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Abstract—-Recently, fuzzy logic control has widely received at-
tention in various power system applications, despite difficulties
of obtaining its control rules and membership functions. Nowa-
days, power system consists of multiple areas where load varia-
tions with abrupt changes always exist, and proper control rules
and membership functions could be hardly achieved. This paper
proposes a practical design of fuzzy logic controllers for super-
conducting magnetic energy storage (SMES) based on wide area
synchronized phasor measurement for improving stability of
interconnected power system. Moreover, a heuristic method is
applied for determining control rules and membership functions.
The estimated model is determined via a coupled vibration model
for detection and assessment of an approximated inter-area oscil-
lation mode. Finally, some simulation studies based on a two-area
four-machine power system are carried out to examine the per-
formance and effectiveness of the designed fuzzy SMES control-
ler.

Index Terms--Fuzzy logic controller, wide area system, syn-
chronized phasor measurement, power system stability, super-
conducting magnetic energy storage

I. INTRODUCTION

ODAY, the growth and development of modern power

system have gradually continued to satisfy both increase
of electricity demands and expansions of power industry.
Modern power systems consisting of multiple areas and
transmission lines are naturally confronted with the presence
of complex inter-area oscillation modes. These modes are of-
ten poorly damped due to various changes during power sys-
tem operations. The insufficient damping of such complex
modes usually causes unavoidable low frequency oscillations
and fluctuations of tie-line power flow when being subjected
to unexpected disturbances [1], [2]. In addition, it is chal-
lenged to operate and utilize their existing facilities at higher
efficiency and effectiveness. Many researchers showed that
the SMES applications to the enhancement of power system
dynamics and stability could be apparently achieved with
proper design of SMES active and reactive power controllers

[31-[6].
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In the past two decades, fuzzy logic control has extensively
received attention in various power systems applications [7],
[8]. In general, the knowledge and experiences about the
power system under consideration are needed in a conven-
tional design of a fuzzy logic controller. Its control rules and
membership functions are usually obtained by trial and error
based on the experienced designer. However, with complexity
of today’s power system, it is not easy to realize and compre-
hensively obtain the necessary input-output signal relation-
ships based on such techniques [9].

Recently, wide area monitoring of power system based on
multiple phasor measurements has been put into the spotlight
by many engineers and practitioners. Phasor measurement unit
(PMU), equipped with the global positioning system (GPS),
gives the opportunity of data synchronization at a common
time reference. With the GPS, the time stamp is accurate to
within 1 microsecond at any location on the earth. Accord-
ingly, observed phasor data measured at multiple locations can
be synchronized with high accuracy [10]. Moreover, oscilla-
tion modes, especially the inter-area low-frequency mode with
poor damping, can be detected from measured data by model-
ing measured data via a coupled vibration model (CVM) [11].

This paper proposes a practical design of fuzzy SMES con-
troller based on wide area synchronized phasor measurement
for improving stability of interconnected power system. The
fuzzy SMES controller is designed based on the measured data
from multiple PMUs. In particular, the control rules and mem-
bership functions are tuned by using a heuristic method, i.e.
hybrid tabu search and evolutionary programming (Hybrid
TS/EP), toward the desired damping performance. Subse-
quently, some simulation studies based on a two-are four-
machine power system are carried out to examine and investi-
gate the performance and effectiveness of the designed fuzzy
SMES controller.

The organization of the paper is as follows. Section II ex-
plains the fuzzy SMES controller. Next, Section III provides
the controller design methodology. Section IV presents the
application to two area power system. Lastly, conclusions are
given.
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II. Fuzzy SMES CONTROLLER

A. SMES Model and Control Scheme

The SMES model with active and reactive power modula-
tion control scheme, as depicted in Fig. 1, is used in the paper.
The SMES unit includes three controllers of Kp(s), Ko(s) and
Kipc(s), where, Kp(s) and Ky(s) are the SMES active and reac-
tive power controllers, respectively, and K;pc(s) controls the
SMES coil current. Moreover, the effect of SMES coil current
(Ipc) is considered in the SMES model, since the dynamic
behavior of Ipc affects the overall performance of SMES. In
practice, Ipc is not allowed to reach zero to prevent the possi-
bility of discontinuous conduction under unexpected distur-
bances. On the other hand, /pc, which is above the maximum
allowable limit, may lead to the loss of superconducting prop-
erties. Based on the hardware operational constraints, the
lower and upper coil current limits are considered and as-
signed as 0.30/pco and 1.381pcy, respectively [4], where, Ipcy 1S
an initial value of Ipc.

SMES with P-Q Control

Aup

Aug

Fig. 1. SMES with P-Q controllers.

The desired SMES output active and reactive power (P,
and Q) can be expressed as
By =V Ip AP, D

0, =V, 1,40, 2
where, AP and AQ are the active and reactive power fractions,
respectively. For simplicity, ¥, is assumed as a terminal bus
voltage of SMES unit, (pu). The SMES output active and reac-
tive power, i.e. Py, and Q, are simply the output of the SMES
controlled converter, which is represented by a first order
time-lag compensator with a time constant of 0.01s. The PEI
block in Fig. 1 is used to determine the current /pc based on
P, In particular, /¢ can be calculated by (3) and (4) as fol-
lows,

3)
DC 0 L, 2 (4)

where, L, is the SMES coil inductance, (H); E,, is the SMES
energy output, (J); Ly pase 15 the SMES current base, (A); and
Sempase 18 the SMES MVAbase, (MVA). Subsequently, the
energy stored in the SMES unit (£j,,) and the initial E,, (Egn0)
can be determined by (5) and (6) as follows,

E, =[P,dt-S

sm,base *
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E, =E.c—E.. )
E,,= %L IL2)C0 'Iszm,hase' (6)

It is assumed that for a nominal condition 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 system oscillations following disturbances.

B. Fuzzy Membership Function and Control Rules

For fuzzy SMES controller design, the membership func-
tions in the fuzzification procedure and the fuzzy control rules
are primarily considered. In the paper, for simplicity, triangle
and trapezoidal shaped membership functions have been se-
lected to describe all of linguistic variables [8]. Fig. 2 shows
the fuzzy membership functions for all inputs (A and B) and
output (C) variables. The input and output signals are divided
into seven linguistic variables using fuzzy set notations, i.e.,
such as negative big (NB), negative medium (NM), negative
small (NS), zero (Z), positive small (PS), positive medium
(PM), and positive big (PB).

Subsequently, the fuzzy control rules are constructed so
that the output control signal is satisfied. In general, the fuzzy
control rules can be obtained from expert’s experiences with
the choice of input-output membership functions and control
rules. However, without expert’s knowledge, a simple and
practical approach can also be applied by observing the input
and output responses of a conventional controller for con-
structing an initial set of fuzzy control rules [9]. In particular,
an initial set of fuzzy control rules as shown in Table I is used
in the paper. Za or input A is the feedback input signal,
whereas, Zs or input B is the supplementary input signal,
which is the integral signal of input A.

._% A
E NB NM NS Z PS PM PB
s

Al A2 A3 A4 AS A6 A7 "

Bl B2 B3 B4 B B6 B7
C1 c2 3 4 cs  Coe c7

Fig. 2. Membership functions.

TABLEI
INITIAL FUZZY CONTROL RULES

Za\Zs NB | NM NS V) PS PM PB

NB NB | NB | NB | NM | NM | NS z
NM NB NB | NM | NM NS Z PS
NS NB | NM | NS | NS z PS | PM
Z NM | NM NS Z PS PM PM
PS NM NS z PS PS PM PB
PM NS V4 PS PM PM PB PB
PB z PS PM PM PB PB PB
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Note that the fuzzy SMES controllers of Kp(s) and Ky(s)
are designed simultaneously by using Hybrid TS/EP explained
in later section.

III. CONTROLLER DESIGN METHODOLOGY

A. Modal Analysis with Coupled Vibration Model

In analysis of power system stability, characteristics, i.e.,
eigenvalues and damping ratios, of a considered power system
must be determined and evaluated. The power swing equations
of generators in an n-machine system can be expressed as fol-
lows,

6 =0 (0-1), @

MAd)i:_DA(a)i_l)+Rni_Pel’ (8)

where, i = 1, 2,..., n, dis the power angle, @ is the generator

speed, M is the inertia constant, D is the damping coefficient,

P,, is the mechanical power input, P, is the electric power out-
put and @, is the rated system synchronous speed.

In particular, CVM is used for estimating the dominant
low-frequency oscillation mode of interest in the considered
power system. Two observation sites that significantly partici-
pate in the interesting mode are selected. One observation site
is set as a reference point. The dynamics of the model can be
represented by the polynomial approximation of the phase
angle and generator speed as follows,

A8, = A, ©

[0}

Ad, = m (-D, (Aw, —1)+P,

ml _Pel)

1 s

(10)
= [, (A6, Aw,)

where, f,, is assumingly consisting of linear terms; therefore,
the system matrix of CVM can be expressed as follow,

g .
| kﬂ:[; bﬂA l

Aw,
where, A8 = (6 - 6) — (& - &), and Ay = 6, -5, . Sub-
scripts 1, s and e denote the observation site number, the refer-
ence site and the initial value, respectively.

On the other hand, besides the frequency associated with
inter-area low-frequency oscillation mode of interest, the os-
cillation data of the phase angle observed and obtained by
wide area measurement also include other frequency compo-
nents and noises. Accordingly, the discrete Fourier transform
(DFT) filtering technique [8] are employed and applied to se-
lect and extract the considered frequency component f. from
the original measured oscillation data as shown in Figs. 3 and
4. Initially, the original measured oscillation data is filtered by
DFT filter with the bandwidth of [0.2-0.8] Hz and f; is evalu-
ated. Subsequently, the original measured oscillation data is
filtered by DFT filter with the bandwidth of [f. £0.1] Hz to
obtain the extracted frequency component. Then, the extracted
oscillation data is constructed by applying inverse DFT to the
extracted frequency component. Meanwhile, the unwanted
frequency components such as local oscillation data and
noises with higher frequencies can be eliminated.

Consequently, the coefficients of system (11) can be evalu-

an
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Fig. 3. Dominant mode verification via DFT analysis.
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Fig. 4. Extraction of considered frequency component via DFT filtering.

ated by applying the least squares method to time series data
set, which includes mostly the considered frequency compo-
nent. Thus, the estimated system characteristics can be ob-
tained.

B. Objective Function Formulation

The objective function is formulated as follow.
200

Min F = [ |[Aw|di+caA,
t=0

where, Ap is the difference between the desired damping ratio
and the actual damping ratio. ¢ is a scaling coefficient. Equa-
tion (12) represents the dynamic stability of the study power
system in terms of both time-domain and modal analyses. In
the design, only the inter-area oscillation mode is concerned. It
is the inter-area mode in which the generators in area 1 oscil-
late against those in area 2. The other two local modes in
which generators within the same area oscillate against each
other are not considered. To observe the time-domain dynamic
responses of inter-area EMO mode, the generator speed differ-
ences between areas (Aay) is used to represent the dynamics
of the dominant inter-area mode. Note that a damping ratio
implies an estimated damping ratio, which is calculated via
CVM (11). The value of ¢ depends on the designer’s experi-
ence. The objective function is optimized by using hybrid tabu
search and evolutionary programming.

(12)

C. Hybrid Tabu Search and Evolutionary Programming
In the paper, the hybrid tabu search and evolutionary pro-
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gramming (Hybrid TS/EP) is employed as the optimization
method [12]. The Hybrid TS/EP is an iterative improvement
method. For iteration, operations are performed to obtain bet-
ter solutions with the ability to avoid being trapped in a local
optimum. Subsequently, the solution coding scheme, Hybrid
TS/EP components and procedure are given.

1) Solution Coding Scheme: Based on a concatenated cod-
ing scheme, the actual values of all searched parameters are
stacked in series to construct an individual solution as shown
in Fig. 5. In addition, all fuzzy control rules (R1-R49) are re-
placed by integer values to ease the design process. In particu-
lar, NB, NM, NS, Z, PS, PM and PB are replaced by 1, 2, 3, 4,
5, 6 and 7, respectively.

2) Hybrid TS/EP Components: Consecutively, each com-
ponent of Hybrid TS/EP is briefly explained.

At far]Bi] L er ]| fer R L [Ra
Kp(s)

Kols)

Fig. 5. Solution coding scheme.

a) Initialization: The set of solution candidates is generated
from a given initial solution. For each individual solution, it is
a set of searched parameters and its objective function is
evaluated to verify the quality of solution.

b) Perturbation Strategies: The Hybrid TS/EP uses two
perturbation strategies, i.e. mutation and arithmetic crossover.
The mutation operator is used to diversify the search space to
increase a chance to meet a better solution. Meanwhile the
arithmetic crossover operator is used as an intensification
searching strategy towards the optimal solution region.

¢) Tabu list restriction: Tabu list (TL) is utilized to keep
best individual solutions that have created the best objective
values in the past iterations for iterations so that they cannot
be used to create new solution candidates. As the iteration
proceeds, TL stores a new individual solution and releases the
oldest one.

d) Fitness Function Evaluation and Rank Selection with
Elitism: The fitness function is evaluated based on a distance
away from tabued solutions in TL and an objective function.
With the rank selection operator, a half of the highest fitness
score individual solutions combined from parent population
and its offspring population are selected as parent individual
solutions in the next iteration to prevent the premature conver-
gence of solution.

e) Adaptive Parameter Setting Strategies: During the
search process, the parameters that control the effective of the
search process are determined and adjusted automatically for
obtaining better solution candidates. This strategy reduces the
search effort towards the optimal solution region.

3) Hybrid TS/EP Procedure: The Hybrid TS/EP procedure
can be described as follows:

Step 1: Read the system data, and specify the parameter set-
tings of Hybrid TS/EP.

Step 2: Initialize the initial individuals, X; k£ = 1,..., NP and
the design specification. Evaluate the objective function (12),
and update tabu list (TL).
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Step 3: Initialize the generation counter g to zero.

Step 4: Execute Hybrid TS/EP operators as follows:

Step 4.1: Perform the perturbation strategies.

Step 4.1.1: Initialize the individual counter & to one.

Step 4.1.2: Perform the mutation based on TL restriction until
the k-th offspring individual does not satisfy TL restriction.
Step 4.1.3: If k < N, increase the individual counter k by one
and go to Step 4.1.2.

Step 4.1.4: Initialize individual counter k to N, + 1.

Step 4.1.5: Perform the arithmetic crossover based on TL re-
striction until the k-th offspring individual does not satisfy TL
restriction.

Step 4.1.6: If k < NP, increase the individual counter k£ by one
and go to Step 4.1.5.

Step 4.2: Combine the offspring population and parent popula-
tion 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: 1f the generation counter g is less than the maximum
generation limit g,,,,, increase generation counter g by one and
go to Step 4.

Step 5: Hybrid TS/EP is terminated and the current best indi-
vidual is a solution for the controller design.

IV. APPLICATION TO TWO AREA POWER SYSTEM

A. Study System

The proposed design method is tested on a two area four
machine power system as shown in Fig. 6. Each generator
model is represented by a 4-state transient model and is
equipped with a simplified exciter. The power system consists
of two areas connected by an AC tie-line and exhibits a weak
inter-area oscillation mode. The electric power is flowing from
areas 1 to 2. Accordingly, bus 120 is the most effective SMES
location based on the residue method at the bus [12]. In par-
ticular, the active and reactive power flow deviations from bus
120 to bus 13 are used as feedback input signals for the SMES
controller for power system stabilization. In the paper, it is
assumed that there are load variations in both areas 1 (L1) and
2 (L2). Moreover, two PMUs are assumingly installed at bus 3
and bus 13 for monitoring transmission system. The SMES

L1
10+ 1.0

12+ 1.0 ™

Fig. 6. Two area four machine power system.
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has a specification of 80 MJ, 40 kA, 100 MVA [12]. The
power system data are given in ref. [2].

B. Simulation Results and Evaluation

Initially, the power system is set at the design operating
condition (DOC). To obtain the measured oscillation data, the
200-s random load variations within a range of 5% are ap-
plied in both areas 1 (L1) and 2 (L2). Accordingly, the tie-line
power flow is oscillated but, however, the power system still
remains under a stable steady-state condition. In the study, the
design goal is to gradually increase the damping performance
of the power system from 3.3% to 12.5% with a step of 2%.
The SMES controller parameters are tuned following the Hy-
brid TS/EP procedure explained in Section III.C. For Hybrid
TS/EP, the population size is set to 50 and the search stops
after 20 iterations every a damping step of 2%. The scaling
coefficient c is set to 5.

As results, the dominant eigenvalues and damping ratios
are improved toward the design specification as shown in Ta-
ble II. Table III and IV show the optimized membership func-
tions of Kp(s) and Ky(s), respectively. Moreover, the fuzzy
control rules for Kp(s) and Ky(s) are also optimized. Table V
and VI show the optimized fuzzy control rules for Kp(s) and
Ky(s). More specifically, the rule numbers 1, 2, 3,4, 5, 6 and 7
represent the linguistic rules NB, NM, NS, Z, PS, PM and PB,
respectively.

Subsequently, simulation studies are carried out to examine
and investigate the performance and effectiveness of the de-

In the paper, two operating conditions other than DOC are
additionally employed in the simulation studies as shown in
Table VII. For each operating condition, a major system dis-
turbance is applied to investigate the performance and effec-
tiveness of the designed controller by the proposed method. In
particular, the three-phase fault-to-ground at Bus101 for 50 ms
is applied to operating conditions Cases DOC and 1. For Case
2, the three-phase fault-to-ground on the center of Line3-101
for 50 ms is applied.

Figures 7-9 show the system responses for each case. The
generator speed differences Ay, are shown to examine the
dynamic responses of the inter-area oscillation mode. In addi-
tion, the SMES output powers are also given to show that they
considerably remain within the limits. From the simulation
results, the conventional fuzzy SMES controller can finally
damp out the power system oscillations. On the other hand,
the power system with the designed fuzzy SMES controller
can also suppress the oscillations following disturbances effec-
tively. The designed fuzzy SMES controller apparently shows
the improvement of the dynamic responses of the power sys-
tem after being subjected to major system disturbances. More
specifically, by using the proposed design method, the per-
formance and effectiveness of the designed fuzzy SMES con-
troller are properly optimized.

TABLE V
OPTIMIZED CONTROL RULES OF Kx(S)

signed fuzzy SMES controller. The simulation studies are ZpZs | NB |[NM | NS | Z | PS | PM | PB
done by using Matlab and Dymola with ObjectStab [13]. For NB 5 1 7 1 6 6 3
comparison purpose, the conventional fuzzy SMES controller NM . 2 5 4 7 5 1
is employed. In addition, the membership functions and con- NS P 7 B 3 B . 5
trol rules of the conventional fuzzy SMES controller are ob-
tained by observing the input-output control signal of the con- z 3 3 4 4 5 4 !
ventional SMES controller proposed by [12]. PS 2 3 3 3 5 5 7
PM 6 2 2 7 7 4 5
TABLEII
EIGENVALUES AND DAMPING RATIOS PB 1 5 6 ! 3 3 !
CTLR Eigenvalue Damping ratio TABLE VI
Taitial 0135350 3% OPTIMIZED CONTROL RULES OF K(S)
FSMES(PMU) | -0.43%j3.40 12.4% Zp\Zs NB | NM | NS VA PS | PM | PB
NB 2 7 4 2 6 3 1
TABLE III NM 71| 6 | 1|5 | 5|3
OPTIMIZED MEMBERSHIP FUNCTIONS OF Kp(S)
NS 4 4 3 6 3 4 2
1 2 3 4 5 6 7 z 3 5 3 4 5 6 2
A | -0.160 | -0.181 | -0.085 0.049 0.058 0.197 0.183 PS 4 5 3 2 5 3 3
B | -0.214 | -0.250 | -0.086 0.020 0.147 0.175 0.207 PM 4 3 7 1 3 6 1
C | 0365 | 0314 | 0.172 | 0.074 | 0.096 | 0341 | 0378 PB 7 1 7 7 3 6 3
TABLE IV TABLE VII
OPTIMIZED MEMBERSHIP FUNCTIONS OF Ko(S) OPERATING CONDITIONS & DISTURBANCES
1 2 3 4 5 6 7 ie-li
Case Tie-line Disturbance
A | -0018 | -0.025 | 0.006 | 0.001 | 0015 | 0017 | 0.025 Power (pu)
DOC 1.25 3-¢ fault at Bus101 for 50 ms
B | -0.021 | -0.021 | -0.010 | -0.003 0.012 0.015 0.016 1 210 3- fault at Bus101 for 50 ms
C | -0.025 | -0.021 | -0.005 0.005 0.008 0.018 0.017 2 2.70 3-¢ fault on line3-101 for 50 ms
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Ay (pu)

0.3

tages of wide area measurement system. Moreover, the hybrid
tabu search and evolutionary programming is employed for
optimizing membership functions and control rules of fuzzy
SMES controller. Some merits can be concluded as follows.

* With wide area measurement system, fuzzy SMES con-
troller can be tuned with most recent data toward the desired
damping performance.

* Improvement of dynamic stability of an interconnected
power system can be achieved with less efforts and system
detailed information.

» The effectiveness of the designed controller can be as-
sessed directly from measured system data during the design.
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V. CONCLUSIONS

A practical design of fuzzy SMES controller based on syn-
chronized phasor measurement for interconnected power sys-
tem is proposed. The proposed design method takes advan-
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Consequently, the simulation results and evaluation reveal

and confirm the applicability and effectiveness of the pro-
posed design method for a practical power system.
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