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An optimization of locations, numbers, and values of superconducting

fault current limiter units for multi-machine power system

transient stabilization
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ABSTRACT

Tt is well known that the resistive type Superconducting Fault Current Limiter (SFCL) can be
effectively applied to augment the power system transient stability. Nevertheless, the challenging problems
of SFCL for the transient stability improvement in niultimachine power systems are the optimal locations,
the optimal number, the optimal resistive values and the high energy dissipation during the quenching state.
To cope with all issues, this paper focuses on a new optimization of mulitiple SFCL units considering the
number, the resistive values, the locations and the energy dissipation for a multimachine transient stability
enhancement by energy function method. The optimization problem is formulated based on the
maximization of the decreasing rate of energy function during fault in combination with the minimization of
energy dissipation of SFCL during the quenching state. Solving the problem by particle swarm
optimization, all optimal parameters are automatically obtained. Simulation study in a West Japan six-area
interconnected power system confirms the superior stabilizing effect of the optimal SFCL units over the

non-optimal SFCL units.

Keywords : Energy function method, superconducting fault current limiter, transient stability.
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Optimized SFCL and SMES Units for Multimachine
Transient Stabilization Based on
Kinetic Energy Control

Issarachai Ngamroo, Member, IEEE, and Sitthidet Vachirasricirikul

Abstract—Power system transient instability duc to short cir-
cuits may result in loss of synchronism. To improve stability,
resistive type superconducting fault current limiter (SFCL) and
superconducting magnetic energy storage (SMES) can be effec-
tively used. This paper proposes a new optimization of multiple
SFCL and SMES units for transicnt stabilization in a multima-
chine power system based on Kinetic energy control. Two applica-
tions of the proposed optimization are studied in the West Japan
six-area interconnected power system, First, the SFCL is applied
to solve the inevitable problems of SMES used for transient stabil-
ity cnhancement, i.c., required large power and encrgy capacitics,
and fail-operational performance due to the large voltage drop at
the SMES bus. When the fault occurs, the SFCL swiftly reduces
the increase in the kinetic energy of all generators by limiting the
fault current. Subsequently, the SMES handles the remaining un-
balanced kinctic energy. The optimization problen of the resistive
value of the SFCL is formulated, cousidering energy dissipation
in combination with the power controller parameters of SMES
with optimal coil size. A simulation study shows the superior effect
of the combined SFCL and SMES over cither device scparately.
With SFCL, the low voltage ride-through capability of SMES
can be enhanced. The MW and MJ capacities of the SMES are
also significantly reduced. Second, a new optimization of multiple
SFCL units considering optimal locations, optimal number, op-
timal resistive values, and energy dissipation during quenching
state is presented. The optimization problem is formulated by
maximizing the decreasing rate of cnergy function during fault in
combination with minimizing the energy dissipation of the SFCL
during quenching state. A simulation study confirms the superior
effect of optimal SFCL units over nonoptimal SFCL units.

Index Terms—Energy function, optimization, power system
stability, superconducting fault current limiter, superconducting
magnetic energy storage.

I. INTRODUCTION

ARGE disturbances such as short circuits may jeopar-
dize the transient stability of power systems. Without the
proper countermeasure, the system may lose synchronism and
wide-area blackouts may occur {1]. To improve the transient

Manuscript received October 2, 2012; accepted January 14. 2013. Date of
publication January 25, 2013; date of current version February 6, 2013. This
work was supported in part by the King Mongkut's Institute of Technology
Ladkrabang Research Fund.

I. Ngamroo is with the School of Electrical Engineering, Faculty of Engi-
neering, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520.
Thailand (e-mail: ngamroo @ gmail.com).

S. Vachirusricivikul is with the Department of Electrical Engineering,
Schoot of Engineering, University of Phayao, Phayao 56000, Thailand (e-mail:
sitthidetv@hotmail.com).

Colorversions of-onc or more.of the figures in this paper are available oaline
at http:/ficcexplore.icee.org.

Digital Object Identitier 10.1109/TASC.2013.2240760

stability, the resistive type superconducting fault current limiter
[2], [3] and superconducting magnetic energy storage (SMES)
can be applied [4], [5]. This paper presents a new optimization
technique of multiple SFCL and SMES units based on kinetic
energy control. To evaluate the effectiveness of the proposed
optimization, two applications are carried out in the West Japan
six area interconnected power systems.

In the first application, when the SMES is applied to enhance
the transient stability due to severe faults, the unavoidable
problems of SMES are the required large power and energy
capacities, ‘and low voltage ride-through capability [6]. To
overcome these problems, the SFCL has been successfully
applied to enhance the SMES control effect in a single-machine
infinite bus system [6]. { 7). However, the application of multiple
SFCL and SMES units for a multimachine transient stability
improvement has never been studied. This paper presents a new
optimization technique of multiple SFCL and SMES units for
a multimachine transient stabilization. The optimization of the
resistive values of the SFCL also takes the minimal energy
dissipation during quenching state into account. In addition,
the coil size and the stabilizing performance of SMES power
controllers are optimized. Solving the problem using particle
swarm optimization (PSO) [8], all optimal contro]l parameters
are obtained simultancously. A simulation study shows the
stabilizing effect of optimized SFCL and SMES units.

For the second application, it is well known that the resistive
type SFCL for transient stability improvement in multimachine
power systems faces the problems of optimal locations, optimal
number, optimal resistive values, and high energy dissipation
during quenching state [9]-[12]. All the vital issues aforemen-
tioned have never been simultancously studied in the previous
literature. To cope with these issues, a new optimization of
multiple SFCL units is proposed. The optimization problem is
formulated by maximizing the decreasing rate of energy func-
tion during fault in combination with minimizing the energy
dissipation of the SFCL during quenching state. The stabilizing
effect of optimal SFCL units is confirmed by a simulation study.

II. APPLICATION 1: OPTIMIZED MULTIPLE SFCL AND
SMES UNITS FOR TRANSIENT STABILIZATION

A. Study System

Fig. 1 depicts the West Japan six-area interconnected power
system 'that is/used as the study system) [13]: Eacl transmis-
sion line is a double circuit. The synchronous generator is

1051-8223/531.00 © 2013 IEEE
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Fig. 1. Six-arca interconnected power syslems,

represented by the fifth-order Park’s model [1]. The exciter
and governor are represented by the first-order transfer function
[1]. The system base values of power, voltage, current, and
impedance are 1,000 MVA, 25 kV, 40 kA, and 0.625 Q,
respectively. To augment the transient stability, based on the
residue method [14], two units of SMES and SFECL are placed
at buses | dnd 6. To avoid the disconncetion of SMES from the
system, two circuits of SFCL in series with the circuit breaker
are connecled in parallel. When one SFCL is switched off from
the grid after the occurrence of fault to allow the re-cooling,
another SFCL with zero resistance is switched on immediately.
As a result. the SMES can operate and stabilize the system
continuously.

B. Resistive-Type SFCL Model
A time-variant resistance is used to represent the resistive-
type SFCL as [9]-[12]

Rsrcry(t) = Ry (L —exp(=t/Ts¢)). 7=1,2 (1)

where R,,; is the optimized resistance of the SFCLj and T
is the time constant of the SFCL during transition from the
superconducting state to the quenching state, which is assumed
to be 1 ms [9]{12]. In the recovery state, the SFCL resistance
exponentially decreases to zero with 50 ms time constant.

C. SMES Model

Fig. 2 shows the SMES model with active and reactive power
(P - @) control [15], [16]. In the model, K py(s) and Koi(s)
are the active and the reactive power controllers of the SMESE
(k = 1.2), respectively, which are represented by the first-order
lead/lag compensator as

1 +TP11.'5)) @)

1+ Tpors)

1+ To1xs)
— 3
14+ Toors) 3)

- Kpp(s) = Kpey <

|~ ]~

]\’Qk(s) =I(Q(_':k (

where K'pci and K¢y, are controller gains, and Tpyy, Trox,
Touks and-Tpop are time_constants. The input,_signals. of
Kpr(s) and Ky (s) for SMEST and SMES2 are active power
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Fig. 2. Block diagram of the SMES control scheme.

deviation (APy;.) and reactive power deviation (AQy;.) in a
tie-line from buses 11 to | and from buses 16 to 6, respectively.

In this model, the effect of SMES coil current (/%) is also
considered. The lower and upper current limits are assigned
as 0.307.m1_oand 1.381 .o, respectively, where Tsmi_o 18
the initial coil current. Additionally, the acceptable range of
the SMES bus voliage (Visi) is specified between 0.95 and
1.0S pu.

III. PROPOSED OPTIMIZATION

The proposed optimization concept of SFCL and SMES can
be explained as follows. When the fault occurs, the SFCL
quickly reduces the fault current and alleviates the change in
the electrical power output of generator. As a result, the change
in speed and kinetic energy of all generators after the fault is
cleared, can be mintmized. Subsequently, the SMES eliminates
the remaining unbalanced kinetic energy. The formulation of
the optimization problem for SFCL and SMES can be explained
as follows.

A Formulation of SFCL Optimization

SFCL optimization is carried out to suppress excessive ki-
netic energy due to the fault and to minimize the energy dissi-
pation of the SFCL during quenching state. In a power system
with 7 machines, the energy function V' can be expressed

by [1]

V =Vie(w) + Vp(d), 4)
w=lwy,wy, w7, 5
(_5 = [61 1 62 ‘s sn]T (6)

where Vi is the kinetic energy, Vp is the potential energy,
w is the vector of rotor speed, d is the vector of rotor angle,
and w; and §; are the speed and angle of the ith-generator,
respectively, where i = 1, ..., n. The superscript T means the
matrix transpose.

After the fault occurs, it is assumed that the energy function
when the fault is cleared, can be written as

v =~ V(ﬁf,_cgf) @)

where 6/ and w are the vectors of rotor angle and speed when
the fault is. cleared, respectively. As mentioned in 1], if ¥/ is
minimized, the first swing of the rotor angle is minimum. Since
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the fault duration is very short, the variation of rotor angle in
this period is very small. As a result, Vp which depends on the
rotor angle, hardly changes. Accordingly, instead of minimizing
¥/ the kinetic energy when the fault is cleared, (I/,\) can be
nunumzr,d as

V] = Vg (w) = Minimum C®)

Generally, the kinetic energy V¢ can be expressed by

N B "
Viclw) = ) 5 Ms (wi(t) = wo(t)”
i==1

T

=3 A% (A0 ©)

Z

i=1

" i (8) M
wolt) = ) ————
o(2) ; Mt

_wy (t)[\fﬁ - wz(t);’"IQ +.oo Lu'n(t)_/‘«jn (10)
N My + My + .+ M, J

(1n

where Af; is the inertia constant of the ith-generator, wq(£)
is the speed of the system inertia center, Aw; (%) is the speed
deviation of the zth-generator, and A7 is the total inertia.

For the short duration of the fault, the electrical power output
of each generator is almost constant. Accordingly, the rotor
speed of the dth-generator at the time of fault clearing can be
calculated from ’

w!(tr) = wite) + ity (12)
where «; is the rotor acceleration during the fault, £q is the time
of fault occurrence, and t; is the fault clearing time. Here the
value of a; can be calculated from

(Pm.i - Psfi)

;=
where P,,; and P,y; are the mechanical power input and the
electrical power output of the ith-generator at the time of fault
occurrence, respectively. Consequently, V,{ can be written as

] 2 .. &
Z 5 Mi(ei.— ao)® — Minimum, (15)
Qg = Z AL‘Q‘,’,/A’IT (16)

=1

where aq is the acceleration of the system inertia center. Based
on (8) and (14), the minimal V,‘f, can be achieved by minimizing
Ain (15). The physical meaning ot A is the-unbalanced:degree
of all generator accelerations after the fault occurs. Accord-
ingly, the more A-is minimized, the higher the stabilizing effect
of the SFCL.
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Besides, when the fault occurs, thc energy dissipation
Egrcrj of SECLj during the quenching state is minimized as
¢

Esprer; = / »[12»( DRy dt — Minimum

tu

)

where 7;(¢) is the current flow through SFCLj.

B. Formulation of SMES Optimization

After the control of the SFCL, the SMES continues to get rid
of the unbalanced kinetic energy. To realize this concept, the P
and @ controllers of the SMES in (2) and (3) are optimized
so that the integral absolute error of speed deviations of all
gencrators is minimal as

63

>/

(J Lin

|Aw;(t)] dt — Minimum )

where £ is the final time of simulation.

In addition, the superconducting coil inductance and the
initial coil current of the SMES are minimized so that the
optimal initial encrgy capacity of the SMES is achieved as

1 2 L A
Lsyesky = 3Lsmk Iomk_o = Minimum 19)
where Esaspsy is the initial stored energy of SMESK, L.« is
the coil inductance, and I,k _o is the initial coil current.

C. Simultancous Optimization of SFCL and SMES

Combining (15), (17)=(19), the multi-objective optimization
problem can be formulated as

2 6 b 2
Minimize A*I"ZESFC[J]' '{Z/[Au),(ﬁ)l dH‘ZES:‘\JESk
j=1 i=1 k=1
(20)
subject to
(@) 0.0001 < Rp; <5 pu (6.25x107° Q< Rp; <

3.125 ) (range of SFCL resistance)

.(b) 0.0001 £ Kpy, Kor £ 100 (range of SMES gain)

(€) 0.0001 < Tp1y., Trok, Tk, Tooe < 1 (range of SMES

time constant) _

(d) 0.95 < V;4. < 1.05 pu (range of SMES bus voltage)

(e) 0. BIsnLk 0 < Iamk <1 381s7u.k (0] PU (rangc of SMES

coil current)

() 0.0001 < Iymr_o < 0.6337 pu (range of SMES mmal

coil current)

(g) 0.0001 £ Lok £ 10 H (range of SMES coil induc-

tance) .

This optimization is carried out by nonlinear simulation
based ‘on/ the/|operating ‘condition and “applied disturbance) of
case Al in Table I. Note that 19 =5 s, £y = 5.05 s, and
ts:=50:s. Note that all parameters can)vary freely within the
assumed range and depend on each other.
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TABLE 1
OPERATING CONDITIONS AND APPLIED FAULTS

Case Pue Network Applied faults in
study (pu) condition nonlinear simulation
Al 3.2 No change. 3 phase fault at bus 3
‘ (heavy for 50 ms.
flow)
One circuit of the line
< 3 phase fault at bus 3
A2 32 between bus 5 and n l";r ‘50 me
bus 15 is opened. T
A3 - One circuit of the line 3 phase fault at bus 2
A between bus 3 and for 50 3.
bus 13 is opened.
5, 35 10
3 3 88
¢
25 25
85
G248 T, 1
o T a -
7
1 1 Lany
6.5
o5k 05 o R
o 0 55 S e ST eeT R T ey
a0 70 &0 BO 100
Fig. 3. Convergence curve of the optimized parameters.

The optimized SFCL and SMES (SFCL & SMES) are
compared with the individual control of SFCL or SMES. The
optimization problem of R,,; in the case of SFCL only is
given by

Maximize A

Subject o {a) (2]

In the case of SMES only, with Ly = 10 Hand Ispmi o =
(.6377 pu, the parameters of P and @ controllers are op-
timized by

6 b
Minimize Z/Mwi(tﬂdt

i=1 to

(22)

Subject to (b), (c). (d), and (e).
To achieve all optimal parameters, the PSO [8] is used to
solve problems (20)—-(22).

IV. SIMULATION STUDY

Fig. 3 illustrates the convergence curves of Rni, R..2,
L1, and L, in the case of the optimized SFCL & SMES.
Table 1I gives the optimized results of all devices. The energy
dissipation of the SFCL and the initial stored energy of the
SMES inithe case of SECL & SMES are lower than thosein the
case of SFCL only and SMES only, respectively. To evaluate
the control effect of the SFCL & SMES,-nonlinear simulations
are performed for three case studies, as provided in Table I.
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TABLE I
OPTIMIZED RESULTS

Device Optimized Parameters,

SFCL SFCLI: Ry = 0.258 Q, Egpeyy = 87.031MJ
& SFCL2: R,: = 0.081 Q, Egrcra = 14.790 MI

SMES SMESI: Kpy(s) = 25.129((1+0.6255)/(1 +0.6245))
Koi(s) = 7.054((1+0.5905)/(1+0.2965))
Lgns = 5.589 H, I,y o= 0.401 pu
ES,\]ES[ =T72.128 Ml
SMES2: Kpa(s) = 10.210((1+0.9425)/(1+0.9255))
Koxs) = 0.110((1+0.8635)/(1+0.815))
Limz = 5.049 H, Lpa ¢=0.315 pu
Esurs: = 40.144 MI
SFCL SFCLI1: R,; =0.516 Q, Esecy; = 299.795 MJ
only SFCL2: R,» = 0.343 Q, Egecr2 = 302.987 MJ
SMES SMESL: Kps(s) = 10.558((1+0.794s)/(1+0.686s))
only Koi(s) = 3.018((1+0.9915)/(1+0.817s))

Luni = 10 H, Ly o= 0.6377 pu
Esursy =325.328 MJ

SMES2: Kpi(s) = 12.148((1+0.8035)/(1+0.7025))
Koa(s) = 1.618((1+0.7935)/(1+0.7155))
Lowz = 10 L, Lz = 0.6377 pu
Esues = 325.328 MJ

-+ No SFCL & SMES
SMES only
e=s SFCL only

SFCL & SMES
o
£ S-ri-b -
P
E i~ A A .
& AT Do
5
@
2
1+ — = -—— —— - ——
2
&=
1 -bi-bi-bi4e
oo =
o 5 1 20 25 30

15
Time (s)

Fig. 4. - Phase difference between generators 1 and 6 in case Al

0.3,

53 54 55

5.1 5.2
Time (s)

Fig. 5. Change of SFCL resistances in case Al..

Fig. 4 shows the phase difference between the rotor angles
of Gl and G6 which implies the most dominant inter-area
oscillation in case Al. Without SFCL & SMES, the phase
difference severely oscillates and the system is unstable. In
the cases of SMES only, SFCL only, and SFCL & SMES, the
oscillation is damped out. Clearly, SFCL & SMES provides the
best stabilizing effect. Fig. 5 shows the change in resistance
of SFCL1 and SFCL2, The SFCL resistances: exponentially
change as expected. Fig.' 6 depicts the current flow at the
SMES terminal which can be evaluated as the limited. current
by SECLI. In case of only SMES1 '(no SFCL1), the peak
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0.4
I e SMES1 (o SFCL1)\-

SFCL1 & SMES1

0.356

Current (pu)
[~}
M

0.08

Voltage of SFCL1 {pu)

5.1 5.2 5.3 5.4 55
Time (s)

Voltage across SFCLI in case Al

a0
Egscit = 87.031 MJ—»

Energy dissipation of SFCL1 (MJ)

5 5.05
Time (s)

Fig. 8. Energy dissipation of SFCLI.

current is very high. On the other hand, the current is effectively
suppressed in case of SFCL1 & SMESI. Fig. 7 shows the
voltage across SFCLI. It can be observed that, the voltage
is almost constant during the fault period. Fig. 8 depicts the
integration result of energy dissipation of SFCL1 by (17) which
can be found at the final time of fault period.

Figs. 9-11 show the phase difference, the voitage at SMES!
bus, and the coil current of SMESI in case A2, respectively.
In the case of SMES only, the SMES fails to operate, because
the voltage at the SMES bus drops below the acceptable range
of constraint (d). As a result, the time simulation of SMES
coil current is forced to stop. In practice, the coil current
gradually decreases to zero. In the case of SFCL only, the SFCL
completely loses stabilizing effect. The system is unstable. On
the other hand, SFCL & SMES is able to stabilize the system
robustly. The SFCL is able to enhance the low voltage ride-
through capability of the SMES. Besides, the variation of the
SMES coil current is in the acceptable range as in constraint
(e). For case A3, the phase difference, as shown in Fig. 12, is in
the same way as case A2.
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Fig. 12. Phase difference between generators 1 and 6 in case A3.

Table IIT shows the comparison results of the necessary MW
and MJ capacitics of the SMES used for system stabilization.
The MW capacity is determined by the maximum power output
of the SMES, whereas the MJ capacity is calculated from the
difference between. the. maximum’ and the ‘minimum. energy
outputs. With the support of the SFCL, the necessary MW and
MJ capacities of the SMES are significantly reduced. For cases
A2 and A3, the MW and MJ capacities in the case of SMES
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TABLE 1IL
COMPARED MW aND MJ CAPACITIES OF SMES
Case Al Case A2 Case A3
SMES SFCL SFCL SFCL
anly & SMES & SMES & SMES
MW
SMES!  501.045 337.183 348.204 444.014
SMES2  497.732 100.683 118,511t 295.967
MJ
SMEST  460.527 162.674 163.738 197.044
SMES2  451.561 66.245 67.794 98.828

SFCL £ Possibie location of SECIL.

Fig. 13, Six-area interconnected power systems.

only are not provided, because the SMES fails to operate due to
the large voltage drop.

V. APPLICATION 2: OPTIMAL SFCL UNITS EOR
TRANSIENT STABILIZATION

The six-area interconnected power system in Fig. 13 is used
as the study system again. As shown in Fig. 13, there are 17 pos-
sible SFCL locations in this system. Here, a new optimization
of multiple SFCL units considering optimal locations, optimal
number, optimal resistive values, and energy dissipation during
quenching state is presented. -

VI. PROPOSED OPTIMIZATION

The energy function method is applied to formulate the opti-
mization problem. From (4), the derivative of V' with respect to
time can be shown by

LAV s OV OVp .
V=" = R s,
& ; (aw,-, “it 55, 5’)

where the symbol *-” represents the time derivative. Physically,
V is a negative value that corresponds to the rate at which
energy is dissipated by the damping. The more negative V is
maximized, the higher system damping can be obtained [1]. As
a result, the fast dissipation of the energy released by the fault
and the quick damping of rotor swings can be achieved.

The speed of the i**-generator can be shown by the swing
equation

(23)

wi = (Poui — Pus)/M; (24)
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where Af; is the inertia constant of the generator, P,,,; and P,;
are the mechanical power and the electrical power of the -
generator, respectively. Substituting (24) into (23) yields

(Vi P alp Vi 1,
/ -
! ;-(w M; ) Z Bu; M,

14t term and term

(25)

From (9), since OV [Ow; = M;(w;{t) - wo(t)), the right
side of (25) can be expressed as
(ﬂ/p
a5; ")

=3 (o -

( )sz +
I=1

13t term

- Z (wi(t) —wo(8)) Psy.  (26)

2nd term

During a fault with a very short period, the changes in 4,
P, and Vp are very small. As a result, the first term on
the right side of (26) hardly changes. On the other hand, the
second term, which depends on P,;, largely affects the value
of V. Here, the SFCLs are applied to alleviate the change
in P,; during the fault so that V. becomes more negative by -
maximizing the second term on the right side of (26). Besides,
the minimization of energy dissipation of the SFCL;j in (17)
is considered. Combining the second term on the right side of
(17) and (26), the multiobjective optimization problem can be
formulated as follows:

Nspern
Maximize (Z (w;i(t)—wa(t)) Pe,>+ Z 1/Esrcrj
i=1 1
= @

subject to

(a) 0.001 pu < Ry <5 pu (range of Ry,;),

(1) 1< Nyrer, £ NspeLimar) (possible number of SFCL),

(©) 1 < Ny, < Npmaz) (possible location of SFCL),

where Vp, is the line number which is the location of SFCL,
Nspciis the number of SFCLs to be installed in this system,
Ni(maz) s the maximum number of possible locations of
SFCLs, and Ns ey (maz) is the maximum number of SFCL.
Since Np is cqual to Nsrcr, Ni also influences the energy
dissipation term in (27). Here, Ni(maz) and Nspegiman) are
equal to 17. This problem is solved by PSO. Fig. 14 shows the
flowchart of the optimization procedure.

VII. SIMULATION STUDY

The optimization of (27) is carried out for 100 iterations
under the operating condition and the applied fault of case Bl in
Table IV. As a result, four SFCL units are the optimal number
with locations.and resistive values as given in Table V. Fig. 15
depicts the convergence curves of the optimized four resistive
values. The proposed SFCLs are referred to.as “PSFCL”: With
the same number and locations as PSFCL, the multiple SFCL
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Specify the search parameters and
particle swarm optimization parameters

I Compute power {law I

[Citer =t Nercr = Land ¥ =1 ]

——b{ Evaluate the objective function in cquation (27) l

Is Nsrcr > Nsecimar
and Ny > N ?

iter:  lieration
el mey : Maximuom
iteration =100

iter=iter + 1

Optimal locations, number
and resistive values of SFCLs

Update the installed locztions (¥ ), cumber (Ngrer)
and resistive values (R,,) of SFCLs

N
g
Determine the new installed locations, nuniber and
l resistive values of SFCLs raadomly
Fig. 14, Flow chart of the computation procedure,
TABLE 1V
OPERATING CONDITIONS AND APPLIED FAULTS
Case Pie Network Applied taults in
study (pw) condition nonlinear simulation
3-phase {aull at bus 12
1. “hange. g i :

BI 10 No change at7 =35 for 50 ms.
One circuit of the 3-phase fault at bus 2

B2 3.0 line between bus 4 at/=5s for 50 ms.

and bus 5 is opened.
One circuit of the 3-phase fault at bus 2
B3 3.0 line between bus | ats=5 s for 50 ms.
- and bus 2 is opened.
TABLE V
OPTIMIZED SFCL UNITS
Optimal
Location PSFCIL. CSFCL

Line between
bus | and
bus 2

PSFCLI: R,; =0.287 O
Epsrerr = 22.857 MJ

CSECLI: Ry = 0374 Q
Ecsrcr = 58.442 M)

PSFCL2: R, = 0.081 Q
Ep__t[:('“ =22.838 MJ

CSFCL2: R,z =0.441 Q

Line between
Ecsiera =61.588 MJ

bus 5 and
bus 6

PSFCL3: R.; = 0.064 O
Epsrera =49.268 M1

CSFCL3: R,.: = 0.069 Q
Ecsrers = 54532 M1

Line between
bus 2 and
bus 12

PSFCL4: R,s=0.057Q
Ersrora =5918 MJ

Line between
bus 5 and
bus IS

CSFCL4: R.s=0.062Q .
E¢spers = 20.258 MJ

units optimized by (27) without considering the energy dis-
sipation term are used for comparison purposes. The aim of
comparison- is‘to show the-impact ‘of the energy dissipation
term on the stabilizing effect of SFCL. Table 'V also shows the
optimized values of the compared-SFCLs, ‘which are referred
to as “CSFCL". Table 'V also gives the energy dissipation of
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Fig. 18, Phase difference between generators 1 and 6 in case B3.

PSFCL and CSFCL during quenching state. Obviously, the
energy dissipation of PSFCL is lower than that of CSFCL.
Figs. 16-18 show the simulation results of the phase differ-
ence between the rotor angles of G1 and G6 in cases Bl to
B3, respectively. Without the SFCL, the system is unstable due
to the undamped oscillation of phase difference for all cases.
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TABLE VI
OpTIMIZED THREF AND Frvi SFCL UNTTS

Three SFCL. units

Five SFCL units

SFCL3-1:R,3.,=0318Q
(line between bus 2 and bus 3)
Epsrizr=50.411 MI
SFCL3-2 : K2 = 0,063
(line between bus 3 and bus 13)
EI:.\‘[.('/_L_V = 55.041 MJ

SFCL3-3: Rpys3=0.064 Q

SFCLS-1 1 Ryys.; = 0.306 Q
(line between bus 2 and bus 3)
Eperers.y =42.261 Ml
SFCL5-2 1 Rpys5.2=0.099 Q2
(line between bus 4 and bus 3)
Epspierss =31.123 MJ

SFCLS-3 : Ryps.q = 0. 095 Q2

(line between bus | and bus 11)
E;r_g'/:('/__{_} =30.858 MJ
SFCL35-4: R34 = 0.067 Q
(linc between bus 4 and bus [4)
Epgirs.4 =52.612 MJ
SFCL3-5: Rpy5:5=0.068 Q

(Jine between bus3 and bus13)
Epgrcrs.s =22.658 MJ

(line between bus 5 and bus 15)
Epspiraa=22.112 M1

1.7
£ """ PSFCL with 3 units
PY=] PSP - === PSFCL with 5 units
H o ; PSECL with 4 units
. a3
)
8
3
2
s
]
s
2
o
2
o
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Fig. 19. Phase difference between generators T and 6 in case BL.

In case B1, the PSFCL provides a belter stabilizing effect than
the CSFCL. In cases B2 and B3, the CSFCL cannot tolerate
the applied fault and fails to stabilize the system. The high

energy dissipation deteriorates the stabilizing effect of CSFCL. -

On the other hand, the PSFCL is able to damp out the oscilla-
tion robustly. The PSFCL, which takes energy dissipation into
account, is superior to the CSFCL in terms of stabilizing effect.

Next, to investigate that four units of SFCL (PSFCL with
4 units) are optimal for this system, they are compared with the
optimized three and five units of SFCL. Note-that three units of
SFCL (PSFCL with 3 units) and five units of SFCL (PSFCL
with 5 units) are optimized by the same objective function
(27) and case study B1. Table VI shows the optimized results.
Figs. 19-21 compare the stabilizing effect of the optimized
PSFCL with 3, 4, and 5 units for cases B1 to B3, respectively.
In case B1, the stabilizing performance of PSFCL with 4 units
is better than that of PSFCL with 3 and 5 units. In cases B2
and B3, PSFCL with 3 and 5 units loses stabilizing eftect. On
the other hand, PSFCL with 4 units is capable of damping
the oscillation. Fig. 22 compares the total energy dissipation
of SFCLs during quenching state for the three case studies.
Obviously, the total energy dissipation of PSFCL with 4 units is
minimal.. These results confirm that PSFCL with 4 units is the
optimal solution for this system. PSFCL with 4 units not only
provides superior transient stabilizing effect. but also results in
minimal energy dissipation.

*¢ PSFCL with 3 units
= PSFCL with 5 units

Phase difference {rad)
i

1.4 3 2 )g— E i gﬂl
47 BEFREEZSEENERS i
op--gF - TSRO
5 & A EEA:
v bl ] hd
‘25 10 20 30 40 50 60
Time (s)

Fig. 20.

[+~ PSFCLwith 3 units
1] ===~ PSFCL with § units
i PSFGCL with 4 units
- i HH
g EEEHT e oo
g 0 1 -=r ““““
5 UL I
& I
S T
g a4 ]
& R0 I
e
{ Il
I A
173
I b Yy
50 80
Fig. 21. Phase difference between generators | and 6 in case B3.

350
[C__JCSFCL with 4 umits.
| [ZZAPSFCL with 3 units
Vo PSFGL with 5 units |
N P SECL wilh 4 units
P31, ) U —————

Total energy dissipation {MJ)
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Fig. 22. Comparison of total encrgy dissipation of SFCLs.

VIIL CONCL_USION

This paper proposes a new optimization of multiple SFCL
and SMES units for transient stability augmentation in a mul-
timachine power system based on kinetic energy control. Two
applications are studied in the West Japan six area intercon-
nected power system. For the first application, the optimization
of SFCL and SMES are presented. The optimal resistive value
and minimal energy dissipation of the SFCL as well as the
power controller parameters and the optimal coil size of the
SMES are taken into account in the optimization. Simulation

.results confirm that the stabilizing effect of SFCL and SMES

is superior to either device separately. With the contribution
of the .SFCL, the low voltage ride-through capability of the
SMES can be enhanced. Besides, the significant reduction
of MW and MIJ capacities of the SMES are obtained. For
the second application, an optimization technique of multiple
SECL units. is presented. -The optimization is performed ‘based
on the reduction rate of energy function during fault and the
minimal’ energy dissipation of SFCL. during. quenching state.
The optimal locations, number, and Tesistive values of the
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SFCL are achieved automatically. The proposed optimization
not only solves the difficult problem of SFCL application in
multimachine power systems, but also indicates the significant
economic merit of using multiple SFCL units.
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