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Abstract: Trensient stability assessment 1s needed to get an analysis of the power system stability. This critical
period occurs when generator experiences a condition of lossing synchronization and 1s known as critical time.
The smartgrid system, currently becoming a trend, requires dynamic optimization and realtime measurement
techniques, so that, it can improve system reliability and asset management. Tn this study, the researcher
modifies critical trajectory method to obtain a critical period of smartgrid system. Simulations are carried out
using the Anderson 9-bus Fouad and IEEE 30-bus test systems. The results indicate that the proposed method
can more quickly solve calculations compared to conventional methods. Some of our results are not

intuitive.

Key words: Transient stability assessment, critical clearing time, loss of synchromzation, smart grid system,

simulations, results indicate

INTRODUCTION

The concept of smart grid system 1s designed to
improve safety, economy and efficiency, so that, the
complexity of operation of power systems can be
overcome (Kundur ef al., 2004). Transient stability study
18 related to ability of the power system to maintain
synchronous conditions due to transient disturbances
(Ramirez and Villafuerte, 2016; Athay et al, 1979).
Response to the system can affect the magmtude of
deviations at rotor angle of generator. Transient stability
is categorized as a short-term phenomenon. Time
limits for transient stability are limited to 3-5 sec after
disturbance.

There are many calculation methods to transient
stability assessment. Dynamic phasors and direct method
of Lyapunov are studied methods for application in power
systems. Numerical simulation method, called time
domain simulation 1s used to analyze system, starting
from initialization of starting point to get a dynamic
response from fault This method can easily calculate
varies model of complex power systems (Athey et al,
1979, Madruga et al, 2018) and representative when
studying the generation stability. However, it has a

deficiency which is more time consuming in calculation
and it needs to evaluate voltage and frequency imposed
to the loads, so that, 1t 1s not satisfactory and not suitable
when applied to calculations in real time. Probabilistic and
artificial intelligence method also has been developed to
predict Critical Clearing Tine (CCT) for on-line double
circuit power system (Sulistiawati ef al., 2016, James ez al.,
2018). A traimng techmque 1s used mn this method
(Pagani and Aiello, 2016).

An alternative approach 1s by using energy function
method (Shi et al., 2012; Irisarmi et al., 1994). This method
learns about the stability of the power system by
considering energy of the system which is calculated
from nonlinear relationships when critical period
(Chiang ef al., 1994; Treinen et al., 1996). The energy
function is a powerful tool for assessing stability of a
power system. It also can analyze energy margin
sensitivity and power system stability  degree
quantitatively. However, this method has a deficiency in
terms of accuracy. This problem is caused by
determination of complicated calculations due to the
critical energy calculations. A new method called critical
trajectory 1s used by using mimmization problem for
computing critical trajectory (Yorino et al., 2005;
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Naoto et al, 2008). Critical conditions with CCT for
transient stability are directly computed as solution of
minimization problem, based on preliminary examinations.
Yet, the test result still limited mn double parallel circuits in
large system.

Since, the behavior of power system 15 continuously
changing,
control of large-scale systems is a challenging task
(De Oliveira et al., 2018). To overcome these challenges,
use of the latest information and communication
technology urgently needed.  This
opportunity, motivates concept of operation and control
of conventional power systems to be more intelligent

resecarch of centralized operations and

networks is

system, either i peer-to-peer or distributed multi-agent
method. The smartgrid concept forms a new dimension of
conventional power system operating systems and also
mcreases the complexity of smart devices. This system
promises to revolutiomze energy sector with real-time
mnformation, renewable power resource penetration and
more efficiency (Rahman et al., 2015, 201 2; Mahmudet al.,
2014). The systems related to the architecture of the
smartgrid system which includes control generators,
protection imposed and electrical loads connected to
transmission networks  (Machowski et al, 1997,
Adnan et al., 2019). With technological advancements,
development updated, the use of Distributed Generation
(DG) 18 also increasing. Although, this can cause an
unstable operating system (De Oliveira-De Jesus and
Antunes, 2018).

In this study, time domain sunulation method is
adopted to analyze the interactions in smart grid system
and modified critical trajectory method is applied to
unprove the transient stability assessment of power
system with fast integration and high accuracy.

MATERIALS AND METHODS

Problem formulation

Power flow studies by using modified Newton Raphson:
In modified newton method (Kebaili et al, 2001,
Zhang and Cheng, 1997), elements of Jacobian matrices,
branchs, generators and buses are under the following
assumptions: small voltage differences between two
nodes are not considered because of shunt branches. The
first assumption above is valid because the typical
distribution channel is short and the flowing power is not
high. The second assumption is invalid, if there is a bank
capacitor, load impedance and non-negligible shunt
admittance from the channel distribution model (Model 7).
However, by using initial and updated node voltage, all
the shunt branches can be converted to node power

injections. These conversion have been implemented in all
fast decoupled and back/forwards sweep methods. Power
flow problem in classical Newton:

H N A0 AP
Av |= (1
LA | E=A IR Ve
v
Where:
P(Q) = Active power
+P(+ Q) = Powermismatch
P(Q), * (V) = Nodal voltage angle magnitude vector
*+ (¢V) = Correction vector
H,N,J,L. = Jacobian matrices

Hl_] = _\(VJ (G1J Sin el_] -Bl_l COos e‘] )J * 1
H; =¥ Z Vj(Gu sin eu -B; cos e”)

it
N, =-VV, (GlJ cos0, -B,sin0, )J #1
H =V 3 VJ(G ;080 -B, Sineu)-QV,ZGu

= (2)
I, =VV, (G1J cos6,-B, sin6, )j #1
J,==V, >V, (G1J cosB,-B, sin GU)

J€1, J=#1
Ly =-VV, (G j cosd, -1y sin 6, )] #1
Ln = _'Vi Z jei, j=i V] (G1] cos eij _Bu sin eij )+2\[12G11

In Eq. 2, variable G,+jB; is entry of nodal admittance
matrix. Since, voltage difference between two adjenct
nodes 15 small and it show that matrices H, N, T and L
have same properties (symmetry, sparsity pattern) as
nodal admittance matrix, hence, they can be formulated as:

H=L=A DA
T=-N=A_ DA

(3)

where, Dy and D, are diagonal matrices with diagonal
entries to be V,VB,cos*, and VV,Gjcos*,. Thus, the

equation can be written as:
AL 0 AL o %9 e
. T AV | =
0 A 0 AT, ||—| |AQ
v
h

n-1
A,y 18 an upper triagular matrix with all diagonal
entries is valued 1 and all non-zero off diagonal entries to
be-1. The principle of each node 1s to unitate the concept
of the root node. Node ordering is used continuously, the
branch of the node is equal to the number of branch
numbers. Following complex 1s form as follows:

D D

{DB 'DG

G B
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A = 1 -1 -1 (5)

Tacobian matrix can be formed as product of three
square matrices which has same concept as nodal
admittance matrix in Eq. 5. Then, Eq. 4 can be solved by
back/forward sweeps:

AnVIWAIrlE = S (6)
Where:
E - A0S (7
v
S = APHAQ (8)
W =D, +D, )

Tosolve + in Eq. 6 in forward sweep, diagonal matrix W
can be inverted for each line. Diagonal in W is denoted
as the equivalent line impedance Z,, by summation of R,
and jX_, This concept is simulated and used by researcher

to compare between proposed method and simulation
method.

Critical trajectory: Critical trajectory method is a new
formulation for transient stability assessment for power
systems (Yorino ef al., 2010). A mmimization problem is
formulated for obtaimng CCT based on the computation
of a trajectory on stability boundary this is useful to
explain the dynamic response of the generator, starting
from before until after the disturbance. The power system
1s used to operate with normal and stable conditions at x,,
and fault occurs at t = 0 and cleared at t = ¢. The response
experienced by the system can be explained in Eq. 10

k=1 (x),0<t<t, x(0)=x (10

nre

where, x*R", t* R, f; R R". Equation 10 is developed to
formulate fault on trajectory or trajectory 1 in Eq. 11 :

x(t)= XF(t;Xpre), O<t=1, XF(-;xpm) ‘R »Rr" (11)

There is an initial point in fault on trajectory named x°
at time ¢ when the fault 1s over:

x' :XF(‘E, Xpm) (12)

The state of post-fault condition 15 described into
(Eq. 13) and then developed into (Eq. 14):

X:f(x),rgtgoo;f:RNaRN (13)
x(t)= X(t;xn ), m<t< oo;X(-;Xn ‘R — RN) 4

Critical trajectory method is defined as trajectory from
fault to the moment before generator occur loss of
synchronization. This trajectory will describes critical
state and reach the Unstable Equilibrium Point (UEP).
During  stable  state  before  generator  loses
synchromization, trajectory oscillates around Stable
Equilibrium Point (SEP). Unstable condition happen when
disturbance 1s late to overcome.

The search for CCT values starts from the initial value
to critical point and it is limited between x* and x*. To
avoid unlimited searches, trapezoidal equation has been
modified for numerical processing as in condition x**R",
*+R, ¢+ R (Eq. 15) where, k notation is used to express the
movement of time:

“k+l -k
e XX

- _‘-kﬂ

_kS:O (15)
X +x‘

End point formulation: Boundaries of the critical
trajectory can be written as in Eq. 15:

x' =X, (CCT:x,,]=0

m+1 (1 6)
Hmﬂ = |:gm+1 .\l

G(x)=

Variable needed to be searched during calculation
process can be written in Eq. 17:

& 1) an

End point of the search representing a stationary
condition for power synchromzation and torque. This
condition can be written as P = 0 where, P 18 a function of
the rotor generator with Eq. 18:

p- Py (18)
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In modified of loss of synchronization method
(Eq. 18), determination of value of the end point, the value
and direction of the eigenvector of + against UEP position
is not considered. Therefore, value of constant * andk, a
parameter value in the eigenvector is not considered in
next calculation process.

Numerical examination: Numerical examination is used
to reprresent two dimensional differential equations of
generator by calculating Xd'. First swing equation,
considering damping 1s formulated m Eq. 19:

M . D 19
—6=P,-P-—o (19)
[£3) [£3)

In systems with more than one generator, it is
important for rotor angles and rotor speeds having a
reference as the center of mass of the rotor angle or rotor
speed all generators. This reference 1s called Center of
Inertia (COI). COI can be formulated as Eq. 20:

M3, =3 M3 (20)

i=1

Since, §=& (Eq. 20) can be written as Eq. 21:

Mo, =S M,.6, = Py, 21

0
1=1

Since, M, =37 M, reference of COI can be cbtained as
in Eq. 21. For case calculation in each rotor angle and
speed, a new value is obtained by using the COT reference
as in BEq. 22 and 23. The Center of Inertia (COI) swing
equation is carried out for both the conventional
numerical simulation and the proposed methaod.

- M,
M, &, =P, P, (0)- v Poer-D, () (22)
Where:

IPmmmB =89, (23)
MT

carz
The system tested is a distribution system loop and
radial configuration with single circuit. Single circuit
system can not supply power when fault occurs whle
double circuit system still can transfer power. This causes
reactance value of the system (x) is different between one
circuit and two circuits in each state both in pre and post
fault. Therefore, cumrent values and sytem stability

response will be different.

RESULTS AND DISCUSSION

Simulation and analysis: System used for simulations are
Fouad anderson and IEEE 16 bus and 30 bus as shown in
Fig. 1. Tlis plan is modified by the researcher to make
radial distribution system and consist of single
transmission line as umplemented mn smartgrid system.
Circuit Breaker (CB) at each end of transmisssion line,
located near the bus can open to eliminating
disturbance.

Simualtion 1s done on several fault locations in each
system. Table 1 and 2 show the simulation results for
loop system while Table 3 and 4 for radial system.
Computer spesification used is Intel® Core ™ 13-7200
U CPU 2.71 GHz hardware, 6.00 GB RAM and Windows
10 as the operating system.

Fault type 1s assumed a three phase fault to the
ground and occurs near bus. The simulation uses 4th
Runge-Kutta as the strongest numeric with the time step
used 0.001 sec. After that, the imitial condition * which has
been chosen is used numerically to obtain accurate
results. Furthermore, the time of CCT lies m peried of
stable and unstable conditions of system.

In online detection systems such as Smart Grid,
generator selection, stability calculation and mformation
transmission process takes about 150 msec after
interruption. Therefore, a modified method is needed to
determine stability of system with a fast calculation. The
system will regain 1ts stability, if disturbances are handled
by opening CB before critical breaking time or known as
Critical Clearing Tune (CCT). When generator cannot be
stable until the critical time limit, loss of syncronization
condition occur.

Figure 2 illustrates comparison between stable and
unstable period from simulation method. This fig also
describe relationship between velocity and rotor angle
which it 13 become the subject of this study. Proposed
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Fig. 1. Modified IEEE 30 bus system
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Table 1: CCT value on Fouad Anderson 3 generator € bus without damping by using COA calculation

Proposed method Rimulation method
Fault points Open line CCT (sec) CPU (sec) CcG CCT (sec) CPU (sec)
A 4-5 0.2101 0.4365 G2 0.24-0.25 1.3860
B 4-6 0.2130 0.1884 G3 0.24-0.25 0.9201
C 7-5 0.3825 0.5644 G2 0.38-0.39 1.5287
D 7-8 0.5890 0.3195 G2 0.59-0.60 1.0268
E 9-6 0.2410 0.2970 G3 0.24-0.25 1.0080
F 9-8 0.2368 0.3025 G3 0.25-0.26 1.0120
Table 2: CCT value on Fouad Anderson 3 generator € bus with damping by using COA calculation
Proposed method Rimulation method
Fault points Open lines CCT (sec) CcG CPU (sec) CCT (sec) CPU (sec)
A 4-5 1.6720 0.290 G2 1.57-1.58 1.2853
B 4-6 1.0520 0.355 G3 1.1-1.110 1.3150
C 7-5 1.0042 0.377 G2 1.0-1.010 1.3050
D 7-8 0.7877 0.282 G2 0.74-0.75 0.2829
E 9-6 0.7280 0.351 G3 0.76-0.77 1.2660
F 9-8 0.6550 0.345 G3 0.75-0.76 1.2958
Table 3: Simulation of proposed method at modified TEEE 6 generator 30 bus without damping by using COA calculation
Proposed method Rimulation method
Fault points Open lines CCT (sec) CPU (sec) CG CCT (sec) CPU (sec)
A 8-28 1.7000 0.9846 G3 1.7-1.8 2.5925
B 4-12 0.2234 0.3804 GS 0.21-0.22 1.9385
C 6-9 0.2024 0.4429 GS 0.26-0.27 3.3572
D 6-10 0.2946 0.6460 G6 0.30-0.0.31 2.7214
E 4-6 0.2463 1.8913 G5 0.23-0.24 8.2352
Table 4: Simulation of proposed method at modified TEEE 6 generator 30 bus with damping by using COA calculation
Proposed method Rimulation method
Fault points Open lines CCT (sec) CPU (sec) CcG CCT (zec) CPU (sec)
D 6-10 0.4034 0.6623 G6 0.4-0.41 3.5951
E 4-6 0.1451 0.7041 GS 0.18-0.19 5.0412
10 proposed and modified method, then 0.175 sec. Table 1
] and 2 show CCT values found with modification method
51 t=017 (sec) —» [ | L

{]

|
W

t=0175 (sec) (cen —p

Omega (rad/sec)
&

35 -30 -25  -20 -15 -10 5 0 5
Delta (rad)

Fig. 2: Angular velocity and rotor angle of generator 4
(G4) in modified IEEE 30 bus at fault point “A”

method, lossing synchronization, provide exact value of
CCT. There are two values where 0.17 sec, located at the
lower lumit, explamns the stable condition. Whereas
0.18 sec, located at upper limit, explains the unstable
condition. The exact CCT value is searched by using

compared with conventional methods.

Table 1-4 showed that average CPU speed to set the
value of CCT at any point of disturbance of 0.333 sec by
addition of damping and average error 0.430%. Average
error by using the proposed method in IEEE 3-generator
33-bus system is 0.393% by wing damping on the
generator model. TEEE 6-generator 30-bus system shows
average error using a proposed method of 0.869% for
systems using COA reference without damping.

CONCLUSION

Transient stability assessment 1s needed to determine
the stability of ystem when experiencing large
disturbances such as short circuit. This affects critical
period of generator to be able to maintamn and restore
system stability. Simulation to look for critical time, known
as CCT has been done to compare modifications to the
critical trajectory method with conventional methods.
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Experiments that have been carried out prove that the
proposed method is accurate by using a modified
trapezoidal equation. In addition, this method also has a
faster counting process. This indicates that the average
CPU speed can be used to justify transient stability in
smartgrid system.
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