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Abstract - This paper proposes the design of robust su-
perconducting magnetic energy storage (SMES) controller in
a multimachine power system by using hybrid tabu search
and evolutionary programming (Hybrid TS/EP). The multi-
machine power system and the SMES with controller are for-
mulated as an optimization problem. The proposed objective
function not only considers the disturbance attenuation per-
formance but also the robust stability index. Subsequently,
the robust SMES controller for active and reactive power
control are designed systematically by using Hybrid TS/EP
in order to improve the power system damping and the ro-
bustness against system uncertainties. Consequently, non-
linear simulation studies under various situations are carried
out to exhibit and confirm the effectiveness and robustness of
the designed robust SMES controller.

Keywords - Robust controller design, superconduct-
ing magnetic energy storage, multiplicative stability mar-
gin, tabu search, evolutionary programming

1 INTRODUCTION

NOWADAYS , a practical power system associated
with several machines is confronted with the pres-

ence of electromechanical oscillation (EMO) modes.
These EMO modes (0.2-2.5 Hz) are often poorly damped
due to the limit on a maximum power transfer in transmis-
sion lines and the complexity of a power system network.
In particular, the insufficient damping of such complex
EMO modes usually causes unavoidable low frequency
oscillations following unexpected disturbances [1]-[3].

The superconducting magnetic energy storage
(SMES) unit is regarded as an effective energy storage
device for leveling load demands and compensating for
load changes. In particular, it is capable of supplying or
receiving the active and reactive power simultaneously as
well as stabilizing the power system. The applications
of superconducting magnetic energy storage (SMES) to
enhance the power system damping were studied by many
researchers [4]-[7]. Recently, the controller design of
SMES active and reactive power for improving the tran-
sient stability of power system presented by [8]-[10] show
that a proper modulation control of SMES active and re-
active power can overcome the problem of low frequency
oscillations.

This paper proposes the design of robust supercon-
ducting magnetic energy storage (SMES) controller in a
multimachine power system using a heuristic optimiza-
tion method. The fast control of SMES unit is one so-

phisticated advantage that can be utilized to alleviate the
problem of system transient instability due to undesirable
disturbances. The proposed design considers the SMES
unit with simultaneous active and reactive power control.
In particular, a model of SMES coil current, which is the
permissible range of SMES operation, is also taken into
account to realize its characteristics during operations.
Moreover, a multiplicative uncertainty model included in
the proposed design method can be used to determine the
multiplicative stability margin (MSM), which can be re-
garded as the robust stability margin.

To obtain the parameters of SMES controller, the mul-
timachine power system and the SMES with controller
are formulated as an optimization problem. The proposed
objective function not only considers the disturbance at-
tenuation performance but also the robust stability mar-
gin. Subsequently, the robust controllers of SMES active
and reactive power are designed systematically by using
hybrid tabu search and evolutionary programming (Hy-
brid TS/EP) in order to improve the power system damp-
ing and the robustness against system uncertainties. Con-
sequently, non-linear time-domain simulation studies are
carried out to exhibit and confirm the effectiveness and
robustness of the designed robust SMES controller in a
multimachine power system under various situations.

The organization of this paper is as follows. Sections
2 and 3 describe the study system and the control prob-
lem formulation, respectively. Next, Hybrid TS/EP is ex-
plained in Section 4. Subsequently, the results and evalua-
tions are carried out in Section 5. Finally, conclusions are
given in Section 6.

2 STUDY SYSTEM

2.1 Linearized Power System Model

The study power system consists of two machines con-
nected to an infinite bus as illustrated in Fig. 1. It is rep-
resented by a linearized model around a design operation
condition (DOC). Each generator model is represented by
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Figure 1: Two-machine infinite bus power system.
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a 4-state transient model and is equipped with a simpli-
fied exciter [3]. The state equations of a linearized power
system (AS , BS , CS , DS) in Fig. 1 can be expressed as

∆
•
x = AS∆x + BS∆uCTL,

∆y = CS∆x + DS∆uCTL, (1)

∆uCTL = KCTL∆uIN ,

where, ∆x =
[

∆δ ∆ω ∆e′d ∆e′q ∆Efd

]T
,

(5n×1); ∆y is the output signal of system,(2m×1); ∆δ
denotes the deviation of rotor angle,(n×1); ∆ω is the de-
viation of rotor speed,(n×1); ∆e′d and∆e′q are the devia-
tions of transient internal voltages of a generator ind-axis
andq-axis, respectively,(n×1); ∆Efd is the deviation of
field voltage,(n× 1); KCTL is the SMES with active and
reactive power (P-Q) controllers,(2m × 2m); ∆uCTL is
the control output signal ofKCTL, (2m×1); ∆uIN is the
feedback input signal ofKCTL, (2m × 1); n andm are
the numbers of machines and SMESs, respectively. Note
that the system (1) is a multi-input multi-output (MIMO)
control system and is referred to as the nominal plantG.

2.2 SMES Model and Control Scheme
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Figure 2: SMES with P-Q controllers.

The SMES model with active and reactive power mod-
ulation control scheme, as depicted in Fig. 2, is used in
this paper. In particular, each SMES unit includes two
controllers ofPCTL andQCTL, where,PCTL andQCTL

are the SMES active power controller and SMES reac-
tive power controller, respectively. The SMES with P-
Q controllers is obviously an MIMO system. Moreover,
the effect of SMES coil current is included to realize its
characteristics during operations. In practice, the SMES
coil current (IDC) is not allowed to reach zero to prevent
the possibility of discontinuous conduction under unex-
pected disturbances. Based on the hardware operational
constraints, the lower and upper coil current limits are
0.30IDC0 and 1.38IDC0, respectively [5], where,IDC0

is an initial value of SMES coil current. In addition, the
PICTL is a proportional-integral controller used to stabi-
lize the SMES coil current.

The SMES output active power (Psm) and SMES out-
put reactive power (Qsm) can be expressed as

Psm = VtsmIDCAP, (2)

Qsm = VtsmIDCAQ, (3)

where,AP andAQ are the active and reactive power frac-
tions, respectively. For simplicity,Vtsm is assumed as a

terminal voltage of SMES unit, (pu). ForPsm − IDC in
Fig. 2, it represents the relationship between the current
IDC and the sensedPsm. In particular,IDC can be calcu-
lated by (4) and (5) as follows,

Eout =
∫

Psmdt · Ssm,base, (4)

IDC =

√
I2
DC0 −

2Eout

Lsm · I2
sm,base

, (5)

where,Lsm is the SMES coil inductance, (H);Eout is the
SMES energy output, (J);Ism,base is the SMES current
base, (A); andSsm,base is the SMES MVAbase, (MVA).
Subsequently, the energy stored in the SMES unit (Esm)
and the initialEsm (Esm0) can be determined by (6) and
(7) as follows,

Esm = Esm0 − Eout, (6)

Esm0 =
1
2
LsmI2

DC0 · I2
sm,base. (7)

Normally, the SMES unit should not supply/receive
active and reactive power to/from the power system. On
the other hand, the SMES unit should alleviate power sys-
tem oscillations following disturbances.

3 CONTROL PROBLEM FORMULATION

3.1 Controller Structure

The structure of controller forPCTL andQCTL is in a
form of a lead/lag controller as

∆uCTL = KC · sTw

1 + sTw
· 1 + sT1

1 + sT2
·∆uIN , (8)

where,KC is a controller gain;Tw is a wash-out time
constant; and,T1 and T2 are controller time constants.
Note that∆uIN for PCTL is an active power deviation
(∆Pin), and∆uIN for QCTL is a reactive power devia-
tion (∆Qin).

In this paper,Tw is set to 5 s. The control parameters,
i.e. KC , T1 andT2, for PCTL andQCTL are searched si-
multaneously based on the objective function explained in
the following subsection.

3.2 Determination of Objective Function

In derivation of the objective function, both attenua-
tion performance of system disturbance and robust sta-
bility of control system against system uncertainties are
taken into consideration. Since the main purpose of the
proposed design method is to improve the system damp-
ing following any disturbances, therefore, the damping ra-
tio (ζ) of EMO mode is used as a design specification.
Assuming that eigenvalues corresponding to the mode of
oscillation can be determined as−σ ± jωd, the damping
ratio is given by

ζactual =
−σ√

σ2 + ω2
d

. (9)
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The desired damping ratio of the eigenvalues correspond-
ing to the mode of oscillation is specified asζdesired. Ac-
cordingly, the difference between the desired and the ac-
tual damping ratios can be defined as

ψ = |ζdesired − ζactual| . (10)

Note that the disturbance attenuation performance in-
creases whenψ is minimized.

Here, the D-Stability region is used to guarantee the
desired damping ratio and the real part of EMO mode. As
shown in Fig. 3,ζ0 andσ0 are set at 10 % and -0.5, re-
spectively.
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Figure 3: D-Stability region.

GKCTL

Power

System

SMES with

Controllers

Input +

-
+ +

Output

m

IN
u

CTL
u y

Figure 4: Feedback system with multiplicative uncertainty.

For the robust stability of a system, the plant uncer-
tainty is modeled as a multiplicative form [11] demon-
strated in Fig. 4.∆m is a stable multiplicative uncertainty.
Based on the small-gain theorem, the closed loop system
will be robustly stable if

|∆m| < 1
|G ·KCTL(1 + G ·KCTL)−1| , (11)

where, the symbol|•| shows the magnitude of transfer
function(•). Note thatT = G·KCTL(1+G·KCTL)−1 is
the complementary sensitivity function, or the closed-loop
transfer function. Based on this uncertainty representa-
tion, the robust stability margin can be determined in term
of MSM. In other words, MSM also implies the maximum
uncertainty bound and can be calculated by

MSM = 1/ ‖T‖∞ , (12)

where,‖T‖∞ is the∞-norm ofT . From (11) and (12), it
is clear that by minimizing‖T‖∞, the robust stability mar-
gin will be improved as the MSM increases [11]. Thus,
the normalized robustness index of the objective function
is defined as

γ = ‖T‖∞ / ‖T‖∞(initial) , (13)

where,‖T‖∞(initial) is the specified∞-norm ofT at an
initial of a search process.

Combining (10) and (13), the control problem can be
formulated as the following optimization problem,

min C (KC , Tj) = ψ + γ,

st. Kmin ≤ KC ≤ Kmax, (14)

Tmin ≤ Tj ≤ Tmax, j = 1, 2

where,C(KC , Tj) is the objective function. The mini-
mum and maximum values of the gainKC are set as 1 and
100, respectively. The minimum and maximum values of
the time constantsTj are set as 0.001 and 10, respectively.
In this paper, the hybrid tabu search and evolutionary pro-
gramming method (Hybrid TS/EP) introduced by [12] is
applied to solve the optimization problem.

4 HYBRID TABU SEARCH AND
EVOLUTIONARY PROGRAMMING

4.1 Initialization

The actual values of theN parameters,Pi, i = 1,
. . . , N , are randomly generated between the minimum
actual parameters (Pi,min) and the maximum actual pa-
rameters (Pi,max) of the k-th individual solution,Xk =
[P k

1 , . . . , P k
i , . . . , P k

N ], k = 1, . . . , NP , where,NP is the
population size. After initializing the individual solutions
in the population, the objective function in (14) is used to
verify the quality of initial individuals. The best initial in-
dividual is recorded into the tabu list (to be discussed in
Subsection 4.3).

Furthermore, for each generation, Hybrid TS/EP per-
forms 5 operations: perturbation strategies, tabu list re-
striction, fitness function evaluation, rank selection with
elitism, and adaptive parameter setting strategies (to be
discussed in Subsection 4.2, 4.3, 4.4, and 4.5, respec-
tively).

4.2 Perturbation Strategies

In this paper, Hybrid TS/EP uses mutation as a diver-
sification searching strategy and arithmetic crossover [13]
operator as an intensification searching strategy to obtain
the optimal or near optimal solution [12].

4.2.1 Mutation

The offspring individuals (the new trial solu-
tions) obtained from mutation process,Xnew

k =
[P k,new

1 , . . . , P k,new
i , . . . , P k,new

N ], k = 1, . . . , Nm, are
defined as

P k,new
i = P k

i + H(0, µi), i = 1, . . . , N, (15)

where,P k
i is the actual value of thei-th parameter of the

k-th parent individual;H(0, µi) is a uniform random vari-
able with varianceµi; µi is |Ck/Cmax|(Pi,max−Pi,min)β,
i = 1, . . . , N ; β is an adaptive mutation scale;Nm is the
number of mutated individuals;Ck is the objective value
of thek-th parent individual;Cmax is the maximum objec-
tive value in the parent population. Note that ifP k,new

i is
higher or lower than its operating limits, set it to the limit.
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4.2.2 Arithmetic Crossover

Based on the inherited genotypes of two randomly
selected parent individualsXk1 and Xk2, the off-
spring individuals obtained from the arithmetic crossover,
Xnew

k = [P k,new
1 , . . ., P k,new

i , . . . , P k,new
N ], k = Nm +

1, . . . , NP , are formulated by

Xnew
k = Xk1 + u · (Xk2 −Xk1), (16)

where,u is defined as a uniform random number ranges
from zero to one.

4.3 Tabu List Restriction

The tabu list (TL) is used to keep best offspring in-
dividuals (solution vectors) in past iterations. During the
search process, a new solution vector enters TL and the
oldest one is released, as shown in Fig. 5. In particu-
lar, this technique prevents a cycling of visited offspring
individuals in the perturbation process by forbidding per-
turbed individuals, which are similar to those in TL, from
being used as solution candidates [14].
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Figure 5: Mechanism of Tabu List.

In general, if the size of TL is too small, the cycling of
solution occurs in the search process. On the other hand, if
the size is too large, the search process is in less diversity.
Hence, the appropriate size in our application is between
7 and 30.

For each generation counterg, the tabu list size(TLS)
must be satisfied under the condition,0 ≤ TLS ≤ τ(g).
τ(g) is the maximum allowableTLS (to be discussed in
subsection 4.5). The tabu restriction for thek-th individ-
ual,k = 1, . . . , NP can be expressed as

√√√√ N∑

i=1

(
P k,new

i − P tabu,t
i

Pi,max − Pi,min

)2

< (d0 · ηg ∆= dtabu),

t = 1, . . . , TLS, (17)

where,dtabu is the tabu distance;d0 is the initial value of
tabu distance(= 5× 10−4); η is the drop factor (= 0.95);
P tabu,t

i is the actual value of thei-th parameter of thet-th
tabued solution in TL.

At the beginning, a higherdtabu is used to provide di-
versification in order to reduce the search effort towards
the optimal region. Moreover, the intensification will oc-
cur when the generation counterg reaches the maximum
generation limit,gmax.

4.4 Fitness Function Evaluation and Rank Selection
with Elitism

The fitness function is evaluated based on a distance
term and an objective function term. Accordingly, the fit-

ness function can be formulated by

Fk = 4 ·NP − (RCk + α ·RDk),
k = 1, . . . , 2×NP, (18)

where,Fk is the fitness score of thek-th individual,k =
1, . . . , 2 × NP ; α is an adaptive decay scale, which can
be obtained from (21);RCk is the integer rank score ofCk

of thek-th individual can be assigned by the lowest score
(= 1) for the lowestCk and the highest score (= 2×NP )
for the highestCk; RDk is the integer rank score ofDk of
thek-th individual can be assigned by the lowest score (=
1) for the highestDk and the highest score (= 2 × NP )
for the lowestDk; Ck is the objective value of thek-th
individual.

Dk, the summation of distance between thek-th indi-
vidual and each visited solution vector in TL, can be ex-
pressed as

Dk =
TLS∑
t=1

√√√√ N∑

i=1

(
P k

i − P tabu,t
i

Pi,max − Pi,min

)2

, (19)

where,P k
i is the actual value of thei-th parameter of the

k-th individual. With the rank selection operator, theNP
highest fitness score individuals will be chosen as parent
individuals for next generation. Those individuals are ob-
tained from a combined population (2 × NP ) of the old
parent population and the offspring population. This strat-
egy is used to avoid the premature convergence of solu-
tion.

Moreover, if a new parent population for the next gen-
eration does not contain the current best individual, the
elitism will replace the last individual in a new parent pop-
ulation by the current best individual. This technique guar-
antees the current best individual surviving until the last
generation.

4.5 Adaptive Parameter Setting Strategies

4.5.1 Determination ofNm andNc

The parameters setting forNm andNc must satisfy the
condition

Nm + Nc = NP, (20)

where,0 ≤ Nm ≤ NP and0 ≤ Nc ≤ NP .
Initially, both parameters are set to 50 % ofNP .

For the next generation, if the best offspring individual
is better than the best parent individual by mutation (or
crossover) process, the parameterNm (or Nc) for the next
generation will be increased by the intensification number
(I). I is set to 20 % ofNP . Nc is the number of arithmetic
crossover individuals.

Otherwise, if the best offspring individual does not im-
prove solution quality better than the best parent individ-
ual, then both parameter settings ofNm andNc for the
next generation will be recovered to the old generation pa-
rameter settings.
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S(g + 1) =
{

Max{Smin, S(g)− S∆} ; if Cmin(g) = Cmin(g − 1)
S(g) ; if Cmin(g) < Cmin(g − 1) (21)

4.5.2 Determination ofα, β andτ

The parameters setting ofα, β, andτ , represented by
S, can be formulated by (21).S∆ is the step size related
to each parameter.Cmin(g) is the objective value of the
best offspring individual at the generation counterg. At
the beginning,S is set to the maximum value of parame-
ter setting. For the next generation,S is controlled by the
generation counterg.

In this paper,βmin, βmax, andβ∆ are set to 0.005, 0.5,
and 0.025, respectively.αmin, αmax, andα∆ are set to
0.005, 0.5, and 0.025, respectively.τmin, τmax, andτ∆ are
set to 7, 30, and 1, respectively.

4.6 Hybrid TS/EP Procedure

The Hybrid TS/EP procedure can be described as fol-
lows:
Step 1: Read the system data, and specify the parameter
settings of Hybrid TS/EP.
Step 2: Initialize the initial individuals, Xk, k =
1, . . . , NP and the design specification. Evaluate the ob-
jective function (Ck) in (14), and update tabu list (TL).
Step 3: Initialize the generation counterg to zero.
Step 4: Execute Hybrid TS/EP operators as follow:

Step 4.1: Perform the perturbation strategies.
Step 4.1.1: Initialize the individual counterk to one.
Step 4.1.2: Perform the mutation based on TL
restriction until thek-th offspring individual does
not satisfy TL restriction in (17).
Step 4.1.3: If k < Nm, increase the individual
counterk by one and go to Step 4.1.2.
Step 4.1.4: Initialize individual counterk toNm+1.
Step 4.1.5: Perform the arithmetic crossover based
on TL restriction until thek-th offspring individual
does not satisfy TL restriction in (17).
Step 4.1.6: If k < NP , increase the individual
counterk by one and go to Step 4.1.5.

Step 4.2: Combine the offspring population and parent
population into a single population to evaluate the
objective value and fitness of each individual.
Step 4.3: Perform the rank selection with elitism
mechanism to update the new parent individuals from
a combined population of the old parent population
and offspring population for the next generation.
Step 4.4: Perform the adaptive parameter setting
strategies and update TL.
Step 4.5: If the generation counterg is less than the
maximum generation limitgmax, increase generation
counterg by one and go to Step 4.

Step 5: Hybrid TS/EP is terminated and the current best
individual is a solution for the robust design.

5 RESULTS AND EVALUATIONS

To demonstrate the effectiveness of the designed ro-
bust SMES controller (RSMES), includingPCTL and
QCTL, the study system of two-machine connected to an
infinite bus, as shown in Fig. 1, is used. All system
data are given in the Appendix. By observing participa-
tion factors of the dominant EMO mode, the SMES unit
with P-Q controller is installed at machine 1 [3]. In ad-
dition, the deviations of active and reactive power gener-
ated by machine 1 are used as input signals of the SMES
controller. The proposed robust design method based Hy-
brid TS/EP is developed via MATLAB programming lan-
guage. The computer used is a Pentium4-3.0 GHz PC with
RAM 1.0 GBytes. The control parameters of the RSMES
are searched using the proposed objective function (14)
following the design procedure.NP and gmax are set
to 100 and 480, respectively. The desired damping ratio
ζdesired = 0.2 is appointed. As results, the total computa-
tional time for the search process is 4,522 s. The RSMES
of PCTL andQCTL is obtained as below,

PCTL : 13.752 · 5s

1 + 5s
· 1 + 0.0485s

1 + 0.7948s
, (22a)

QCTL : 1.0 · 5s

1 + 5s
· 1 + 0.2265s

1 + 2.1619s
. (22b)

The RSMES is examined under four different oper-
ating conditions as given in Table 1. For comparison
purpose, the conventional SMES controller (CSMES) is
given. ThePCTL of CSMES is16(0.01s + 1)/(1.0s + 1)
and theQCTL of CSMES is1.0(0.01s + 1)/(1.0s + 1).
Note that the CSMES is designed manually at the design
operating condition (DOC) to yield the damping ratio of
the dominant EMO mode of 0.2, which is the same as the
design specification of the RSMES. However, the MSM is
not considered in the design of CSMES.

Case study PG1 PG2 PL1 PT12 Line outage
(pu) (pu) (pu) (pu)

DOC 5.5 5.5 10 0.8 -
1 5.0 5.0 5 4.8 -
2 5.5 5.5 6 4.8 -
3 6.5 6.5 10 2.8 101-13 (1 circuit)

Table 1: Operating Conditions.

Case No SMES CSMES RSMES
study
DOC -0.028±j3.079, -0.639±j3.185, -0.618±j3.027,

0.0091 0.1968 0.1999
1 0.060±j2.871, -0.447±j2.970, -0.444±j2.853,

-0.0209 0.1488 0.1539
2 0.089±j2.830, -0.401±j2.932, -0.402±j2.823,

-0.0314 0.1355 0.1411
3 0.093±j2.345, -0.244±j2.356, -0.236±j2.300,

-0.0395 0.1029 0.1020

Table 2: Dominant modes and damping ratios.
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The eigenvalues and damping ratios of the dominant
EMO modes for all case studies are given in Table 2. For
all case studies, the damping ratios of EMO modes for the
case of RSMES and CSMES are slightly different and all
of them are in the D-Stability region. This implies that for
small disturbances the damping performance by RSMES
and CSMES should be similar.

Case study CSMES RSMES
DOC 0.0827 0.1947
1 0.0832 0.1951
2 0.0827 0.1945
3 0.0815 0.1932

Table 3: Multiplicative stability margins (MSMs).

Table 3 shows the values of MSM, which is the ro-
bust stability margin, for each case study. Obviously, the
MSMs of the power system with RSMES are at the higher
value. The MSM indicates the ability of control system
to guarantee some degree of system uncertainties. The
higher the MSM, the better robust stability will be.

Next, non-linear simulation studies are carried out to
show the robustness of the power system with RSMES in
comparison with CSMES by using Dymola [15]. Under
four operating conditions given in Table 1, it is assumed
that there is a disturbance occurred for each case study.
For Case study DOC and 1, there is a three-phase fault to
ground at bus 20 for 20 ms and 50 ms, respectively. There
is no line removed after the fault is cleared. As shown in
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Figure 7: System responses of Case study 1.

Fig. 6 and 7, both RSMES and CSMES can successfully
damp out the oscillation. However, the SMES without P-Q
controllers (NoSMES), the power system becomes unsta-
ble as in Fig. 7.

For Case study 2, the transmission system is at the
heavy load condition as in Case study 1. However, the
point is that how the sudden configuration changes affect
the stability of a power system. In addition, the system
with CSMES provides a degree of stability margin (MSM)
lower than the system with RSMES. It is assumed that one
circuit of line 101-13 is tripped temporarily without fault
for 1.2 s and is then reclosed back into service. Conse-
quently, the CSMES cannot provide enough damping per-
formance to the power system and lose the synchronism.
On the other hand, the RSMES can effectively maintain
the stability of the power system as shown in Fig. 8.

For Case study 3, there is one circuit of line 101-13
out-of-service. Accordingly, the tie-line becomes weaker.
Subsequently, the three-phase fault to ground is occurred
in the middle of line 101-13 for 70 ms. The line is re-
closed after the fault is cleared for 200 ms. Apparently,
as exhibited in Fig. 9, the CSMES loses its control but
the RSMES still robustly retain the power system stability
successfully.

The RSMES improves the system damping perfor-
mance and also yields larger MSMs compared with the
system with CSMES. With the larger MSM, the system
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Figure 8: System responses of Case study 2.
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Figure 9: System responses of Case study 3.
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can deal with a higher degree of system variations at
which the system can insist without destabilized by un-
expected disturbances. With a proper design specification,
the proposed design method can also be applied to a larger
system. In particular, comprehensive engineering back-
grounds is not required by the proposed design method.
The control parameters are automatically searched and ob-
tained with appropriate design constraints. It should also
be noted that the computational time for the search process
does not affect the quality of solution. In addition,IDC is
effectively regulated during power system oscillations fol-
lowing disturbances and is significantly remained within
the constraints for all cases.

6 CONCLUSIONS

In this paper, the design of robust SMES controller
in a multimachine power system is proposed. The SMES
active and reactive power controllers are designed simulta-
neously to yield the desired damping performance. Mean-
while, the robust stability margin is improved. Automat-
ically, the control parameters are searched and obtained
with less effort by using Hybrid TS/EP. With proper de-
sign specifications, the SMES with P-Q controllers can
effectively damp out power system oscillations follow-
ing severe disturbances. Moreover, the improvement of
robust stability margin, or MSM, allows the power sys-
tem to insist a more serious situation. Finally, simulation
studies reveal that the designed robust SMES controller
provides the power system with the robust damping per-
formance and robust stability against system uncertainties.

Appendix: System Data
SystemBase: 100 MVA

Generator (MVAbase=900) and Exciter
H xd xq x′d x′q T ′d0 T ′q0 Ka Ta

6.5 1.8 1.7 0.3 0.55 8 0.4 200 0.05
Note: Efd limits are±5.0 pu.

Transmission line
From To R X B Tab

1 10 0 0.0167 0 1.0
10 20 0.0025 0.025 0.0437 -
2 20 0 0.0167 0 1.0
20 3 0.001 0.01 0.0175 -
3 101 0.011 0.11 0.1925 -
3 101 0.011 0.11 0.1925 -
3 4 0 0.005 0 1.0

101 13 0.011 0.11 0.1925 -
101 13 0.011 0.11 0.1925 -
13 14 0 0.005 0 1.0
13 120 0.001 0.01 0.0175 -

SMES
Ssm,base Ism,base IDC0 Lsm KP TI

100 4,545 1.0 10 40 0.4
Note: KP andTI are parameters ofPICTL in Fig. 2.
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