(IJACSA) International Journal of Advanced Computer Science and Applications,

Vol. 13, No. 11, 2022

Design of Robust Quasi Decentralized Type-2 Fuzzy
Load Frequency Controller for Multi Area Power
System

Jesraj Tataji Dundi*, Rama Sudha
Kasibhatla®

Department of Electrical Engineering
AUCOE (A), Andhra University
Visakhapatnam, India’?

Abstract—Interconnected power systems receive power
through tie lines. Sudden perturbation in load causes uneven
power distribution issues resulting in sudden changes in the
voltage and frequency in the given system (tie-line power
exchange error). The Load Frequency Controller (LFC) has an
ability to stabilize the system for the above mentioned
disturbances. In this paper, a novel load frequency controller
based on Type-2 Fuzzy Quasi-Decentralized Functional Observer
(T2FQFO) is proposed. In the proposed methodology the
observer gains are obtained mathematically which guarantees,
the stability of the system. The efficacy of the proposed technique
has been tested on an IEEE standard testing systems. The results
shows the proposed T2FQFO has higher performance when
compared with Fuzzy Quasi-Decentralized Functional observer,
Quasi- Decentralized Functional observer and classical state
observer. And the results say that the peak over shoot and
settling time have been improved by 25% (Approx.) by Type-2
Quasi Decentralized Functional Observer ((T2FQFO) than other
observers.

Keywords—Load frequency control; type-2 fuzzy quasi-
decentralized functional observer; fuzzy quasi-decentralized
functional observers; state observer; type-2 fuzzy controller

I.  INTRODUCTION

State Estimation and its analysis constitute a fundamental
aspect of science and engineering. Information about the
internal state of a given system can be retrieved simply by
measuring the values of inputs and outputs to the system,
under this process. The term system state stands for the
internal condition of a system at any given instant of time.
Dynamic State Estimation (DSE) [7] refers to analysis of
internal characteristics that trigger changes in the given
system. These are majorly applicable to most engineering and
science disciplines (viz. Electrical, Electronics, Civil,
Mechanical, Aerospace, Chemical, etc. [13].).

In Control System, an Observer refers to a sub-system that
is employed for estimating the internal state/condition of
another system (of which it is a part) solely by analyzing the
input and output to the system. This idea was first introduced
by D. Luenberger in 1966 [21]. Some of the commonly used
observers are state observer, functional observer, sliding
observer, bounding observer [4]. The terms Observer and
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State Observer are almost synonymous and are implemented
using computers in industrial applications.

Functional observers on the other hand, work using
probabilistic/statistical approaches. They are usually available
in reduced forms. For LTI (linear time invariant) systems, [3]
such observers can still be designed even if the system
becomes sun-observable. The paper primarily discusses the
application of the aforesaid technique for power systems
where exposure to disturbances like sudden changes in the
load, modification in system configuration, loss of
transmission lines, generator failures, etc.[16][17] are
common phenomena.

In this system, there is every possibility of random values
creeping into the measured data set. Nevertheless, the state
estimation technique being probabilistic in nature can be
carried out with random constituents. Hence, probabilistic or
set-membership approaches are preferred for data analysis [9].
The common schemes include Method of Moments
Estimation, Minimum Variance Unbiased Estimator (MVUE),
Maximum a Posterior (MAP), Maximum Likelihood
Estimation (MLE), Bayes Least Squared Error (BLSE), Bayes
Estimation, Nonlinear System ldentification, Wiener Filter,
Kalman Filter, Particle Filter [2][6].

Collection of various sub-systems that facilitate power
supply or transfer is referred to as a power system. Multiple
units/areas in a power system connected via transmission lines
are known as interconnected power systems. State observers
may be used to measure the magnitude of the transmitted
power, the transmission lines being used are commonly
known as tie-lines [5]. All units/areas must have identical line
frequencies. Load frequency control (LFC) [18] method
prevents deviations of frequency and tie-lines for all
areas/units under steady state. The main objective of this paper
is a comprehensive study of linear and non-linear dynamic
state estimation techniques for fault detection and LFC using
PMU’s [19]. A modern power system is constituted by various
types of generators, transmission networks, measuring devices
[8], etc. with properties similar to a general power system.

The paper describes the work (methodology) in Section I1,
the results obtained and the description in Section Il and the
conclusion in Section 1V below.
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A. Literature Review

M. Darouach et al. [1] introduced a simple method to
design a full-order observer for linear systems with unknown
inputs provided with the necessary and sufficient conditions
for the existence of the observer. This method reduces the
design procedure of full-order observers with unknown inputs
to a standard one where the inputs are known. The existence
conditions are given, and it was shown that these conditions
are generally adopted for unknown inputs observer problem.

Chuang Liu, Hak-Keung Lam et al. [9] in their paper the
authors investigated the stability of a Takagi-Sugano fuzzy
model-based (FMB) functional observer control system. If the
state-feedback control cannot measure the system state, the
fuzzy function observer is designed to estimate the control
input instead of directly estimating the system state. A fuzzy
function observer can reduce the observer order, which
determines a large number of observer gains.

Therefore, we propose a new form of fuzzy function
observer that facilitates stability analysis so that the gain of the
observer can be obtained numerically while guaranteeing
stability. The proposed form also shows using the separation
principle to design the fuzzy controller and the fuzzy function
observer separately. To design fuzzy controllers with system
stability in mind, we use higher derivatives of the Lyapunov
function (HODLF) to reduce the conservativeness of the
stability condition. HODLF generalizes the commonly used
first derivative.

By exploiting the properties of the membership functions
and the dynamics of the FMB control system, convex and
relaxed stability conditions can be derived. A simulation
example is provided to demonstrate the feasibility of the
proposed relaxation of the stability constraint and the designed
fuzzy function observer controller. Based on the proposed
fuzzy function observer, operators can easily achieve stable
observer gains. To confirm efficacy and mitigation, LIU et al.
designed a fuzzy function observer controller for the nonlinear
system 1639 via Holdf.

Further a more advanced techniques can be applied to
meet the boundary conditions of the derivation of membership
functions. And by extending the technique in discrete-time
linear functional observer, the discrete-time fuzzy functional
observer can also be investigated.

M. Darouach et al. [13], presented a simple and
straightforward method to design full and reduced order
observers for linear time-invariant descriptor systems and
these are presented in this paper. The approach for the reduced
order observer design is based on the generalized Sylvester
equation. Sufficient conditions for the existence of the
observers are given. An illustrative example is included. The
reduced-order observer design method is based on the new
resolution method of the constrained generalized Sylvester
equation. It was shown that the existence conditions of the
observer generalize those adopted in D. N. Shields et al. for
the observer design of square descriptors systems problem. An
extension to a less restrictive conditions is under study.

K. Rama Sudha et al. [16] have described a method based
on the type 2 fuzzy system 'T2FS'. For LFC (Load Frequency
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Control) in power systems including Superconducting
Magnetic Energy Storage Units (SMES) of two-area
connected reheat heating systems. Therefore the author
proposed a Type 2 (T2) fuzzy approach for load frequency
control in a two-section connected reheat power plant,
considering the Generation Rate Constraint (GRC), Boiler
Dynamics (BD), and SMES. A distinct advantage of this
controller is its lack of sensitivity to large load changes and
system parameter variations, even in the presence of
nonlinearities. The proposed method is tested in a dual-range
power system to demonstrate its robust performance under
different ranges of load changes. We compare the
performance of a type 2 (T2) fuzzy controller with an optimal
PID controller (Khamsum's optimal PID) and a fuzzy PI
controller (type 1 fuzzy) controller in the presence of GRC,
BD, and SMES. Simulation results confirm the high
robustness of the proposed small-power-capacity SMES
controller against various disturbances and system
uncertainties compared with SMES in previous studies.

Il. POWER SYSTEM DSE AND LFC USING FUNCTIONAL
OBSERVERS

Application of Quasi decentralized functional observer
(QDFO) to two area inter-connected linear power system with
a single tie-line model has been depicted [11]. Development of
Functional Observer (FO) [3] model for highly interconnected
power systems have been under taken and is presented. The
LFC signal has been generated here using a control signal.
The signal needed is acquired directly from the functional
observer (FO) instead of forming a control signal out of a
linear combination of individual state signals. Tie-line power
measurements, voltage magnitudes along with phase angles
and current measurements combined with current voltage
measurements of the PMU are employed for the Quasi
decentralized functional observer. Power system state is
primarily analyzed wusing an estimation algorithm,
‘observability’ analysis, bad data recognition etc. [7]. The
basic idea and its analysis were formulated in this paper, under
five corollaries.

A. Corollary -1

It might not be possible to measure all state variables
under practical circumstances either due to complications
related to data acquisition or cost issues. As a result, for all
states of the state vector, a state estimation technique is
required to obtain state feedback [19].

Let X(t) = estimate of the state vector x(t)

State Observer/Estimator

x=ax+ pBu (1)
y =X 2

Here x serves as the state vector, y is the output (which
includes an estimation of the state vector x).

The control signal is represented by “u’.
Open-loop Observer (L= [0], cobs=a)
%(t) = ak(t) + Bu 3
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Failure of the observer takes place due to disturbances and
modeling error.

Open-Loop Estimation Error

() = x(t) —x(® 4)
() = x(0) + %) = aX(t) (5)
Hence,

x(t) = e*'%(0) (6)

Error Dynamics:

There is no rectification for modeling imperfections, and
state matrix a is unstable and has unbounded error.

K=ok +Pu+L(y—yR) = ak+ pu+ Ly (7
Qops = o — Ly (8)
Where Zis the observer gain

Eigen values are assigned to the matrix L. Appropriate
estimation requires the equation to be reduced in terms of an
open loop observer as shown in the Fig. 1.

y(t)
v >

L x(t)

Fig. 1. Block Diagram of Observer.

u(t) x(t)

v
=-
Il
3]
=
+
=
N
A

Theorem1:

The s¥stem (y, o) is observable if and only if the dual
system (o', y') is controllable [19].

Eigen values could be arbitrarily assigned (stable) by using
state feedback provided (o', y') is controllable.

x=a'x+vyTu 9)
u=—LTx (10)
%= (T —y"LT)x (1)
(" =y"LHT = a— Ly (12)

Similar Eigen values are obtained.

B. Corollary -1l

In application to the load frequency control, Functional
Observability is better than State Observability [20].

Functional observer can be stated as follows.

x(t) = ax(t) + Bu(t) (13)
y(®) = yx(t) (14)
z(t) = Lx(t) (15)

Here x(t) € R®, u(t) € R™ are the state input vectors,
y(t) € RPis the state output vector and z(t) € R" is the vector
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to be estimated. o€ R™", € R™™ ye RP*" and L& R™" are
matrices of known constants. A functional observer should be
a dynamic system that should be able to track z(t)
asymptotically. It is theorized to have the following structure:

w(t) = nw(t) + Ay(t) + pu(t) (16)
2() = gw(® + €y(H) 17)

a, p and y are the system matrices and 1, A, u, D and € are
the observer matrices and which are defined as:

a€ R Ne R

pe Rxm L€ RIXP

YE RP*¥? g R*™

g€ R™MDe R™P €€ R™P
Theorem 2:

If and only if the following conditions are met, the
completely observable qth order functional observer of (16)
and (17) will estimate Lx(t).

e A stability matrix,n

Ay = Pa-nP (18)
n="Pp (19)
L=DP + €y (20)
Observer error in state estimation can be defined as

e(t) 2w(t) - Px(t) (21)

Derivation and upon substitution of the system and
observer equations, we get

e(t) =
w(t) + Px(t) = nw(t) + Ayx(0) + pu(t) — Pax(t) — PBu(t) (22)

Applying conditions (13) and (14) yields

e(t) =ne(t) (23)

The differential solution above is in the form of an
exponential function

e(t)=en" (24)

in which the observer dynamics are controlled by the
variable N.

Applying these conditions, we get:

lim,, e(t) = w(t) — Px(t) (25)
Further simplification, leads to the following we get
e, (t) = Z2(t) — Lx(t) =D(w(t)-Px(t)) (26)

The above equation should reach zero asymptotically as
expected o and n do not share common Eigen values but
confirms that P will have a unique solution. Now X(t) and e(t)
are easily derived by using above defined conditions.

X(t) = ax(t) + Bu(t) = ax(t) — B(Dw(t) + €y(t))
=(o+BL)X(t)+(BD)e(t) (27)
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e(t) = ne() (28)

This results in a composite system similar to the full-state
observer as

-

Aside from the fact that the control law, £Lx(t) is used
instead of -Kx(t).Though there is variation in notation, they
are similar to each other. Judging the constraints involved, an
r'" order observer is required to achieve functional state of the
system, where the order of the system r is as small as possible.
The observer matrices should therefore guarantee the ease of
Eigen value assignment and simplicity of the control
algorithm so that it can be readily applied.

For order estimation, the matrix ranks are taken into
consideration.

Lo o

rank YY(X = rank y] (30)
| ¢ L
sL — L« Yo

rank Y ] = rank[y] sEY,R(s)=0 (31)
L L L

The condition is satisfied when the ranks on the LHS and
RHS are equal. The author in [15] shows that this condition is
equal to the delectability of the pair (F, g), where

— + _ e ya(l— L1L) + yaL*

F=Lolt — La(l — L*L) Y(I—L+L)] [YL+] (32)
_ [y _[yed = LDy vad - L0717 [yalt

T (I y(I—L¥L) [y(I—L’fL) ) YL+] (33)

Where, L+ denotes the Moore-Penrose generalized inverse
of matrix L. Moreover, if matrices A,u and E satisfy Theorem
1, a Hurwitz matrix n is given by

n=F-Zg (34)

For F-Zg to be stable, the Matrix Z is obtained by any pole
placement method. Matrices E and K are obtained according
to the equation,

[E K] =Last+Z(1-33%) (35)

Where@ = a(l—£*L), ¥y = y(I—-L*L)andX = [CcA ]

Matrix A, L are obtained according to
A=K+nE (36)

H=(L-Ev)B @37)

All of the required observer parameters can be easily
computed using this algorithm, which results in a functional
observer of form

w(t) = qw(t) + Ay(D) + pu(t) (38)
2() = w(t) + Ey(D) (39)
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Fig. 2. Schematic of a Functional Observer.
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C. Corollary -l

Functional Observer based Conventional Controller:

Due to increasing complexity in power distribution
network, a simplified assumption that considering all the
generators in a given area into one single generation unit,
transmission lines and various bus bars are lumped into one
single entity might not be appropriate enough for any complex
power system network. This paper presents an analysis of a
Quasi-decentralized Functional Observer (QDFO) project to
control the tie-line power and frequency of multi-area
interconnected power system with real time considerations
[10]. Also, linear system (two-area) connected with a single
tie-line model was considered for the generation of control
signals and Quasi-Decentralized Functional Observer(QDFO)
is applied to it for the control. Further it is formulated with FO
[3] approach for LFC (Load Frequency Control) of highly
interconnected power networks. In the process of generation
of the LFC signal, it is required to estimate the control signal.
It is more rational to estimate the desired signal directly using
the functional observer (FO) than estimating all the individual
states and then linearly combining those individual state
estimates to construct the control signal [4]. And the control
signal is generated by a Quasi-Decentralized Functional
Observer (QDFO) in this case. PMU measurements of voltage
and current magnitudes and phase angles, as well as tie-line
power measurements, are used in the Functional Observer
(FO) estimate process [2]. The suggested FO-based controllers
have less complicated architecture and comparable
performance to Full Order observers. Further, the Functional
Observability (FO) criterion is less rigorous than the state
observability requirement, and the design and analysis of the
observer of overall network topology [9] is take into account.

Design Algorithm

1) L is Partitioned according to £ n[

2) Checking if condition (26) is |f ye§ continue,
otherwise a sliding mode functional observer doesn’t exist.

3) Calculating F using (32) and G using (33).

4) Using (34) and any pole placement method obtain Z to
make 7 Hurwitz.

5) Calculate E and K using (35)

6) Use (36) to calculate A.

7) Calculate p according to (37).

Design of FO based Controller:
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Let é be the estimate of e.
e=ae—Prie+T,(e; — &) (40)

Where, T, = [v9,V9, ...,Y3]Te R™ is the observer gain
vector.

Observer error is given as,

€ = a,€ + P(g(x)(u" — up;p —ug —ug) —d) (41)

As (y, a) is observable, the observer gain vector,I',can be
stringently Hurwitz with a symmetric positive definite
matrix,P and a positive definite matrix, Q.

If £(.) is taken to be the Laplace transform, the transform
function can be written as L(&;) by choosing M (s) such that
M(s)=s™+b;s™1+..+b, m<n and M~I(s) is a
proper stable transfer function and n(s)M (s) is a proper SPR
transfer function. Hence L(&,) can be written as:

L(&) =M (S)M () L(gE)(u* — upp) —d) —
NEM ()M (s)L(g(Xug) —
NE)M ()M () L(g(X)us) + ()M (s)L(u* —
upip) —d) — L(u" — upp) (42)

Denote the function ¢ such that

L(@) = M ()™ L(g(x)(u" — upp) — d) — L(u" — upyp),
Hence the dynamce equation can be written as

& =vyre (43)
Where, B, = [0,0, ....,0,0, ....,b;, by, ...b,, ] TeR™,

Cn = [1,0, ... 0]TeR™

For further analysis, there is necessity to assume the
following assumptions

Assumption 1: The uncertain non-linear function f(x) for
the states is bounded by an upper bound functionf'(x), i.e.
f(x) < f"(x). The uncertain non-linear function g(x) related
with the input is bounded by g; <|l g(x) lI< g" where both
upper and lower boundaries g" and g, are positive constants.

Assumption 2: the function ¢ is bounded by |l @ I< €
where € is a positive constant.

Defining and differentiating V with respect to t, we get

V= %((éTaEPé + &"Payd) + (u* — upyp + ©—
lig — Uis) "B P& + ETPRy (u* — uppp + ¢ -

iy — ) (44)

But it is given that,

ofP + Pay = —Q (45)
And PB,, = Vo (46)

Where, Q = QT > 0. Substituting (45), (46) and (43) in
(44) we get,

1, ~ * = 0 e.u
V< —EleTQeI + legllu” —upp| + & (¢ — Ug) — &us  (47)
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Based on the above assumptions, ug can be designed such
that &, (@ — tg) < 0.

e+k ifel1>0andp >0
0 ifée; 20andp <0
0 ifé; > 0and @ >0
—(e+k) ifég;=20andep<0

Ug = (48)

Where, k is a positive constant. Substituting ugin (47),

. 1 . 5 o
V< —§|ETQ6| + & [[u* — upjp| — & T

< = Amin(QI& 2 + 18, [1u” — uppp | — 18 (49)

V<
—1/2A_min (Q) |e_1 |2+ [e_1[|(1/1g-1| (If u ()| +
lym~((n)) |+ |T_e*Te" | )+ |uPID|)—¢e_1u.s) (50)
Va(Keip) < =3 Amin Q1117 + 18] (5 (101 +

1l

lyS2| + ITZel) + luprp| ) (51)

If Kp;p estimated by MGA results in V4 (Kpp) < 0,V < 0
is satisfied: given that ug is not applied to the input in (10).
Conversely, if V4(Kpp) > 0,u, should be applied leading to
the condition V < 0. For stabilizing the effect caused by ug
being either excluded or included in PID controller, define a
gate function.

0, lde < 0;
o(Vy) = \f—:l if0 < Vy <V, (52)
1, ifVy =V,

Where, V,, is a positive constant. Now the supervisory
control with the gate function becomes

us < o(Vesgn(e) (o (11 + [y | + IrTel) +

1l

Jupiol) (53)

D. Corollary IV

In recent years, elements like heuristics, reasoning gained
importance due to their ease in more flexible control theories.
Fuzzy logic (FL), optimization algorithms like Genetic
Algorithm (GA) and Artificial Neural Network (ANN) may be
applied for further refinement of this model to facilitate the
development of advanced/intelligent controllers. Fuzzy logic
(FL) is advantageous in terms of its logical designing and
decision making but its drawback lies in the fact that the
solution takes a complex form if more number of variables are
involved. To estimate the control input specifically when the
output y is measurable instead of system state x [15], the
author proposed Fuzzy Functional Observer [14]. The T-S
fuzzy model (1) is assumed to be as [9]:

x =20, wi(y)(oyx + Byt (54)
y =vx (55)

Where, ye Rlis the output of the system, ye R™*"is the
output matrix. Now the Fuzzy controller becomes:
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= Z]P =1 Wi(y)gx (56)

= gG;x € R™ is the control input inj"rule.

u= jpzlwi(Y)uj
Where, u;

Assuming rank (y) = I, rank (g;) = m, i.e.,yand g;are of full
row rank, the following fuzzy functional observer is proposed
to estimate the control input u:

= Y0 wi)(nijz; + Ay + i) Vj (57)
u= 1p=1Wj 20 (59)

Where, z; € R™, Tj; € R™ u € R™are the observer state,
estimated control mput in j" rule, estimated control input
respectively; m; € R™™ | A; € R™! | p; e R™™ | Ej €
R™*lare the observer gains to be designed.

Estimation error

ej = Qjx — z;, where Q; = g; — Ejy (60)
Bi Zhey WikeK) (61)
& =30, X hy ((¢ij + g )X + Nijej — X Loy Wkek) vj (62)

Where hy; = wiwy, ¢y = Qja; — nj;Q;

X = p le hil(aiX + BiGlX —
— Iy, o5 = QiBi —

To make the system asymptotically stable, g;, ny ,
Aij, wand E; is to be determine.

Now on imposing the constraints, we get

X2 = Xi 1 2 halix, (63)
o+ Bigr —Biwy  —Biw,
Where, I = 0 Ni1 0
0 0 Ni2

Theorem 3:

The error systems are to be asymptotically stable if there
are matrices, XT € Rm™>m, Y; € R™2l jj=1,2, ..., p such
that it satisfies the following:

X>0
XFyj — Y My + FiX — MY <0 Vi,
Ellj E12]V11 <ly,j
Where,
_ oy [yougf
Fl] = gjaig]:‘— - gjaijza: [ yér] ] (64)
My = (1- 2y [Yaigr ] (65)
ij i) yg
oy = a(1- gf'gj) (66)
Y
yi=v(1-gg) (68)
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Now the controller gain G; can determineby

[Ej Ky = XgmZi + (1 - Z455); Zy = XYy (69)
Using the equation of constraint, we can have

Ny = giougl — Ejyeug — (A — nyiEj)vgf Vi j

Kij = A — n3E; (70)
The error system now becomes

& = X0, wi(Fyj — ZyM)e; Vj (71)

Applying the Lyapunov function, time derivative of

V(e;)is obtain as:
V(e;) = iy wief (XFy —
Where Yl] = XZU

Yl]MIJ + FE‘X MTYT)e] (72)

In order to determine the observer gains satisfying the
constraints, it is necessary to calculate the following terms
from the above equations:

1) Nij
2) Ej and the intermediate variable Kj;
3) 7\ij
4) .

Hence observer gains can be obtained.

E. CorollaryV

Fuzzy Functional Observer Vs Type-2 Fuzzy Functional
Observer:

Type-2 fuzzy systems can model complex uncertainties
better than type-1 and it is important to develop type-2 fuzzy
systems [12] for enhanced performance. Literature shows that
type-2 fuzzy systems gained much importance in recent times.
In this paper, T2FFO based on Lyapunov theorem have been
modeled to investigate closed-loop stability. Numerous
techniques have been presented in this paper for tuning free
parameters in the design of optimal type-2 fuzzy systems. Few
techniques like instance recursive orthogonal least-squares
algorithm, multi-objective genetic optimization [3], steepest
descent method, etc. can be employed. Taking the
computational cost into account, as the type-reduction part is
more, simplified type-2 fuzzy systems have been proposed.
Also the direct defuzzification for type-2 fuzzy systems has
been proposed and compared with type-reduction. The design
of adaptive fuzzy controllers have some challenges like
approximation error effects, computational cost, external
disturbances and state estimation errors unswervingly on the
stability of closed-loop system. Hence a novel robust observer
for a class of uncertain nonlinear systems using a new
adaptive compensator based indirect adaptive type-2 fuzzy
controller [12] is presented to eliminate the disturbances. As it
is being employed 3-dimensional type-2 membership
functions, the “course of dimensionality" problem can be
solved and this controller can be applied to the higher order
systems.
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Fuzzy systems with normal, orthogonal, consistent and
complete triangular membership function in the antecedent.
The systems are dynamic and their consequents are in the
form of state equation and output equation. The system rules
are in the form

Rit-im [F u(k)is U1~ imTHEN
xl1+im(k + 1) = Fltwim x(Kk) + Giz-im y(k)
y(k) = Cli-Im x(k) + (x(k), u(k))

With U'i-im orthogonal triangular type-2 membership
functions such that, Ul1-im = [T ... ... U,™]T. The state vector
is x(k) = [x;(K) ........x,(K)]T, the fuzzy input vector is
uk) = [u;(K) ........upn(k)]T ,and the output vector is
y& = [y1K) ey, ®]T . m<n ij=1.,N, j=
1,..,n. The constant matrices in the consequents areFi1-im g
R, Giz-im g RO*M Cli-im € RPXN and the uncertainty in
output is given by the state vector function and control input

D(x(k), u(k) = [Dy(x(k), u(k)), ....., Dy (x(K), u(k)]™ (74)

Without loss of generality, D;,j = 1, ...
with membership functions is assume.

(73)

.,p, are fuzzy sets

Hp; (di) =
{nonzero, S; (xj(k)) <d (x] (k)) i=1 ... ,n (75)
0, elsewhere

Type-2 Fuzzy PID controller with 3 input Type-2 Fuzzy
Logic Controller (T2FLC) structure with coupled rules is
shown in Fig. 3.

L e ———— alE

T are

. TZFLS
aie

Fig. 3. Structure of the Interval Type-2 Fuzzy PID Controller.

Here ACE, (ACE)" and (ACE)" are the three input
variables which are fuzzified by two interval type-2 fuzzy as
positive and negative as shown below in Fig. 2 and
represented by and Membership functions for ACE are given
as:

S i -
L—P. L Li+P. ' L—P. L L+P;
Universe of Discourse

Fig. 4. Membership Functions of the Interval Type-2 Fuzzy Sets for the
Scaled Input Variables.
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TABLE I. CONTROL RULES FOR T2 FUzzY CONTROLLER
AACE
N P N N
AACE z
P N N N

In this paper it is assumed that membership functions of
the antecedents of all rules are consistent, triangular, complete
and orthogonal (Fig. 4).

The block diagram of the plant and observer is as shown in
Fig. 5 where u(k), y(k) and &(k) denotes the plant input,
output and state estimate respectively. The system input is a
fuzzy variable and the system output is crisp and fuzzy for
systems.

| Fuzzy Ke
. Ui

led: 1
| Based |
. T ¥it)
E (5} Fuzzlﬂcat\cn | FuzzyInference ype Defuzzification
‘\—enm-im—

—‘ Functional
K

I Observer %

Fig. 5. Block Diagram of Plant and Observer.

I1l. RESULTS AND DISCUSSIONS

Simulation of the proposed technique has been carried out
using Matlab / Simulink with an increase in demand of the
first area APD; and second area APD,. Testing with wide
perturbations in input have been also carried out over both the
areas i.e., demand of the first area APD; and the second area
APD,. It is apparent from the Fig. 6 — Fig. 12 that the system
response is faster in terms of control and frequency deviations
using proposed methodology are also nullified as a result.
Thus the theorized model provides better control and
frequency damping when performance comparison is made
with fuzzy functional observer, functional observer, functional
observer without controller and Luenberger/state observer,
under all operating conditions.

Table | lists down the robustness of performance under
various operating conditions numerically. Here the settling
time, overshoot and undershoot have been calculated for
different operating points. The Simulation results are shown
for 10% band of step load change for operating point of
Appendix A. According to Table I, the proposed T2FQFO
based controller is better compared to the FQFO based
controller, Functional Observer based controller, Functional
Observer and the Luenberger observer based controller.

A. Result Analysis:

The Peak over Shoot, Undershoot and settling time at
different operating points with different observers have been
tabulated in the Table Il shown below. From the table we can
say that, Peak over shoot had been improved by 25.37%
(approximately) and the settling time have improved by 8%
using Type-2 Quasi Decentralized Functional Observer over
Fuzzy Decentralized Functional Observer. Peak over shoot
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and the settling time had been improved by 46.77%
(approximately) and 28.52% respectively by using Type-2
Quasi Decentralized Functional Observer over Fuzzy
Decentralized Functional Observer. Peak over shoot and the
settling time had been improved by 58.91% (approximately)
and 47.7% respectively by using Type-2 Quasi Decentralized
Functional Observer over Quasi Decentralized Functional
Observer. Peak over shoot and the settling time had been
improved by 53.28% (approximately) and 62.98%
respectively by using Type-2 Quasi Decentralized Functional
Observer over Full order Luenberger Observer. These
parameters are taken at different operating points and these
parameters are improving at different operating points. The
parameters are more improved at operating point “5”.

TABLE II. AF; (T) RESPONSE PERFORMANCE IN VARIOUS CONTROL
STRATEGIES
. Over Under .

Op_eratmg Controller Shoot Shoot S_ettlmg

Point (P.U) (P.U) time(sec)
Type-2 Quasi
Decentralized 0.05013 | -0.06942 |3 .4 01
Functional Observer
Fuzzy Decentralized | 56715 | .0.0868 | 3.694
Functional Observer

1 Qua5|_DecentraI|zed 009419 | -0.0990 |42 7 5 8
Functional Observer
Full order
Luenberger Observer 0.1220 | -0.0990 | 6 . 505
Functional Observer | o 4 172 | 00990 |9 1 8 7
without Controller
Type-2 Quasi
Decentralized 0.0478 | -0.0704 |3 . 0 1
Functional Observer
Fuzzy_DecentraIlzed 0.0702 | -0.0968 |3 . 2 9
Functional Observer

2 Quasi Decentralized
Functional Observer 0.1039 | -0.1147 |4 . 6 1 6
Full order
Luenberger Observer 0.1163 | -0.1147 16 . 1 25
Functional Observer | o 151, | 01147 |6 9 6 7
without Controller
Type-2 Quasi
Decentralized 0.0487 | -0.07038 |2 . 950
Functional Observer
Fuzzy_DecentraIlzed 0.0693 | -0.0943 |3 . 2 4
Functional Observer

3 Quasi Decentralized
Functional Observer 0.1025 | -0.1108 |4 . 8 0 4
Full order
Luenberger Observer 0.1143 | -0.1108 16 . 3 2 6
Functional Observer
without Controller 0.1188 | -0.1108 | 7 . 2.4 1
Type-2 Quasi
Decentralized 0.04818 | -0.07052 |3 . 01 9
Functional Observer
Fuzzy_Decentrallzed 006941 | -009437 |3 2 2
Functional Observer

4 Quasi Decentralized
Functional Observer 0.1026 | -0.1107 |4 . 7 3 5
Full order
Luenberger Observer 0.1144 | -0.1107 |6 . 7 7 3
Functional Observer
without Controller 0.1189 1-0.1107 | 7. 3 1 2
Type-2 Quasi

5 Decentralized 0.0509 | -0.0676 |4 . 1 4
Functional Observer

FuzzyDecentrallzed 0.0636 | -0.08113 | 4 4 0
Functional Observer
Qua5|'DecentraI|zed 0.0851 | -0.0909 | 6 80 8
Functional Observer
Full order
Luenberger Observer 0.0917 | -0.0909 | 6 9 8
Functional Observer
without Controller 0.0956 | -0.0909 } > 1 0
Type-2 Quasi
Decentralized 0.0487 | -0.07032 [ 3 . 39 6
Functional Observer
Fuzzy Decentralized | 47035 | 009322 |3 . 7 2 6
Functional Observer

6 Qua5|'DecentraI|zed 0.1008 | -01073 |4 85 7
Functional Observer
Full order
Luenberger Observer 0.1119 1 -0.1073 | 6 . 4 07
Functional Observer
without Controller 0.1162 ) -0.1073 | 7 . 21 4
Type-2 Quasi
Decentralized 0.05057 | -0.06799 | 3 . 8 9 6
Functional Observer
Fuzzy Decentralized | 56447 | 008239 |4 . 0 1 2
Functional Observer

7 Qua5|'DecentraI|zed 008722 | 009273 | 6 5 4 2
Functional Observer
Full order
Luenberger Observer 0.09461 | -0.09273 | 7. 17 4
Functional Observer
without Controller 0.098938 | -0.09273 | > 1

ki ! ! : with T2fqfo
with fqfo

change in frequency {pu}

-0.05

with PIfo

Functional Observer Without controller

State observer

5 6
Time (sec)

Fig. 6. Change in Frequency with Step Increase in Demand at Operating
Point 1.

0.15

equency (pu)

change in fr

Fig. 7.

with T2fqfo
— with fqfo

with PIfo

Functional Observer Withoutcontroller

~ State observer

5 6
Time (sec)

Change in Frequency with Step Increase in Demand at Operating
Point 2.
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Fig. 8. Change in Frequency with Step Increase in Demand at Operating
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Fig. 9. Change in Frequency with Step Increase in Demand at Operating

Fig. 10. Change in Frequency with Step Increase in Demand at Operating

Fig. 11. Change in Frequency with Step Increase in Demand at Operating
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Functional Observer Without controller

State observer

5
Time (sec)
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| with fqfo

} with PIfo

] Functional Observer Without controller
[

State observer

015
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Time (sec)

Point 5.

0.05

0.1

with T2fqfo

with fqfo

with PIfo

Functional Observer Without controller

State observer

i L i L i i
3 4 5 6 7 B 9 10
Time (sec)

Point 6.

5
Time (sec)

Fig. 12. Change in Frequency with Step Increase in Demand at Operating
Point 7.

IV. CONCLUSIONS

In this present paper a novel Type-2 Fuzzy Functional
Observer (T2FQFO) as a solution to the as a solution to the
problem of load frequency control is proposed and applied to
multi-area power system. Testing for disturbance attenuation
and precise reference frequency tracking under different load
(operating) conditions has been carried out over a typical two
area interconnected reheat thermal power system with
parameter uncertainties of a wide range. Competence of the
proposed observer model is tested by performance comparison
with FQFO based control, Functional Observer (With and
without conventional controller) and Luenberger observer
pertaining to settling time, maximum overshoots/undershoots
under a variety of operating situations. Simulation results
obtained show robustness pertaining to stability and
consistency of performance of the suggested observer
modeled herewith. The work may be extended by designing an
optimization based design methodology using Genetic
Algorithm-Fuzzy controllers or Honey Bee Mating
optimization algorithm for tuning Type-2 Fuzzy PI/PID
controllers. The LFC design can also be done using certain
techniques like Active Disturbance rejection control for Type-
2 Fuzzy system. The work may be extended with drawing
extra degree of freedom framing as Type-3 Fuzzy. The
relationship between the appropriate FOUs for a Type-2 FLC
and the uncertainties in the plant parameters is still unsolved.
If it is solved, the applications of Type-2 FLCs will be greatly
promoted.
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