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Abstract—In this paper, a new load frequency control (LFC) for
multi-area power systems is developed based on the direct—indi-
rect adaptive fuzzy control technique. LFCs for each area are de-
signed based on availability of frequency deviation of each area
and tie-line power deviation between areas. The fuzzy logic system
approximation capabilities are exploited to develop suitable adap-
tive control law and parameter update algorithms for unknown
interconnected LFC areas. An H, tracking performance crite-
rion is introduced to minimize the approximation errors and the
external disturbance effects. The proposed controller guarantees
stability of the overall closed-loop system. Simulation results for
a real three-area power system prove the effectiveness of the pro-
posed LFC and show its superiority over a classical PID controller
and a type-2 fuzzy controller.

Index Terms—Adaptive control, adaptive fuzzy control, fuzzy
approximation, GDB, GRC, load frequency control (LFC),
multi-area.

NOMENCLATURE
Variable  Definition
Af; Frequency deviation.
AP;q; Mechanical power deviation of gas turbine.
APy, Governor (gas turbine) power deviation.
AP;; Mechanical power deviation of steam turbine.
AP,; Power deviation in steam reheater.
APy Governor (steam turbine) power deviation.
APi; Deviation in net tie-line power.
D; Load damping coefficient.
K,; Reheater gain.
M, Inertia constant.
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R, Governor speed regulation.

Tir; Gas Turbine time constant.

Ty Governor time constant.

Tio; Steam Turbine time constant.
Tyoi Governor time constant.

T, Reheater time constant.

T;; Synchronizing power coefficient.

I. INTRODUCTION

LASSICAL control techniques of power systems are

based on mathematical models. These techniques have
difficulties in achieving the control objectives in the presence
of uncertainties, changing of operating points under which the
mathematical model is derived, and worn out of system com-
ponents. In order to overcome these limitations, applications of
intelligent technologies such as fuzzy systems, artificial neural
networks, and genetic algorithms have been investigated. In the
last two decades, applications of such intelligent techniques to
various aspects of power systems, such as operation, planning,
control, and management have witnessed increasing attention
[1].

The load frequency control (LFC) of a multi-area power
system is the mechanism that balances between power gen-
eration and the demand regardless of the load fluctuations to
maintain the frequency deviations within acceptable limits. The
basic means of controlling prime-mover power to match vari-
ations in system load is through control of the load reference
set-points of selected generating units [2].

Various types of LFC schemes have been developed recently
(see [3]-[6] and references therein). A survey of different
control schemes of LFC and strategies of automatic generation
control (AGC) can be found in [7], [8]. A unified PID LFC
controller tuning using internal model control is presented in
[8]. A new systematic tuning method with a new structure to
design a robust PID load frequency controller for multimachine
power systems based on maximum peak resonance specifi-
cation is presented in [10]. Based on the active disturbance
rejection control concept, a robust decentralized LFC scheme
is proposed in [11] for an interconnected three-area power
system. A decentralized LFC synthesis is formulated in [12]
as an H ,-control problem and solved using an iterative linear
matrix inequalities algorithm to design robust PI controllers
in the multi-area power systems. The simultaneous presence
of system nonlinearities such as governor dead band (GDB)
and generation rate constraint (GRC) deteriorate the LFC

0885-8950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

system performance [13]. This problem has been dealt with
by considering known saturation nonlinearity for GRC and
known dead band for the GDB [13], [14]. Implementation of
the aforementioned LFC requires accurate information about
the control area parameters, which are usually imprecisely
modeled or varying due to wearing out of the components or
due to changing of operating points. Moreover, the GRC and
GDB nonlinearities have to be exactly known.

In the past decade, different adaptive fuzzy logic LFC
techniques have been developed (e.g., [16]-[22]). An adaptive
fuzzy gain scheduling scheme for conventional PI and optimal
load frequency controllers has been proposed in [16] where a
Sugeno type fuzzy inference system is used to find the gains
of fuzzy controller based on scheduling the controller gains
for different operating conditions. A control scheme based on
artificial neuro-fuzzy inference system (ANFIS) is proposed
in [17] to optimize and update the control gains for automatic
generation control (AGC) according to load variations. A fuzzy
system is used in [18] to determine adaptively the proper gains
of a PI controller according to the area-control error and its
change for LFC. The LFC for power system subject to non-
linearities in valve position limits and parametric uncertainties
is developed using Takagi-Sugeno (T-S) fuzzy system [21].
The work in [22] proposed a fuzzy PI LFC where a genetic
algorithm and particle swarm optimization are incorporated
to ease the controller design. The aforementioned results and
most of the adaptive fuzzy logic LFC schemes available in
the literature are based on availability of if-then rules for the
control actions or on T-S modeling of the power system.

The approximation capabilities of the fuzzy logic systems
[23] are exploited in the present work to design an adaptive
fuzzy logic LFC. An approximation-based adaptive fuzzy
logic control scheme is developed for LFC of a multi-area
power system. The multi-area power system under study has
the characterizations of unknown parameters (due to wearing
out of components or variation of operating points), unknown
interconnection among subsystems (due to unknown or vari-
ations in synchronizing power coefficients), and unknown
nonlinearities. In the controller design, fuzzy logic systems are
used to construct the control law. The proposed controller of
each area depends on the local states, namely, the frequency
and tie-line power deviations and the tracking error. The key
idea is to utilize the fuzzy logic systems to develop a control
law capable to achieve the LFC objectives and ensure global
stability of the overall closed-loop system in the presence of
unknown system parameters and unknown nonlinearities. The
proposed controller consists of three parts, namely, a primary
control, an auxiliary control, and a third term introduced to
approximate the unknown interconnections among subsystems
and the unknown nonlinearities. The auxiliary control is incor-
porated to attenuate the effects of the approximation errors, and
the external disturbances in an H. sense.

The main contributions of this paper can be summarized as
follows: 1) the proposed controller can achieve the LFC objec-
tives in the presence of unknown parameters and nonlineari-
ties; 2) by introducing an auxiliary control part to satisfy the
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H . tracking performance, the controller achieves nearly per-
fect tracking for both the frequency and tie-line power devia-
tions; 3) the controller does not rely on the availability of if~then
fuzzy rules; and 4) to the best of the authors’ knowledge, to date,
no attempt has been made in designing LFC using direct-indi-
rect adaptive fuzzy logic control technique with consideration
of GRC and GDB as unknown nonlinearities.

The paper is organized as follows. The Introduction is given
in Section I, and the dynamic model of the multi-area power
system is presented in Section II. The proposed direct—indirect
adaptive fuzzy logic control design and closed-loop stability
are highlighted in Sections III and TV, respectively. Simulation
results of the proposed controller applied to a real three-area
power system are provided in Section V along with comparison
with the classical PID and type-2 fuzzy controller. The conclu-
sion is given in Section VI.

II. DYNAMIC MODEL OF A MULTI-AREA POWER SYSTEM

Consider a power system consisting of N LFC areas, each
area has a number of generators. All generators in one area are
simplified as an equivalent generator unit [2]. Moreover, each
area is assumed to have a number of gas turbines of simple
cycle and combined cycle types and a number of steam tur-
bines of reheat type. Without loss of generality, it is assumed
that the controller to be proposed is installed to the gas tur-
bines while the steam turbines have no control on the reference
set-point. The nonlinearities of the GRC and the GDB are incor-
porated in the model as nonlinear functions @;(AP;1;, APy1;),
and f3;(AP,1;), respectively. The block diagram of the ith LFC
area in a multi-area system is shown in Fig. 1. The dynamic
model of each area can be written as [24]

(1
2)

T 0 00 0 0 0 0]
0O 000000
_ 0O 000000
A = 0O 000000
0O 000000
0O 000000
L—2¢T;; 0 0 0 0 0 0]
_ 1 T
B;=[0 0 #- 0 0 0 0]
Fi=[& 000 0 0 0]
E;=[0 0 0 0 0 1 0]F
Ci=[1 0 00 0 0 0]
1
=7 [7i(@) 00 0 00 0]"

and Z, and A4,,, shown at the bottom of the following page.
82 = (1/T41:)[0 B;(%:) 0000 0] and AF; is the change in
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Fig. . Dynamic model of the :th area in a multi-area power system

reference set-point of the steam turbine (assumed zero), A Py; is
the load change, T;; = Tj;, and o« = (—(K,.;/Ty2i) + (1/T4)).

The parameters of each control area, the tie-line power
between each area, and the functions #;(z2, 73) and 3;(3) are
assumed unknown. To facilitate the design of a local adaptive
fuzzy controller, model (1) is transformed to the controller

canonical from as

N

Ty = Az + Byug + Z Az + gii(x;)

2

[G12:{2;) - . . G72:(x;)] represent the GRC and GDB nonlinear-
ities, 71 (z;) = [F1;...Fr:] represents the load disturbance
terms, and the vector X = [z =2 ...xn] is the composite state
vector. The ¢th isolated and undisturbed LFC area of the model
(5) without consideration of GDB and GRC nonlinearities is
given by

Ty = Ayx; + B (6)

j=1.4#1 ,
+ goila:) — F;APy, 3) where the transformed matrices A;;, B, and C; have the forms
yi = Cix; 4)
where Aii = §7" A Si, Bi = S By, Fi = S;'Fi, Aiy = 0 1 0 0 0 0 07
S; AijSj, Ci = CiSi, g1i = S{ 81y, 82 = S 8y and S is 0 0 1 0 0 0 0
thg simi.larity transfqrmation matrix [25]. Equation (3) can be 0 0 0 1 0 0 0
written in the following form: Ay =| 0 1 0 0 1 0 0
. 0 1 0 0 0 1 0
F; = Agyxy + Biug + Do(X) + Gui(a:) + Goi(z)) — F; (5) 0 1 0 0 0 0 1
where DY(X) = [Dy;(X)...D7(X)] accounts for the S a0 0L 02 TO3 T4 05 e
interconnections between the ith area and other areas DBi = (0000 0 0 0 1]
[26], g]j_—;(TL) = [Gui(®:) .. Gri(z;)] and g;(T[) = C;=[Cu Ciu Co Ci Cy 0 0].
Ty =[Afi APni APpi APy APy APgp; AP
- -+ 0 L0 0 -5
M; M 7M; M,
0 - 0 0 0 0
— 0 - 0 0 0 0
- g gla 1 1
A = 0, 0 0 T Tio4 0 0
- Rf\f;b 0 0 0 - Tl,.i a 0
o ; 0 0 0 (0 T:,_)i 0
[ 2Ty 0 0 0 0 0 0 |
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The entries of the last row of A;; denoted by a; = [—(,quj], 7=
0,...6,and? = 1,... N, are negative and dependent on system
parameters. The transfer function of (6) is given by

caist+ 35+ o287 +enis + cos

Hi(s) = : . .
() sT+ag;s8+ a5 tasst+az 3 +azis?+aris+ao;
N,; S
SHAUY )
Di(s)

Upon repetitive differentiation of (4) and using (6) until the
input appears, one can obtain

Y = CZAZTl + CiAfiBiui ®)
where C;ASz; = cgiaim; + [0 00 e ey ez c3i]Tx; and

C; A% B;u; = ey, cq; # 0. Equation (8) indicates that the
relative degree of each subsystem is 3. This means that its zero
dynamics is of order 4. In fact the poles of reciprocal of the
polynomial N;(s) represents the zero dynamics which is stable
provided that ¢g; > 0, k = 0,...4. If the parameters of sub-
system (4) and (6) are precisely known, the ideal local control
u; can be written as

1
up = — (gri + KiTQi, -
C44

C; A;) )

where y,.; is a reference signal, assumed to have bounded deriva-
tives (up to 3). The control law (9) will force the error vector
e; = [e; é; €;]7 to converge to zero where €; = y,; — y; pro-
Vlded K; = [Ko; K1; Ko;]7 is chosen such that all of the roots
of the characteristic equation 52 + Ko;52 + K1;5+ Kg; = 0 are
in the open left half of the S-plane

III. PROPOSED ADAPTIVE Fuzzy LoGic LFC

In this paper adaptive fuzzy logic control (AFLC) is used
to design the LFC. Generally speaking, the AFLC schemes are
classified as direct and indirect [23]. In the direct adaptive fuzzy
logic control (DAFLC), a fuzzy logic system is used to gen-
erate the control signal whereas in the indirect adaptive fuzzy
logic control (IAFLC), a fuzzy logic system is used to approxi-
mate unknown functions of the plant. A direct—indirect adaptive
fuzzy logic LFC is proposed where fuzzy logic systems are em-
ployed for each area to construct the primary control part and
to approximate the unknown interconnection terms and the un-
known nonlinearities due to GDB and GRC. The controller pa-
rameters are updated to reduce the error between the subsystem
output and a given reference signal.

To develop a direct-indirect adaptive fuzzy logic control
(DIAFLC), a fuzzy system having a center-average defuzzifier,
product inference, and singleton fuzzifier is considered. This
type of fuzzy logic system is given by

M n; .
MR (T gy ()
M "
=1 (Hk HF (rﬂk))

where M is the number of fuzzy if-then rules having the
form: if vy is FY, x5 is F, and ...z, is F,'L , then h is G' for
l=1,2,...M, where F| ,f and G are fuzzy sets with member-
ship functions F! and ¢, respectively, and A is the linguistic
variable which can be considered as output of the fuzzy logic
system. The parameter &' is the point at which y(h) achieves

q(x;) = (10)
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its maximum value where pzgi(h) = 1. Equation (10) can be
rewritten in terms of the fuzzy basis functions (FBF)

an Kt (Tk)

he(xi) = - (11)
1 1 (HklﬂF’ (Jdk))
as
q(:]6;) = 07 ¢(x;) (12)
where 6; = [6;1...8;37]7 is a vector of adjustable parameters
and £(x;) = [{1(x;) ... Lar ()T

In the presence of unknown subsystem parameters and un-
known nonlinear functions, a local DIAFLC is designed as [26]

(13)

where w;p(;|6;) is the primary control, u,, is an attenuation
control term introduced to achieve an H, tracking performance
(28], [29], and H = (—d;i(X|0ai) — Gui(wi|di) — G2i(2i]0))
represents the fuzzy approximations of unknown interconnec-
tions and unknown nonlinear functions of GDB and GRC.

The fuzzy system (12) is used to determine the primary con-
trol and the fuzzy approximations as

U; = ulp(:vlwl) — Ujq — H

“Lp(TLW ) :HTE(%) (14)

di(X|04:) = 9(11’/( ) (15)

gui(ilgs) = ¢ pla) (16)

921(*TI|OL) :OTC *TL (17)

where &) = [G(m) . @), o(X) =
[m(X)..ma (O], o) = [pa(z)- . paa(z:)]”,
((xi) = [Gu(wi) .- Qulz)]", and (X)), pi(w;), and G ()
are FBF in the form of (11) and the vectors #; = [0;1 . .. f;ar]%,

bsi = [ai1---OBauins]’, & = [dir-..dinr]t, and
0, = [0 .. (~)7-M]T are the vectors of adjustable parameters
whose updating laws are to be determined later.

Define the following minimum approximation errors:

wii = cqq (u] — Uip (w:]67)) (18)
wai = cqdi (X16);) — CiAZD(X) (19)
w3 = c4iGui (T4]P]) — CiA?iGli(-Ti) (20)
wai = cy§2; (2i|0F) — CLAZ Goy(;) (21)

where 8,67, , 7, and ©F are the optimum values of the adaptive
parameter vectors defined by

(il

* . : *
67 = arg min | sup |uf —
8:€Q | 2eU,

<
II

X) ’9(1.,;) — 0144?1D7(X)‘]

|

CzAZQZGzL(’I‘l)|:|

(),Ig min sup |C4i d7 (
84: €8 xcl,

*
¢; = arg min

{bUP |C41917( W)q) CiA?iGn(iEi)
@, Q3 ze

0; = a in | s 41G2i(14]9;) —
s i, [ sap (5101
and the sets €21, {25, {23, and €24 denote the desired bounds of
the parameters 6;, 84, ¢;, and ©;, respectively, and U.. is the
controllability region [23].
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IV. CLOSED-LOOP STABILITY ANALYSIS

Closed-loop stability of the interconnected and disturbed
subsystem dynamics in the presence of GRC and GDB
nonlinearities is studied in this section. Using (4) and (5), it
is straightforward to write the third derivative of the output of
each subsystem as

Y = CLA'iT[ + cy;u; + C; Ai;Mi 22)

where M; = Di(X) + Gi(x:) + Goi(xi) — Fi.
Substituting (13) into (22) and adding and subtracting
(cq;u)), we obtain

€= [K e+ cai (uf —uip(i6:))

Fegithiq + caiH — CquQZj\fz] . (23)

Equation (23) in state space form will be

= [Acigi + ¢4 (U,T
+ (cai® — C3 A

— wip(xi]8;)) Bi + caiviaBi
M;) B;

0 1 0
where A.; = 0 0 1
—Kyi —Ku —Ky
Upon substituting (14)—(17) in (24), the following error equa-
tion is obtained:

(24)

é; = [Acie; + wriBi + it B;

+eaiBi (01;6(x:) —o3m(X) —p5ip(z) — 1, (:))]  (25)
Wherewh (07 =607, 03, = (05 — 0a)", 3, = (97 — b1)s
and pT. = (0F — ;) are the parameter errors and wr; = (wy; +

wa; + wai + wy; + C;AZF;) denotes the fuzzy approximation
error and the external disturbance.

The effect of the term wr; on the tracking performance can
be attenuated by the auxiliary control «;, . Therefore, the control
design problem is to find adaptive laws for the parameter vectors
8, B4i, ¢;, B;, and u;, in order to achieve the following H .
tracking performance [28], [29]:

/ QL(’ dt <(’ (0)P;e;(0) + (())(ph(())

1L
1
+ T@Qi(o)@%(o)

1
s <P3L(0)s031(0) +

T

+ /)? / w%idt
0

o 994L(0)<P4i(0)
(26)

for positive definite symmetric matrices (2;, P;, positive param-
eters 7;1, iz, and a desired attenuation level p;.

In order to study the closed-loop stability of the overall
system, the following positive definite Lyapunov function V; is
considered:

1 1
‘/'i,(gi',go'ia )_—6 PB + @118011 + 2—(p§z(p21
Y2i
+ L + 1 27
v %03119931 Ovar ‘.041'9041
where LplT = [p1: ¥2i ©3i 3047;]T. The time derivative of V; along

the trajectory (25) is determined as

. 1
Vi :§§iT (ALP; + PAG) e; 4 (caittia + wrs)e; PiB;
+ 0+ T+ T3+ 1, (28)

where 71} = it (x))priel PiB; — (1/7117)<P1Ti_9.71,
Ty = can (X)poiel PiB:  +  (1/7v20) 0304,
Ty = caip” (xi)psiel PiB; 4+ (1/7s:)9%;¢i, and

Ty = caiCT(2;)paiel PB; + (1/74:)97,0;.
If the updating laws for the parameter vectors are chosen as

0; = (vricai)e] PiBi&(:) (29)
édi = (’Y27(4Z)6 P,Bn(X) (30)
¢ = — (ysicai)e] PiBip(:) 31
O; = — (vyicw)e] PBi((w:) (32)

then the terms 7;,¢ = 1.. .4, vanish, and (28) becomes

. 1
V; = §QlT (AZPL + P,‘Aci) e;+ (C4i71~ia +wTi)ngiBi. (33)

Now, if the auxiliary control u;, is chosen as

TPB

(34)
then (33) becomes

el P;B; Bl Pie,

. 1 ) 1
Vi= _§§?Qi2i + wrie] PB; — 2—2 e; (35)

where F; is the solution of the following Riccati-like equation:

ALP + PA.; — P,B; (f 2 ) BIP, =-Q; (36)
for0 < o; < 2/)%.

Assumption: There exists a constant & >
fOT w%wTdt S 6, where w% = [le .. ~TN]~

Theorem: For each interconnected and disturbed LFC area
(5), the proposed DIAFLC given by (13)—(17) and (34) along
with the adaptation laws (29)—(32) ensures that the tracking
error and the parameter error of the closed-loop LFC area are
bounded and achieves the H,,, tracking performance (26) with
desired attenuation level.

Proof: Equation (35) can be rewritten as

0, such that

V, =

5?5,; 37

N | =

1
—52?(91 ;T IOL“}TL -
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Fig. 2. Three-area system.

TABLE 1
SYSTEM PARAMETERS
Parameter Area-1 Area-2 Area-3
D 0.24 0.11 0.046
K, 0.3 0.3
M 167 89.5 23.25
R 0.04 0.04 0.04
7y 0.4 0.4 0.1
Tp1 0.1 0.1 0.4
T2 1.0 1.0
To2 0.1 0.1
T 1.0 1.0
T12=T21 8.4 8.4
7‘]3:7_‘;] 23 23
where ¢; = ((1/p;)BfPie; — piwr;). Using the fact that the

last term of (37) is negative, then it becomes

1 1
Vi < - 5el Qi + Spjwi (38)
Integrating (38) from 0 to #, we obtain
1 t' 1 /
Vi(t) = Vi(0) < —5 / e Qigydt + S p} / wridt  (39)
0 0
Since V;(t) > 0, inequality (39) implies that
t» 37
/ el Qie;dt < 2V;(0) + p} / widt (40)
Jo
0

This equation is the H ., tracking performance with desired at-
tenuation level given by (26). Moreover, the boundedness of the
tracking error and the approximation errors can be shown from
(39) which can be rewritten as

i

1 .
0
Using the above assumption, (41) becomes

This implies that e, and ¢; are all bounded for 0 < t < oc.
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TABLE 11
CONTROLLER PARAMETERS

Area DAFLC PID
1 v1=50,v,=2.5, Q=151 K,=64.8, K;=35.02,
p=0.85r=1 Kp=162.7
2 v1=10,v,=2.5, ¢=.01 ] K,=0.36, K;=0.011,
p=0.85,r=1 Kp=45
3 v1=25, Q=05 K,=038, K;=5.02,
p=0.85,r=1 Kp=0.006
TABLE III
IF-THEN RULES FOR THE TYPE-2 Fuzzy CONTROLLER
) ACE N 7 P
ACE
N P N N
Z N P P
P N N N
x 10°°
4

delta-f1 (pu)

5 10 15 20 25 30 35 40
time (sec)

Fig. 3. Frequency deviation in area-1 (case [-A).

—— DAFLC
----- Type2-Fuzzy

delta-ptie1 (pu)

0 5 10 15 20 25 30 35 40
time (sec)

Fig. 4. Tie-line power deviation to area-1 (case I-A).

Now consider the composite system Lyapunov function
candidate V = z;\zl V; and denoting P = diag(P;),
Q = diag(Q,), p = diag(p;), and e’ = [e; ... ey], one can
write for the composite system the following inequality:

1 5.

Aollell3 < 2V(0) + 2p% 43)
from which one concludes that the overall system tracking error
is contained in a bounded set €2, defined by 2. = {e : ||e]|3 <
(1/X0)(2V(0) + (1/2)p?8)} where Aq is the real part of the
eigenvalues of () with minimum magnitude. This concludes the
proof.
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x 10°
4

delta-f1 (pu)

—— DAFLC
- Type2-Fuzzy| |

40
time (sec)

Fig. 5. Frequency deviation in area-1 (case I-B).

delta-ptie1 (pu)

DAFLC
Type2-Fuzzy
PID

time (sec)

Fig. 6. Tie-line power deviation to area-1 (case I-B).

x 108
4

delta-f1 (pu)

----- Type2-Fuzzy
cvvsneees PID

10 15 20 25 30 35

40
time (sec)

Fig. 7. Frequency deviation in area-1 (case II-A).

delta-ptie1 (pu)

10 15 20 25 30 35 40
time (sec)

Fig. 8. Tie-line power deviations to area-1 (case II-A).

V. S

A real three-area interconnected power system existing in the
gulf region is considered as a simulation example to investigate
the effectiveness of the proposed DIAFLC given by (13)—(17),
(29)—(32), and (34). The three-area system is shown in Fig. 2.

IMULATION RESULTS

x 107
4

delta-f1 (pu)

—— DAFLC
- (R [ Type2-Fuzzy
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Fig. 9. Frequency deviation in area-1 (case 1I-B).
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Fig. 12. Actual (off-nominal 50%) and approximated value of synchronizing
power coefficients (T'12 + Ty3).

Area-1 has 49 gas turbine-machines and seven steam tur-
bine-machines while area-2 has 48 gas turbine-machines and
40 steam turbine machines. Area-3 has 28 gas turbine-machines
only. The system parameters are given in Table I. Five Gaussian
membership functions are chosen for the frequency and the
tie-line power deviations in each area. It is assumed that no
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TABLE IV
PERFORMANCE COMPARISON BETWEEN THE DIAFLC, TYPE-2 Fuzzy, AND PID CONTROLLERS

Case |Afigl  (10%) |Af1mad  (107) |APgerss| (107 |APyetmax] (107
DIAFLC | Type-2 | PID DIAFLC | Type-2 | PID DIAFLC | Type-2 PID DIAFLC | Type-2 PID
Fuzzy Fuzzy Fuzzy Fuzzy
Case IA 0 0 2 8 6.5 8 0 0 25 80 70 80
Case IB 0 1 3 8 7 8 0 75 30 80 70 80
CaselIA | © 1 3 8 7 9 0 10 30 85 70 90
CaselIB | 0 1 3 7 6 7 0 10 40 95 85 95
fuzzy control rules are available for the proposed DIAFLC. TABLE V
Comparisons between simulation results of the proposed con- ITAE PERFORMANCE INDEX
troller and those of a PID classical controller, designed using
Ziegler-Nichols method, and a type-2 fuzzy decentralized LFC Case ITAE
(Type-2 Fuzzy) [30] are carried out in the presence of GRC and DIAFLC Type-2 Fuzzy | PID
GDB. The parameters o.f the proposed DIAFLC and the PID Case 1A 0151 0351 1.893
controller are tabulated in Table II and the “If-then” rules for Case IB 0.171 0.56 2204
the Type-2 fuzzy controller are given in Table III. Case ITA 0.168 0.52 2.292
Two different simulation cases are considered. In case I, the Case 1B 0.162 0.451 2.197

nominal parameters of the system are used, and two simulation
tests are carried out, namely, a load disturbance of 300 MW
(0.3 p,u,) is assumed to take place in area-1 (case I-A) and load
disturbances of 0.3, 0.1, and 0.01 p.u. are assumed to occur in
areas 1, 2, and 3, respectively (case I-B). The off-nominal pa-
rameters are considered in case II. In this case, two simulation
sets of results are obtained. In the first set a mismatch of 50%
in both the inertia constant and load damping coefficient is as-
sumed [31] (case II-A). The second set where the tie-line syn-
chronizing power coefficient has a mismatch of 50% [12] is con-
sidered (case II-B). Simulation results of the frequency and the
tie-line power deviations of area 1 for case I-A are shown in
Figs. 3 and 4. Frequency and tie-line power deviations of area
1 for case I-B are shown in Figs. 5 and 6. Simulation results for
cases II-A and II-B are given in Figs. 7-10, respectively. The
approximated value of the interconnection terms (T15 + T13)
for the nominal and off-nominal cases are shown in Figs. 11 and
12, respectively.

A summary of simulation performance in terms of the
steady-state (|Af1g|) and maximum overshoot (|Afy ymax|) of
frequency deviation for area 1 and the steady-state (| AP¢ie155])
and maximum overshoot (|APje1 max|) of tie-line power devi-
ation for area 1 of the three controllers is shown in Table IV.
As another performance measure, the integral of time-weighted
absolute error (ITAE) defined as fOTf tIAf(t)|dt, where T is
the final simulation time, is evaluated for the three controllers,
and the results are shown in Table V. In the presence of pa-
rameters mismatch, the type-2 fuzzy and PID controllers show
nonzero steady-state frequency and tie-line power deviations
while the proposed controller shows zero steady state devia-
tions. Moreover, the ITAE performance index is much smaller
for the proposed controller as compared with the other two.

It is clear that the proposed controller achieves the LFC ob-
jectives even in the presence of parameter uncertainties and
unknown saturation and dead band of GRC and GDB. It is
worth-noting to mention that the advantage of the proposed con-
troller is that it does not need any set of “if-then” rules in contrast
to the type-2 fuzzy controller and it can cope with parameter
variation and the unknown nonlinearities. However, from the
comparison table, |Afq x| and |APie1 max| of the proposed

controller is higher than those of the PID and Type-2 Fuzzy
controllers.

VI. CONCLUSION

The paper presents a new load frequency controller for
multi-area power system having unknown parameters. The
proposed controller is developed using DIAFLC technique.
Four fuzzy logic systems with center average defuzzifier and
singleton fuzzifier are used to design the primary control signal,
to approximate the unknown functions of the GRC and GDB
nonlinearities and to approximate the unknown interconnec-
tions. An auxiliary control signal is designed to compensate for
the fuzzy approximation errors and to achieve an H tracking
performance. A composite Lyapunov function is used to show
the boundedness of the closed-loop system tracking error. A
realistic three-area power system is used as a validation ex-
ample. Simulation results show that the developed DIAFLC is
able to achieve the LFC objectives in terms of zero steady-state
frequency and tie-line deviations. Superiority of the developed
DIAFLC over a Type-2 fuzzy and a classical PID controller is
illustrated.
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