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ABSTRACT

This thesis presents a design of optimal fuzzy logic-PID (FLPID) controller using bee
colony optimization (BCO) for power system stabilization. Normally, the structure of FLPID
controller consists of scale factor, membership tunction and control rule. Accordingly, it is
complex and difficult to design. Conventionally, the FLPID parameters are obtained by trial and
error or experiences of designers. To tackle this problem, the BCO is applied to concurrently
adjust all control parameters of FLPID controller. In order to demonstrate the performance of the
proposed method, this thesis applies to three systems as follows. The first system is a frequency
control in a hybrid wind-diesel generator. Next, the second system is a superconducting magnetic
energy storage control for stabilization of inter-area oscillation. Finally, the third system is a
power absorption control of aqua electrolyzer for alleviation of power fluctuation in a microgrid
system. Simulation results exhibit that the performance of proposed method is superior to the

conventional method under different system disturbances.
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!
de(t
u(t)=Kpe(t)+K; Ie(r)dt+KD ) (2.1)
dt
0
&
e
= = QJ
e(t) N9 OUNAVDIAIAILAL
= o i ! . .
Kp 70 9A3198190ATIU (Proportional gain)
K; fie daseslSius (Integral gain)
= Qs v d i . .
Kp A9 00919000 YWIHT (Derivative gain)
= J o
u(t)  AD IDIMWAVDIAINILAN
Proportional
—» Kp
Integral
e(t) t 5 Y- u®
> K [dr —
0 +
Derivative
d
P Dar

31 2.3 Tnssadraunsdnaunuii lod
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.

1 . ol o 1 g a g ’ g
I UN (Time-delay) 'izmm&m’amblmﬂummuqm (High-nonlinear system) LA 52 UUN
dnnududougen (53, 54 wmnszieiladIain (Fuzzy logic) ldiimstinaunay Zadeh
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Mavesdnuguiladladn

Integral
Upi
e e > y + u
—{ d|ée ¢
=, NP A +4 U
dt . “
Fuzzy logic Upp
Derivative Controller

31N 2.4 Tassadsvesdamunuilad Tadn-ilod

e flo ABUNAYDIAINILA

’ v d =

e Ao AEYWUTVBBURAUDIAINIUA
& o !

K, K .3 uaza fo ulninesdadiu

A d @ = =
y 9 1MNYAVIAINIUANALT TaTn

o Y oy a
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A 8 v s a A
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= A o o ds a Ay A
u 30U p;p Ao omnaveInauguiledTadin-ii Lo
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u=qy+pf fydt (2.2)

o o d 1 s a J o P a
AMNTUNUEIEN 1AW TBUNA LAz MyaueIaInIuAuHed Tadniszinn Product-sum

#1duana 31 [55] aunsefivzuandldsne 11
y=A+BE + DE' (2.3)

lash  E = K,e uoz E' = K ¢
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u=a(Ad+ BK,e+ DKye') + (A + BK e + DK y¢')dt
u= A+ Bt + aK,Be + PK De+ BK B [edt + oK 4 De’ (2.4)

. : : 5
AsiudnuaNiled Tain-Alod mnaunsh (2.4) mnsamesdlsenouveasnsvgions
3 vesdamnguit lodduaasluaunsi 2.1) 18an

onT1veaaaIN (Kp) = aK,B+ K 4D

fnsueliius (K, )= BK,B

Sns1wweyus (Kp)= akyD
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3T edunAR e uazwad 1§idheviya Taungauguii la e ndemuaiii <
input 1 and input 2 then ouput” 198 MAAININFURLT 190 Bunn1 uaafi 3 fe SV uay

a v  Fal ¢ S =
ouna2 AeauN 4 Ao Z vz ldeiva dlu SP 1iudu

7,

Input 1

Ry

min m

Input 2

min max

LN MN SN Z SP MP LP

Output

min max

L) a @ { a
2.5 MaRduaunynvesdaniuguilydladn
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LNC] LNy MNq SNe Ze SFP- MPC LFPey LF-o

LN, MNy LNg SN, MNg Z; SNy SP, Zp MP, SPR LP, MPg LPg
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sruuide IihnldTumsineniiTaseadredamaslugli 4.1 (28] Ysznev'ldae

& A oo

[l [ ' v 1 [ [l
wieatuia lWihduou 4 mies Woulvedu 2 Aufi nseeduila i udnsosazings
900 MVAuaz20 kV Taglddmimsunudisaunisuuusiasedusuia nuszneulldae

VY
(6,0, E), E, ] Taseunsam Idanaunisae il

qUNTAI (Swing equation)
S=0-0 (4.1)

c:)=(P ~P-D(w-0,))/M (4.2)

usunaou IWin1eTug2ag (Transient internal electro-motive force) JUHMNUATY (Direct

axis) ez lunuug (Quadrature axis)

B =(Ey<E +1,(X,~X, )/}, (43)
By =B 1,06 =X N/ T =

T
(3] HNT‘J’LF}B‘; (Rotor angle)

g a v
WL NYIYY (Angular velocity)

g & O
2p - Oh .
o @

Amis g Insia (Synchronous speed)

@
Do

169N1908 (Mechanical power)

8 a9 1WA (Electrical power)

LT

3 1
B quilszanimsniag (Damping coefficient)

T U Yo
Sk O Op

fle AAefinaNIRBY (Inertia constant)

E,,E, # sunimaniwihnieludang luuuaunuess asunuaang

E, fouseduliihiivailad (Field voltage)

X, X, Ao Suenuaud (Reactance) THUUIAUATI LAZUALYIIG

X}, X o Suenuaud$ng (Transient reactance) TULAUNUATI HAZHALANS

O A9 N52UA (Current) ﬁumuﬂumsq UAZUAUYIN

TJO,T‘;U fio fhmﬁmm%’aﬂg' (Transient time constant) UBILUUILAUATI UASUNY

UIN

Taunsesduilaudaziniosezdszneuldrouuniineisdiadvueadanszdu (Exciter) &

udaslugulii 42 uazuudinesetishovesdaiefy (Govemor) daumaaligilii 43
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311 4.3 nuvdassszundaisiu

= d : o a 1 § ~ 1 | oW S w 1 :iy
wWisiinesvesniesduiialumiseves pu. leRniandgumuaitagegaiidee 1

SuBnUALS IULIAUATI( X ;) = 1.8 pu.
Fuonuau TN Y, ) % 1.7 pu.
SuanuausIRg luuaALATI( YY) = = DB pu.
'%‘uammusﬁ’%ﬁﬂﬂuumuﬂumn(X;]) = 0.55 pu.
AN9AAA1EIR G THUU N UATI( T o) < 8 sec
ﬂ'mq#Tf:r;}mcff";ﬂgj‘luumunm’m(Téo) = 0.4 sec
! :; ﬁl. » o a
AANNANIRDY (Inertia constant) (H) = 6.5 sec (MU3V G1 Uag G2)

= 6.175 sec (151 G3 uaz G4)

AT (Frequency)( f*) = 60 Hz

winiimesvesniiou/asudazdiisBuRiaus uu1gin 900 MVA Ao

Suenuautniioutlas (Transformer reactance)( 7}, ) = 0.15 pu.

a 3 1 T T a oA 1
Winilmesvosmuduwazaeiiadufiuauduumgiu 100 MVA Ao
ANUAUN LY (Line resistance)( R ) = 0.0001 pu./km

SUBNLAUTAY (Line reactance)( X AL = 0.01 pu./km

I

Fauduauduny (Shunt susceptance)( Bc ) 0.0175 pu./km
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wisilmesuosdanTzdu
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9 1 T
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sannuseide A ldde Inanvuin 10+ 2 MV4  uazszuumswanlalasiou
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Gen Load
Py Har,ao
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— by
Wind — +
¢ + AE P QAE >
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Production - »{+| —: Absorb power
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4 i dlf
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AUMTAI (Swing equation)

c; =0 -@, (5.1}

w=(P,-P-Diw-w,))/ M (5.2)

] [~ o ] - - '
AUIVLULYIAN Llﬂ'ﬁ 1181y FING (Transient internal electro-magnetic field) Tusannue9

(Quadrature axis)
E; =(Efd—E;;+[(1(Xd_X('i))/]:;0 (5.3)

Tagi
) °h) ﬂguiimaf (Rotor angle)
o fio anuiSuFa (Angular velocity)
) o A1S19alns1Ta (Synchronous speed)

at

8 N1A9N19NA (Mechanical power)

gm0, 3

o faama T (Electrical power)

g )
0 dulszanimInuag (Damping coefficient)

"
1 =

® AIANAINADY (Tnertia constant)

T U S
3p Dp D)

E,  fo swmiman Idhaieludang luwnnuaag

E, #ousedulilihfivailad (Field voltage)

A A o't . ¥
Xd o smmmucﬂuuumﬂumd (Direct axis)
’ A A o @ ' 3
Xd 13 ';'memuwaﬂg (Transient reactance) “1uumu,ﬂuma
I,  #enszud (Current) TuluILAUATS

T,  fi® MAIAIINIHIN (Transient time constant) THIUUIAUATS

: o A ' i ° 1 ' o 9/ . S
TaginTosiuiiaudazinsosssdsznen lldrennniiansedrsiwvesdingedu (Exciter) 9

uanalugii 5.3 wazuuudiaesed1esivvesdafany (Govemor) dauaaalugiii 5.4 [81]
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anua( f) =60 &,
ANUAUNINDI5 99 (Armature resistance)( R, ) = 0.0036 pu.
Suonuaud Uiy LAURTI(X, ) £34.56 .
Fuonuaudds Tnafaluuuaunuuana( X, ) = 1.06 pu.
SuenuaAnddIng T uasaCx;,) = 0.296 pu.
ANIAIINNGINGYDIN15T AT TULUAAUATI(T),) =" ¥ sec.
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T 7] =y Qf 1
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o) o i ' A1 a A o A
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SusnuAUGUBIY (x1) - 0.4 pu.

SusnuauGuIaY (x2) - 0.2 pu.

SuenuAuFvRIMIY (x3) = 0.001 pu.
Wilmesuasiangzdu

BATIVIIBVBIRINTZAU(K ) = 10

AMAIAIIA1VDIEINTEAU (T4) = 0.1 sec
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Fuzzy Logic PID-based SMES Controller Design
using Bee Colony Optimization for Stabilization of
Inter-Area Oscillation

Theerawut Chaiyatham*, Issarachai Ngamroo**, Saravuth Pothiya* and Sitthidet Vachirasricirikul*
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Abstract- This paper proposes a design of Fuzzy Logic
based-Proportional-Integral-Derivative (FLPID) controller of
Superconducting Magnetic Energy Storage (SMES) by a Bee
Colony Optimization (BCO) for stabilization of inter-area
oscillation in an interconnected power system. Conventionally, the
scale factors, membership functions and control rules of FLPID
are obtained by trial and error method or experiences of
designers. To tackle this problem, the BCO is applied to
simultaneously tune all control parameters of FLPID controller
based on the minimization of the integral of time-multiplied
absolute error of the generators speed difference between any two
areas. Simulation results in a two-area four-machine power
system show the superior stabilizing effect of the SMES with the
proposed optimal FLPID controller in comparison with the SMES
with conventional FLPID controller,

1. INTRODUCTION

Interconnections in a power system not only provide the
improvement of system reliability, but also increase the
economical efficiency. Nevertheless, they occasionally cause
the inter-area low frequency oscillation with poor damping
characteristic [1]. The stability of the inter-area oscillation
mode is deteriorated by the heavy load condition in tie-lines
especially due to the electric power exchange, To solve this
problem, a superconducting magnetic energy storage (SMES)
[2], which is capable of controlling active and reactive power
simultaneously, has been proposed as one of the most effective
stabilizers of inter-area power oscillations.

Recently, fuzzy logic based-Proportional-Integral-Derivative
(FLPID) control has extensively received attentions in various
power systems applications [3]. The FLPID controller is not
sensitive to the variations of system structure, parameters and
operating points. In addition, it can be easily implemented in
practical systems. Nevertheless, the determination of scale
factors, membership function and control rules is an inevitable
problem in a FLPID control design. Generally, control
parameters of FLPID are selected by trail and error method or
experiences of designers. To solve this problem, more flexible
and systematic optimization technique based on a sophisticated
algorithm is highly expected.

Based on this motivation, many nature inspired algorithms
were developed like simulated annealing, genetic algorithm,
Tabu search. These algorithms can provide better solution in

978-1-4244-3388-9/09/§25.00 ©2009 IEEE

comparison to classical algorithm. A branch of nature inspired
algorithms which are known as Swarm Intelligence is focused
on insect behavior in order to develop some meta-heuristics
such as Ant Colony Optimization (ACO), Particle Swarm
Optimization (PSO) etc. Among of them, Bee Colony
Optimization (BCO) which is proposed by Karaboga [4], is a
relatively new member of Swarm Intelligence. The BCO
algorithm mimics the food foraging behavior of swarms of
honey bees. Honey bees use several mechanisms like waggle
dance to optimally locate food sources and to search new ones.
Besides, BCO algorithm is a wvery simple, robust and
population based stochastic optimization algorithm.

This paper applies a BCO algorithm to optimize scale factors,
membership functions, and control rules ot FLPID controller
of SMES power controllers for stabilization of inter-area
oscillation in an interconnected power system. Without trial
and error, all FLPID control parameters can be tuned
automatically by BCO based on the minimization of the
integral of time-multiplied absolute error of the generators
speed difference between any two areas. Simulation studies in
a two-area four-machine power system confirm that the
stabilizing effect of the SMES equipped with the proposed
FLPID controller is superior to that of the SMES with
conventional FLPID controller.

This paper is organized as follows. Section II presents the
detail of a two-are four machine power system. The FLPID
SMES controller is described in Section III. The principle of
BCO algorithm is explained in Section V. Simulation results
in are presented in Section V. Finally, the conclusion is
provided.

II. STUDY SYSTEM

L 12 "
1M 104410 124710 ™ 2

Figure | Two-area four-machine power system
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The proposed design is tested with a two-area four-machine
power system [1] as shown in Fig. 1. Each generator model is
represented by a 4-state transient model and is equipped with a
simplified exciter and governor [1]. 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 | to 2. Based on the residue method [5], bus 120 is the
most effective SMES location for stabilization of inter-area
oscillation. In particular, the active and reactive power flow
deviations from bus 13 to bus 120 are used as feedback input
signals for the FLPID SMES controller for power system
stabilization. The SMES has a specification of 80 MJ, 40 kA,
100 MVA [5].

1. Fuzzy LoGIC-PID SMES CONTROLLER

A.  SMES model and control scheme

The SMES model with active and reactive power modulation
control scheme [5], as depicted in Fig. 2, is used. The SMES
unit includes four controllers of K,(s), Ko(s), Kp(s) and Kyxe(s).
Kp(s) and Kp(s) are the FLPID based-active and reactive (P-Q)
power controllers, respectively. The detail block of Kpfs) and
Ko(s) is shown in Fig. 3. Ki(s) is the voltage controller. Kpe(s)
is the SMES coil current. The effect of SMES coil current /-
is considered in the SMES model, since the dynamic behavior
of Incaffects the overall performance of SMES. In practice, /-
is not allowed to reach zero to prevent the possibility of
discontinuous conduction under unexpected disturbances. On
the other hand, /pe, which is above the maximum allowable
limit, may lead to the loss of superconducting properties.
Based on the hardware operational constraints, the lower and
upper coil current limits are considered and assigned as
0.30/pcp and 13875, respectively, where, Ipep is an initial
value of /.

AQ,,

Figure 2 SMES with P-Q controller

Integral
N
e
o
. Fuzzy logic
Derivative Controller

Figure 3 Block diagram of FLPID controller.
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B.  Scale factors, membership functions and control rules

Fig. 3 shows the proposed FLPID for P-Q controllers of
SMES. The input signal (e ) is the change of active power
(AF,;, ) in a tie-line for P controller or reactive power ( AQ,;, )
for O controller. The output signal (u ) of FLPID controller is
given by

zt=ay+ﬁj-ydt n
where y is the output of the fuzzy logic controller. It has been
shown in [6] that for the product-sum crisp type fuzzy
controller, the relation between the input and the output
variables of the fuzzy logic controller can be given as

y=A+PE+DE @
where E=K,e and E =Ky e'. Therefore, from (1) and (2),
the controller output is obtained as

u=ad+ fAt +ak, Pe+ K, De

+ (K, P |edi + aK 4 De’ ®
Thus, the equivalent control components of the FLPID type
are obtained as follows:
« Proportional gain: akK,P+ fK ;D
e Integral gain: SGK,P
o Derivative gain, oK D
In the FLPID controller design, the important procedure is
how to determine the scale factors ( K,,K,,f and a ),

membership functions and control rules. In general, they are
determined by the ftrial and error and designer’s experiences.
To overcome this problem, this paper applies a BCO algorithm
to automatically determine the scale factors, membership
functions and control rules. Here, the fuzzy logic controller as
shown in Fig. 4(a) consists of three membership functions with
two-input and one-output. Each membership function consists
of two trapezoidal memberships and five triangular
memberships.

For the case of two-input and one-output, the control rules
can be shown graphically in Table 1, where every cell shows
the output membership function of a control rule with two
input membership functions. The control rules are built from
the statement: if input 1 and input 2 then output 1. For example,
consider the third row and forth column in Fig. 4(b), that
means: if £ is SN and E isZ , then u is SP.

The FLPID controller which uses the membership functions
and the control rules as shown in Fig. 4(a) and Fig. 4(b) and
included SMES, 'is called the “Conventional FLPID SMES
controller”, On the other hand, for the proposed controller that
is the “Optimal FLPID SMES controller”, the scale factors,
membership functions and control rules are automatically
tuned by the BCO algorithm.
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IV. BEE COLONY OPTIMIZATION

BCO algorithm was proposed by Karaboga [4] in 2005 for
optimizing numerical problems. The algorithm mimics the
food foraging behavior of swarms of honey bees. Honey bees
use several mechanisms like waggle dance to optimally locate
food sources and to search new ones. This makes them a good
candidate for developing new intelligent search algorithms. It
is a very simple, robust and population based stochastic
optimization algorithm.

In BCO algorithm, the colony of artificial bees contains two
groups of bees which are scout and employed bees. The scout
bees have the responsibility of finding a new food source. The
responsibility of employed bees is to determine a food source
within the neighborhood of the food source in their memories
and share their information with other bees within the hive.

The procedure of the BCO algorithm is given as below:

Step I1: Generate randomly the initial populations of n scout
bees. These initial populations must be feasible candidate
solutions that satisfy the constraints. Set NC = 0.

Step 2: Evaluate the fitness value of the initial populations.
Step 3: Select m best sites for neighborhood search.

Step 4: Separated the m best sites to two groups, the first group
has e best sites and another group has m-e best sites.

Step 5: Determine the size of neighborhood search of each best
size (patch size, ngh).

Step 6: Recruit bees for selected sites (more bees for the best ¢
sites).

Step 7: Select the fittest bees from each patch.

Step 8: Check the stopping criterion, If satisfied, terminate the
search, else NC = NC+1.

Step 9: Assign the n-m remaining bees to random search.

Step 10: New population of scout bees. Go to Step 2.

where NC is number of iteration, » is number of scout bees, m
is number of the best selected sites, e is number of the best site,
ngh is neighborhood size.

V. SIMULATION RESULTS

The following controllers are designed individually for
comparison studies.

I.  Conventional FLPID SMES controller

2. Optimal FLPID SMES controller.

In the optimization, the speed difference between generators
1 and 3 (Awy) which implies the inter-area oscillation, is

selected to set the integral of time-multiplied absolute error
(ITAE). Accordingly, the objective function is set as

Minimize (TAE = [t} ay|dr )
0

Case | in Table | is used for design of both conventional and
optimal FLPID controllers. Nonlinear simulation study is
carried out by are performed by Dymola software package with
ObjectStab [7] and MATLAB. As a result, the tuned
parameters of conventional FLPID (scale factors) and optimal
FLPID controllers (scale factors, membership functions and
control rules) are shown in Table II and Table III.
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min o max

(a) (b)
LN: large negative; MN: medium negative; SN: small negative;
Z: zero; SP: small positive; MP: medium positive;
LP: large positive.

Figure 4 Membership functions and control rules of FLPID controller.
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Figure 6 Optimized membership functions and control rules of Ky(s) controller

Figs. 7-9 show the system responses for each case. The
generator speed differences Aw, are shown to examine the
dynamic responses of the inter-area oscillation. The proposed
optimal FLPID SMES controller gives the better dynamic
performance than conventional FLPID SMES controller and
without SMES after being subjected to major system
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TABLE |
CASE STUDIES (P, =1.28 pu)

Case System Disturbance
1 A temporary three-phase fault to ground is applied at
bus 101 at ¢t =1 s, for 50 ms.
2 A temporary three-phase fault-to-ground on the
middle of line 3-101 occurs at ¢ = 1 s for 50 ms.
3 A sudden loss of line 101-13 occursat r =1 s.

TABLE I
TUNED PARAMETERS FOR Kp(s) CONTROLLER
Controller K, K B o MF CR
Conv.FLPID 0.3012 | 0.0490 | 1.2651 1.8452 | Figd(a) | Fig.4(b)
Optimal FLPID 0.3140 | 0.0196 | 0.7333 | 18724 | Fig.5(a) | Fig.5(b)
*Conv: conventional, MF: membership functions, CR: control rules
TABLE 111
TUNED PARAMETERS FOR Kp(s) CONTROLLER
Controllers K. Ka i3 [#3 MF CR
Conv. FLPID | 0.0171 | -0.0353 | 0.3604 | -0.0209 | Figd(a) | Fig.d(b)
Optimal FLPID | 0.0302 | -0.0380 | 0.2121 | -0.0250 | Fig.6(a) | Fig.6(b)
i x 10"
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Figure 7 System response of case |

disturbances. In addition, the SMES power outputs are given to
show that they considerably remain within the limits.

V1. CONCLUSIONS

In this paper, the optimal FLPID control design using the
BCO of SMES power controller for power system stabilization
has been presented. Without trial and error or experiences of
designers, the scale factors, membership functions and control
rules of the FLPID SMES controller are automatically
optimized by the BCO. Simulation results in the two-area four-
machine system show that the stabilizing effect of the SMES
with proposed optimal FLPID controller is superior to that of
the SMES with conventional FLPID controller under various
system disturbances.
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Figure 8 System response of case 2
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Figure 9 System response of case 3
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