained from transient stability analysis on IEE

118 bus test svst ¢ lidate th : hereN is the number of generatdv; is the total
us test system so as 1o validate the accep ‘?‘gystem inertiag is the individual rotor anglef; is
numerical values for system stability analysis -

implemented using EP. the area equivalent rotor angle of each afieg, is
the COI Angle of the system whitas total number
2 AREA-BASED: TSI COlI ANGLE AND Ts| ©f areas in a power system. The COI reference
" COI SPEED transformation defines the TSI COI Speed as:

wf* = E_i' = Weg (6)

4
Synchronism assessment among generators

when the system is subjected to disturbances can be &= EE.}'_l o (7
made by looking into the variation of rotor angle Lo
[2]. The system is not stable if the rotor angleaof
generator increases with respect to the rest of the
system. Similarly, the angular velocity can be
translated to system frequency. For a multi-maching/here ¢y is the individual rotor speedy; is the
system, Area-Based TSI COI Angle and TSI COlyrea equivalent rotor speed aifil,; is the COI
Speed are common transformation used in transiegheed of the system.
stability analysis [4] being derived based on the

swing equation. 3. OPTIMIZATION OF MECHANICAL
INPUT POWER

It is important to analyze the impact of

) ) ) ) disturbances to the power network in order to
WhereM is the moment of inertia of the machide, naintain system stability and to anticipate the

is the electrical power angl&, is the mechanical ¢orrect amount of mechanical power when the
power andP. is the electrical power. system is subjected to large disturbances in daler
) ) . . minimize supply interruption and hence maintain

The indexes shown in equation (2) and equatiogystem stability. Figure 1 shows the general EP

(6) relate to the rotor angle and angular speed ofy|qorithm, which is used as an approach to optimize

particular area of a power grid and are based on @ mechanical input power to synchronous

equivalent inertia representing the total inertla oyenerators in the system, taking into consideration
the generators located in that area. The indevees gne relevant control variables.
y

derived from the classical machine model b
assuming that the dynamic behavior of generators
in the system [3]-[5]. If the indexes calculatedwsh

an out of step condition after the fault is cleatbé
system is considered to be in an unstable condition
In addition, if the multi-machine system is in
synchronism with all the machines turning at a
constant speed, the system frequency is equakto th

— L —
Bepp(t) = T E:lm}ﬁ-‘j‘ (8)

d28
MiZ =P, —F (1)
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during pre-fault, fault and post-fault conditiois

q evaluate the stability of the system, data obtained

Define constant parameters ¥ from the simulationresults were used to calculate

and vasiatiss Solvition the stabilityindexes. If the TSI COI Angle is within

Converges? +180° and the TSI COIl Speed iry low, the

Random initialization to produce . . .

T e e A system is in stable condition; however, if the TSI
fithessiunction Selection and COI Angle exceeds *180° [4], [14]-[15] and the

EEcculute s Sction TSI COI Speed is large, then the system is in an

unstable condition.

Define control variables
Combination

Start evolution process

e fiata e In addition, the Evolutionary Programming
R calouiate fitnace based on the algorithm in Fig. 1 is implemented on
Start mutation a 3 area system that consists of 6 generators with
two generators in each area; &1d G in Area 1,
Figure 1: The EP Algorithm To Optimize The Gs; and G in Area 2; G and G in Area 3. Results
Mechanical Input Power obtained from both methods are analyzed using TSI
Ol Angle and TSI COI Speed.

The problem formulation is based on the twoC
equations derived by [1]: 5. RESULTS AND ANALYSES

- - 1B0AF 1 - . -
0=0p+ fif (1= PErCE Feinsin (wgt + 0)] The processed results obtained from transient
(9) analysis study on the IEEE 118-Bus Test System
are used to validate the acceptable numerical salue
W = wy + ﬁg—(w sinfwgt + 6) for system stability analysis implemented using EP.

(10) 51 pss®E Simulation on IEEE 118-Bus Test
The fitness functions are based on Area-Based System imutat !

TSI COI Angle and TSI COI Speed taking into

consideration the fault clearance time, which pingings from the two case studies of transient
depends on the system voltage [23]. The critenia f%tudy analysis are presented to show the

system stability are the TSI COI Angle must beyjications of TSI COI Angle and TSI COI Speed
W'th'n i.18.0 and the TSI COI Speed is withincage 1 shows the scenario for generators in
certain limit depending on the tolerance of SySterQynchronism. A fault was applied at Bus 49 with a

frequ_ency. With these two constraints, the ﬁtnesf%\ult clearance time of 100ms [23]. Figure 3 to 5
functions for TSI COI Angle and TSI COI Speedi girate the behavior of the rotor angles in each

are formulated. area. All the generators other than Generator 9 ar
in synchronism at each area. The generators’ rotor
angles settled at values which are lower thahi®0
less than 10 seconds with small oscillation while

enerator 49 losses synchronism and its rotor angle
finitely increases.

4. TEST SYSTEM

Two IEEE test systems are used in this pape
IEEE 30-Bus and IEEE 118-Bus test systems. IEE
30 bus test system as shown in Figure Al in the
Appendix consists of 6 generators in 3 Areas, 4 .
lines including 7 tie-lines. |IEEE 118-Bus Test e e coar o
System consists of 28 generators, 118 buses a
186 transmission lines. Figure A2 in the Appendi
shows that this large network is divided into thres

o
S

—B69
—B70
—B74
—B76

j

=)
<]

%DSO " —B80
areas, namely: Area 1 has 13 generators, Area g « VS a— — 87
with 8 generators and Area 3 consists of §* o~ — e —
generators respectively based on geographice £ TV 0 100

——B103

Different types of power plants are modeleg ‘ ity
namely: hydro, coal and gas and they are connect| ¢ 12 3 4 5 6 7 8 9 10 11 12 13 14 15 —BLO
to static loads and/or dynamic loads using PBES et -
software. The characteristic of rotor angle forteac
machine in the respective area withspect to

randomly selected reference machine was plotted

e
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Figure 3: Generators’ response in Area 1for a faatlt
Bus 49 in Area 2 — Case 1.
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Table2: Case 1 - TSI COI Speed at t = 15s for Bus 49
Fault with Dynamid_oad

—di
- — B4l - - -
§ Area equivaient inig fify iy
E —Baf rotar spead {gadfd =314. 1590 = 314.1595 =314.1611
E —B5
2 -
—aG
—BES
Figure 4: Generators’ response in Area 2 for a tatl The stability of the system is further confirmed
Bus 49 in Area 2 — Case 1. by analyzing the graphical illustrations of TSI COI
Generators Rotor Angles in Area 3 for Bus 49 Fault Angle’ TSI COI Sp_eEd_and ACCEIeratlng POWer for
w with Dynamic Load:ref Bus 69 the three areas as in Figure 6 - 8: the graphsSof T
AV AN - COI Angle versus time are at low values, lower
R —=8 | than +18C; the graphs of TSI COIl Speed versus
s mA,J\/\\N\— —es12 | time are converging and similarly with the graph of
L 30 = . .
H ﬁ\\”\/\/—’?;?,— _ s | Accelerating Power versus time.
5 20
E ——B26
10 TSI COI Angle for Bus 49 Fault - with Dynamic Load
0 T T T T T T T T T T T T T T 1 8 15
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (s) — B3l T T ——Tsicol
§ Angle
Figure 5: Generators’ response in Area 3 for a faail g° ~ Areal
Bus 49 in Area 2 — Case 1. %0 N - —TsiCol
<_l 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 Angle
8 -5 Area 2

Table 1 tabulates the TSI COI Angle and TS
COI Speed respectively calculated at 20 second ™ —A\ -~ e
The TSI COI Angle at each area is lesser tha - frees
+18(°, which proves the system is in stabl
condition and reflects that the generators in Atea Figure 6: Plots of TSI COI Angfer Bus 49 Fault with
Area 2 and Area 3 are operating in synchronism. Dynamic Load

Time (s)

TSI COI Speed for Bus 49 Fault- with Dynamic Load

Table 2 demonstrates that the TSI COI Speed 0.30
very low, which implies that this multi-machine 020 —Tsicol
system is in synchronism with all the machines i 010 ey
each area turning at almost a constant speedy eitt ‘Jw‘\@@@” P S ———o
slightly above or below the steady state speed, A rresa

6 "7 8 9 10 11 12 13 14 15
Area2

TSICOI Speed {rad/s)
o
Q
(=}
b

!

-0.10

Hence, the system frequency is almost equal to th * I Tsicol
dynamic frequency. Thus, Table 2 supports th Areas
analysis made from Table 1, which indicates thg ' Time (<}

the system is stable.
Y Figure 7: TSI COI Speefbr Bus 49 Fault with Dynamic

Table 1: Case 1 - TSI COI Angle at t = 15s for B@s Load

Fau|t Wlth Dynamic Load Accelerating Power (Pm-Pe) for Bus 49 Fault

-with Dynamic Load

- - - 0.12
Areaequivalznt 8y &q 53 01 ll
rotor angle = 25.242° =12 623° = 33.362° 0.08 — Pm-Pe
— 0.06 +— Areal
H |
. 2004 i
- 1 & 002 Il ——Pm-Pe
System COI Angle Seorflt) =— ) M, ?ﬁ =23.737° E o £\ “A@r——c,oon —_— Area2
) M'l'.:1 0.02 ]‘ l ";l 5 9 10 11 12 13 14 15
! -0.04 | v’ Pm-Pe
-0.06 Area3
Area-Based 850 50! 8501 o Time (s)
TSI COl Angle =1.505 =-11.114° =9 25°

Figure 8: Accelerating Power for Bus 49 Fault with
Dynamic Load

e
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Case 2 exhibits the phenomena when generatordable 3: Case 2 - TSI COI Angle at t = 15s for BOs
are out of synchronism. Bus 80 was disconnected Fault with Dynamic Load

due to a fault occurred in the system and cleare
after 100ms. Fig. 8 to 10 demonstrate the behavi(a e, equivalent 3
of the rotor angles in each area. Most of thérsiora =35
generators in Area 1 are out of synchronism whils i
the rotor angle of Generator 80 increases infipitel = ——
9 N System COI Angle Scor(t) =—2 M;; = 564°

In contrast, all generators in Area 2 and Area i
remain in synchronism with small signal
oscillations due to the occurrence of severe fiault
the system.

The values of Area-Based TSI: COIl Speed are

2500GeneratorsRctorAnglesinArealfcraFauItatBus$0:refBusf§9 multlple timeS h|gher than the Va|ueS in Table 2'
—B69 . . . .
N~ which further emphasize that the system is in
7 /’ — | unstable condition.The system frequency is not
:% 1500 p . equal to the dynamic frequency.
e / - Table 4: Case 2 - TSI COI Speed at t = 15s for 8us
£ 500 8100 Fault with Dynamic Load
——B103
0 _// - B
001 2 3 4 5 6 7 8 9 10 11 12 13 14 15 B110 _ _ _
Time (s) B11l is =3 P

rotor speed (rad/s) | =314.5010 | =313.8314 | =314.5888

Figure 9: Generators’ response in Area 1 for a faail

Bus 80 Fault with Dynamic Load - Case2.

Generators Rotor Angles in Area 2 for a Fault at Bus 80:ref Bus 69

] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 e =E :;:;EDI _;l;ﬂf =i:'lf:0,
T =™ | |speed(adfs) | =0.1689 | =-0.5008 =0.2566
4 ;ZZZ \ e Figure 12 — 15 show the plotting of TSI COI
g as00 N —®* | Angle, TSI COI Speed and Accelerating Power of
3000 * | the three areas being plotted for 15 seconds for
o — | faults at Bus 80. The graphs of Area-Based TSL:

Time (5 COI Angle in Figure 11 shows that the system is out
of synchronism with COIl Angle in each area
increases to value above +180°.

Figure 10: Generators’ response in Area 2 for alfat

Bus 80 Fault with Dynamic Load — Case 2
TSI COI Angle for Bus 80 Fault - with Dynamic Load
Generators Rotor Angles in Area 3 for a Fault at Bus 80:ref Bus 69 1000
110 750 ——Tsicol
/\ —B1 5 500 Angle
@ Areal
90 @ 250
o —B10 3
g 70 3 0 ———————————————  ——TSICOl
g B2 2 50 _'1\2\\4 5 6 7 8 9 10 11 12 13 14 15 Angle
3 59 = Area2
5 S -s00
H] —B25 =
T 301 2 750 Tsicol
k]
s ——B26 -1000 Angle
10 Area3
v . 1250
10 —% 56 8 10111213 1415 Time (s)
Time (s) — 8l B . -
Figure 12: TSI COI Angléor Bus 80 Fault with Dynamic
Load — Case2

Figure 11: Generators’ response in Area 3 for alfat ) ]
Bus 80 Fault with Dynamic Load — Case 2 Figure 13 illustrates the graphs for Area-Based TSI

COIl Speed of each area; they oscillate at high
Table 3 and Table 4 tabulate the value of Areg; . .
Based TSI: COI Angle and COI Speed respectivelgalues after disturbance occurs. Despite _ of

) duction in magnitude later but the graph of TSI
calculated at 15 seconds. The Area-Based TSI: C | Speed for each area is still struggling to

Angle at each area is exceedirg 8, which converge even at 15s.
indicates that the system is unstable.
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TSI COI Speed for Bus 80 Fault- with Dynamic Load

——TsICOl

_ ae SATAAW speed -
g 2 ] VN o
E 2 / \VAW/AT
| MR eR0s, =
B A\ 1114 |\ VY S A
g 20 o WV AT
g0 VA A Y mico
5.0 \VI v A?::S
-6.0

Time (s)

Figure 13: TSI COI Speed for Bus 80 Fault with
Dynamic Load — Case2

Change in frequency of zero and + 0.5Hz

respectively.

Stability limiting angle of +180° and +120°

respectively.

The results for optimization process to minimize th

TSI COI Angle and TSI COI Speed for 3 control

variables for 20 populations are tabulated. These
output data in terms of control variables are then
used to calculate the TSI COI Angle and TSI COI
Speed to verify the validity of the results. Case 1
provides the same set of output for each different
scenario irrespective of zero change in frequency o

The Accelerating Power in Figure 14 proves that the 5Hz and stability limiting angle of +180° or

rotor angles oscillate rapidly depending on the120°. The summary of the results are tabulated in
extent of the unbalance between the mechaniqalple 5 and Table 6.

input power,P,, and the electrical output power of
the generatoRe.

Table 5: Case 1 — Area-Based TSI COI Angle:

Accelerating Power (Pm-Pe) for Bus 80 Fault Ang|e< 180 ; Frequency = 50Hz and t=100ms
s - with Dynamic Load Data from EP for Area 1 Area-Based TSI COI Angle for Area 1
e n A A PuGr 6061 86, PG GG 66, 8y dcol Bicon
' JVVLN —ruwee
5 12 I[\v v \ / \ A Areal 06381 254435 211634 06205 406324 315681 | 33.0372 44945  -11.9084
.:.:L oe / \/ \ — Pmpe 06381 254435 211634 06205 406324 315681 | 33.0372 44945  -11.9084
n_é 0.4 /\’_/ Y A Area2
. LA/l /) Data from EP for Area 2 Area-Based TSI COI Angle for Area 2
0 R ATV A aﬁ (,96
o0 0 1 kgD o \/A]’b WAV s e | 6T RGT 06 PG b6 06 | & G B
08 Time (s) 05451 468633 110022 06625 280852 265356 | 374739 44945 74716
: : : 05051 468633 110022 06625 280852 26535 | 374739 449456  -7.4716
Figure 14: Accelerating Power for Bus 80 Fault with
Dynamic Load — Case2 Data from EP for Area 3 Area-Based TSI COI Angle for Area 3
5.2  Optimization of Mechanical Input Power R T R b By
for IEEE 30Bus Test System using 0504 190164 205753 06638 595041 8536 | 0482 449456 56974
Evolutionary Co mputatiOn 05045 190164 205753 06638 595041 85316 | 39.482 449456  -5.6974

Simulations are carried out using TSI COI
Angle and TSI COI Speed as fitness functions in
the optimization algorithm of mechanical input

Table 6: Case 1 — Area-Based TSI COI Speed:
Angle< +180°; Frequency = 50Hz and t=100ms

power to synchronous generator using EP. Sampl

Data from EP for Area 1

Area-Based TSI COI Speed for Area 1

of the results are tabulated in this paper t o6 &6 86 PG &6 66 oy O Ogon
g%mons;trate bthe fcon5|s|tencydct>f ;[he tresults fCosm Bus 16w o wgn IS | JAIES B8 000
Iferent num er-o samples and test sys -ems. 0631 4435 2163 06205 40634 315681 | 3141675 34188 00173
[ ]
Casel COI’IS!StS of 3 COI’ﬂEI’O| Va.r iables o Data from EP for Area 2 Area-Based Tl COI Speed for Area 2
randomly different scenarios with fault TET—
clearance time of 100ms and fitness function_"* ™™ ™ '™ && 8 | & @ O G
of: 05450 468633 110022 0665 280850 26535 | 3141800 314848 00047
- Change in frequency of zero and = O.5Hz 05651 46863 100022 0665 280852 26535 | 3141801 3141888 00047
resp_e_ctlve_ly._ o o Data from EP for Area 3 Area-Based TSI COI Speed for Area 3
- Stability limit angle of +180° and +120
. e e nGs GG 065 PGs 56, 06, (0] [ Oyors
respectively. An angle stability limit is set at
120° in order to allow the system to have !5 19064 2575 06 S50 856 | JAIN8 3416 00089
0505 190164 205753 0663 595041 85316 | 3141948 3141848 0.0099

sufficient stability margin [2].

e Case 2 are meant for 3 control variables of
randomly different scenarios with fault
clearance time of 150ms and fitness function
of:

387

The algorithm is tested by varying the limiting
angle from +120° to +180°and the frequency rate
Value to frequency range of +0.5Hz but different
fault clearance time as mention in Case 2. Table 7
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and Table 8 illustrate the results for fault clemea system, fault clearance time also plays an importan
time of 150ms. The output of the algorithmsrole in keeping the system stable.
remains to be within the acceptable range as befor
however, due to the delay in the setting of faul
clearance time by 50ms from Case 1, the values of
TSI COI Angle and TSI COIl Speed increase
compared to Case 1 but still within the acceptable The algorithm is further tested on IEEE118 Test
range. System with 4 control variables for 20 and 40
populations. Table Al in the Appendix tabulates the
Table 7: Area-Based TSI COI Angle; Fault Clearance results of the algorithm for 28 generators with a
Time of 150ms limiting angle set to +180° and 50Hz frequency;
Data from EP for Area 1 Area-Based Tl COI Angle for Area 1 similar results are obtained for a ”miting ang|E 0
e 66 86 Pe b6 86 | & dm Yo +120° and 50Hz frequency for 20 and 40
populations. It is proven that the multi-machine in
IEEE118 Bus Test System is in synchronism with all
the machines turning at a constant speed; therayste
Data from EP for Area 2 Area-Based TSI COlAnge for Aea 2. frequiency is equal to the dynamic frequency either
PGy 860Gy PuGy &G 06, & Seor Sron above or below the steady state spea#].

.3 Optimization of Mechanical Input Power for
IEEE 180Bus Test System using
Evolutionary Computation

06381 254435 211634 06205 406324 315681 | 33.0380 449520  -119140
06381 254435 211634 06205 406324 315681 | 33.0380 44950  -119140

05451 4680633 110022 06625 280852 265356 | 374738 44950 1418

05650 6863 1100 0665 w02 %5 | yams wow  qom 6. CONCLUSIONS
Data from EP for Area 3 Area-Based TSI COI Angle for Area 3 ThI_S paper presents a novel contributiesing
P G5 86 PGy &Ge 06 | & b bon Evolutionary Programming (EP) approach to
optimize the mechanical input power in order to
prevent transient instability in the systerhe
05045 190164 205753 06638 595041 85316 | 392576 44950 -5.694 findings discovered from the experiment reveal that
EP approach is able to give an optimal solution on
Time of 150ms generator and within the boundary of transient
Data from EP for Area 1 Area-Based TSI COI Speed for Area 1 ?tab'“ty Ilm\llt/hl'? terr_ns _Of volrt]age, angle Iand
e o6 6 e 06 o o o requency. ile maintaining the system voltage
and frequency within the acceptable limits, this
06381 5443 201634 06205 40634 315681 | 3141700 3141905 0025 approach helps to optimize the usage of fuel in

06WL B LM OGNS W& IS1| W0 s 0 generating power and also in managing the
spinning reserve in power system.
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APPENDIX

Figure Al: IEEE30 Bus Test System

Figure A2: IEEE118 Bus Test System

8 generators

4tielines

7 generators

13 generators
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Table Al: Frequency Set To 5040.5Hz And Fault Gleae Time Of 100ms For 40 Populations

Data from EP for Area 1

Processed Data

TSI COI Angle for Area 1

TSI COI Speed for Area 1

Gen

PG 6,6 0G

Prmax

866 w@(radfs) f(Hz)

l'-:‘j 8ol

ﬁjcou

@jy Bgg Djconn

G639
G70
G74
G76
G30
G387
GBI
G91
G100
G103
G107
G110
G111

0.696 59.523 25.878
0.721 34.397 4.124
0.595 0141 3.308
0.765 9.255  19.581
0.564 9.302  11.380
0.741 21.776 20.389
0.519 47.007 18.810
0.599 40.707 7.967
0.548 53.281 22.715
0.522 46.983 5.907
0.571 34429 6.126
0.703 15.54% 10.075
0.734 9.202 21.044

1.026
1.004
1.013
L.011
1.024
1.001
1.032
1.023
1.030
1.036
L.011
1.013
1.021

0.698
0.698
0.623
0.741
0.526
0.730
0.508
0.595
0.543
0.612
0.563
0.696
0.770

539.559 314.063 49.985
34.443 314.280 50.019
0.103 314.014 49.977
9.209 314.284 50.020
9.302 314.331 50.027
21.7689 314.185 50.004
4p.996 314.211 50.008
40.700 314.182 350.004
53.290 314.182 50.004
46.978 314.217 50.009
34.422 314.202 50.007
15.563 314.197 50.006
9.195 314.217 50.009

29.348 25.810 3.538

314.197
f[Hz] =
30.006

314.181
f[Hz] =
50.003

0.016

Data from EP for Area 2

Processed Data

TSI COI Angle for Area 2

TSI COI Speed for Area 2

Gen

P.G &G 6G

PI"I'I&K

G @ (radfs) f(Hz)

'sz 8o '5jco|z

Bz Bz Bjcoiz

G40
G42
G46
G49
G54
G55
G59
G65

0.579 3.013  24.987
0.695 15.550 5.757

0.477 40.708 0.772

0.e45 18.998 30.753
0.766 15.487 27.6206
0.558 15.581 10.611
0.745 12,740 24.467
0.755 31600 28.400

1.033
L1011
1.032
1.037
1.007
1.010
1.022
1.045

0.578
0.692
0.465
0.644
0.755
0.555
0.742
0.753

2.564 314.165 350.001
15.549 314.178 50.003
40.697 314.188 50.005
18.998 314.162 50.000
15486 314.186 350.004
15.586 314.172 50.002
12.740 314.174 50.002
31.602 314.168 50.001

19.153 25.810 -b6.658

314.174
f[Hz] =
50.002

314.181
f[Hz] =
50.003

-0.007

Data from EP for Area 3

Processed Data

TSI COl Angle for Area 3

TSI COI Speed for Area 3

Gen

P.G &G BG

G @ (radfs) f{Hz)

'5j3 8o ﬁjcola

Oj3 Bz Djcoiz

Gl
G10
G12
G25
G26
G27
G31

0.684 12.722 11.1739
0.708 6.507 1.372

0.273 15.627 18.136
0.605 46.985 9.153

0.596 46.978 21.053
0.830 25.317 25.260
0.592 28.100 10.262

1.014
L.011
1.034
1.039
1.044
1.033
1.000

0.684
0.708
0.284
0.805
0.598
0.830
0.592

12,722 314.160 50.000
6.507 314.158 50.000
15.626 314.132 49.996
4p.985 314.160 50.000
45.978 314.160 50.000
25.316 314.163 50.001
28.100 314.160 50.000

26,034 25.810 0.223

314,156 314.181 -0.025
f[Hz] = f[Hz] =
50.000 50.003
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