Recent Researches in Communications, Electronics, Signal Processing and Automatic Control

Static Qutput FeedbackFor T-S Fuzzy Model
Of a Synchronuous Machine

OUAALINE NAJAT, ELALAMI NOUREDDINE
Department : Génie Electrique (Laboratoire D’ Automatique et Informatique Industrielle)
University Mohammed V, Mohammadia School of Engineering
Address: B.P 765, Rabat 10000
COUNTRY: Morocco
n_ouaaline@yahoo.com; nouaaline@fsts.ac.ma; prelalami@gmail.com; elalami@emi.ac.ma.
http://www.fsts.ac.ma, http://www.emi.ac.ma

Abstract: - This paper studies the design of a static output feedback controller of a Synchronous Machine.
By employing a well-known Takagi-Sugeno approach, the continuous nonlinear system is first described by
Takagi-Sugeno (T-S) models. Next, we develop a technique for designing a output feedback control law which
stabilizes the Synchronous Machine. The controller is designed in terms of Linear Matrix Inequalitie (LMI)

problem.

Motivated by stability results developed for parallel distributed compensation (PDC) controller, the Output
PDC (OPDC) controller was studied in this work. Simulation results for synchronous machine demonstrate the

OPDC controller’s effectiveness.
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1 Introduction

The issue of stability and the synthesis of
controllers for nonlinear systems described by
continuous-time Takagi-Sugeno models [14] has
been considered actively. There has been also an
increasing interest in the multiple model approach
[17,13] which also uses the T-S systems to
modeling. During the last years, many works have
been carried out to investigate the stability analysis
and the design of state feedback controller of T-S
systems. Using a Quadratic Lyapunov function and
PDC technique [6,8] sufficient conditions for the
stability and stabilisability have been established
[5,6,10,13,15,16]. The stability depends on the
existence of a common positive definite matrix
guarantying the stability of all local subsystems. The
PDC control is a nonlinear state feedback.

Recently a number of control law have been
derived from the PDC controller [4,13,14,15,17].
For example, a static Output PDC (OPDC) [7],
which is an output feedback controller PDC, used to
stabilise T-S models. The LMI approach is used to
develop a static output feedback controller for
nonlinear systems described by continuous-time T-S
models.

In this paper we study the stabilization of a
synchronuous machine, using fuzzy Takagi-Sugeno
approach. By using Output Parallel Distributed
Compensation (OPDC) as a nonlinear static output
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feedback control law, we give a formula for the
fishing effort that allows stabilizing the system
around a steady state.

The rest of this paper is organized as follows. In
section 2, we present an overview of dynamic
Takagi Sugeno systems and OPDC formulation in
terms of LMI [21]. Section 3 deals with the
description of the continuousmodel structured of
Synchronuous machine, which is transformed to a
Takagi-Sugeno fuzzy model, and controlled by an
OPDC law.

The simulation results are
conclusion is given.

2 T-S Model and its stability

2.1 Model representation

shown. Finally, a

A T-S model [9], [10], is based on the
interpolation between several LTI local models as
follows in the continuous time case:

{X(t) = Yio1 hi(z(O) A x(©) + Bi.u(t)} 0
y(®) = Xi_ hi(2(0)Cix(®)

where r is the number of submodels,x € R"™ is
the state vector and u(t) € R™ is the input vector,
y(t) € RY is the output vector, z(t) € RPis the
decision variables vector and hi(z(t)) is the
activation function.
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A; € RV B, € R™™ and C; € RI*™ are the state
matrix, the input matrix and the output matrix
respectively.

Different classes of models can be considered
with respect to the choice of the decision variables
and the type of the activation function.

In this paper, all the decision variables of the T-S
model (1) are assumed measurable.

Each linear consequent equation represented by
(A4;.x(t) + B;.u(t)) is called “subsystem” or
“submodel”.

Model Rule i :

if z,(t) is M} (zp,(t))and ...and z,(t) is Mlp (z, (1))
x(t) = A;. x(t) + B;.u(t)

Then =0 = Gt @

Where i=1, 2, ...,r. r is the number of IF-THEN
rules.

The normalized activation function h; (Z(t))
corresponding to the i"submodel is such that [2],

(31, [14]:

{ L hi(z@®) =1 3)
hi(z(t)) >0 Vvief{l..,r}

2.2 Stability using static output feedback

We have proposed an LMI-based design method
using fuzzy state feedback control in [1]. However,
in real-world control problems, the states may not
be completely accessible. In such cases, one needs
to resort to output feedback design methods.

Fuzzy static output feedback control is the most
desirable since it can be implemented easily with
low cost fuzzy model. The designed fuzzy controller
shares the same fuzzy sets with the fuzzy model in
the premise parts. For the fuzzy models (1) we
construct the following fuzzy controller via the
OPDC:

Control Rule i :

if z;(t) is M} (2, (1)) and ...and z, (t) is MP (zp (t))

Thenu(t) = K; y(t), i=1,..r

Where K; is the local output controllor feedback
to determineThe overall fuzzy control law is
composed of several linear output feedbacks
blended together using the nonlinear functions of
the model.

u(t) = Xi_g hi(z(®)Kiy(®) 4)

In the sequel, we assume that C; = C, i = 1,... .1,

is full row rank.
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By substituting (4) into (1), the closed-loop fuzzy
system can be represented as:

#(t) = ZZ hy (z(6) hy (2(O) (4; + BiK; C) x(t)

i=1;=1
&)
The following theorem deals with sufficient
conditions in LMIs form to ensure asymptotic
stability of (5).
Theorem 1 [14]: The equilibrium of the continuous
fuzzy system described by (5) is asymptotically
stable in the large if there exists a P >0Osuch that:

LiP+PL <0,fori=1,..r (6)
RlP+PR; <0,fori,j=1,.,randi<j (7)
Where:

L = (A4; +BiK;C) (3)
(4+ BiK,C) +(4+ BK,C)
Rij = / 5 . (9)

In the following, sufficient conditions in LMIs
form
are given to ensure asymptotic stability of (5).

Suppose that there exist matrices X >0, M and N,
such that :
X=P1>0and CX = MC

AX+ (AX)" +BN,C+ (B;N,O" <0
pouri=1,..,r (10)
T
(A +ADX + ((A; +A)X) + (BN, +BN)C
—((BiN; + BjNi)C)T <0 (11
i <jfor i,j=1,...r andi #j

Withh; (z(1)). b; (2(1)) # 0.

The LMIs (10,11) are obtained from (6,7) by using
the changes of variables X =P~1 >0 and CX =
MC. Since the matrix C is assumed full row rank,we
deduce that there exist a non-singular matrix :

M = CXCT(cCT)? (12)

(13)

And then
K; = NM™!
or
K, =N, ccT(cxc™h™t vie{d,..,r}

3 Application: Stabilization of the
Synchronous Machine
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3.1 The synchronuous Machine without
amortisor and its Mathematical Model

The mathematical model of the synchronous
machine adopted in this work is obtained on consist
to transform all stator quantities from phase a, b and
¢ into equivalent d-q axis new variables.

The equations are derived by assuming that the
initial orientation of the q-d synchronously rotating
reference frame is such that the d-axis is aligned
with stator terminal voltage phase. The details of
their above equation and its parameters can be found
in [16].

The mathematical model of the synchronous
machine with damperwas established as the follow:

The state equations:

x(t) = f(x(®)) + g(x())u(®)
Where:
fx®)

(13)

x,(t)

—a, sin(le(t)) — ayx3(t) sin(xl(t)) + azxs(t) COS(Xl(t)) + aguy (t)

= by cos(xl(t)) + byx3(t)
—cy sin(xl(t)) — () + c3x5(t) + cuuy(t)
—d; sin(x1 (t)) + dyx, (t) + dyxs(t) + dyuy(t)

0 Ay

ge@ =y G

Where the state vector:

x(0) = (8.(Daq (DE; (OE(DE; () € RS,
the input vectoru(t) = (Eex (v), P, (t))T € R?

00 o]T
0 C4d4

Augmented with an output vector:
y(t) =Cx(t), with C=(0 1 0 0 0),theny(t) =
(0 wqg 00 0)T.

The entire symbols for nonlinear model used in
this paper are given in appendix A.

The synchronous machine model parameters are
given in appendix B.

A Takagi-Sugeno fuzzy model of this system is
given in the following section.

3.2 Construction of T-S Fuzzy Model
As commented earlier, the number of model
rules goes as e=2" with n nonlinear terms [2] and

[17].
Note that there are four non linearities in the non
linear dynamical model (1); sin(2xq(t)) =

2 sin(x (t)) cos((x (£) )andxz (£) sin(x (¢)).

Thus n = 3 indicating e= 2° = 8 rules are required.
However, with some compromise the number of
rules can be reduced to 2 while maintaining model

(11, [17].

ISBN: 978-1-61804-069-5

80

First, we can rewrite two of the nonlinear terms
in .sin(x;(t)) and cos(x;(t)) as:

sin(x) _ xo sin(x) — x sin(x,) _

x  x(xo— sin(xp))
Xo(x — sin(x)) . sin(xg)
x(xo — sin(x)) Xo
And
cos(x1 (t)) = COS(?Et)C)O:-(;;s)(xlO) .1
1- cos(x1 (t))
Ts(xm) . COS(xlo)

The membership functions are bounded in the
range:
x1(t) = [—x10
T
[0 E] impliyng :

+x10] for x;9 =049 €

x10 sin(xq (t)) — x4 (t) sin(x19)

x1(t) (%10 — sin(xy9))
_cos(x (t)) + cos(xq19)

1 — cos(xqp)

<24%

Therefore the transformation on cos(x;(t)) can
be eliminated with little compromise and the fuzzy
model order reduced to 2° or 4 rules. Then, the final
fuzzy model is described by only two rules.

And the premise vector is defined by

z(t) = [Zl (x1 (t)) Z (x3 (t))]with21 (xl (t)) =
04(t) and z, (xs (t)) = x3(¢)

For a premise terms, define,z; (t) = x;(t),i = 1, 2.

Next, calculate the minimum and maximum
values of z;(t)underV x(t) € [—a,a], a > 0.

They are obtained as follows: maxz;(t) = a,
minz;(t) = —a

From the maximum and minimum values,
z;(t)can be represented by:

2:(8) = MLz (8)).a + M2 (z(D). (—a)
Where M} (z;(t)) + M?(z;(t)) = 1

Therefore the membership functions can be
calculated as:

M (i) = 20t e

2a

a—z(t)
P M (0) =
Finally, the complete fuzzy model is comprised
of four rules, the premise variable is:
z1(t) = 04(t) and z,(t) = x3(t)with
following membership functions respectively,

the
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sin z; (t) '

O MZ(z1 ()
=1—Mi(z(®)

M3(z, (1)) = z,(t); M5Z(z,(0) =1 — M3(z, (D))

The Takagi-Sugeno fuzzy model of the
synchronous machine connected to infinite bus
system can be rewritten by introducing submodels
are described respectively by the four matrices A;,
B;, C, i=1, .., 4. as follows:

Mi (z (1)) =

0 1 0 0 O
2-a;+ay;a 0 0 0 a3
A = by 0 b, 0 O
C1 0 0 Cz C3
|l ¢4 00 d d5 |
0 1 0 00
2'a;—a'a 0 0 0 a3
Az = b1 0 bz 0 0
C1 0 0 Cy, C3
dq 0 0 d, dz
0 1 0 0 0
K; 0 0 0 aszcos(6,)
Az = |by cos(840) 0 b, 0 0
c1(sin(Bq0) /040) 0 0 ¢ c3
d;(sin(040) /840) O 0 d, dj
0 1 0 0 0
K, 0 0 0 azcos(6,)
A, = |by cos(840) 0 b, 0 0

c1(sin(8ao) /6a0) 0 0 ¢ ¢
di(sin(8q0) /840) O 0 d, ds

With;

K, = %[Z.az.cos(edo) +a,.al,
sin(6
) = %[Z.az.cos(edo) —ay.al
10

[0 a3z 0007 3 .
Bl_[o 00C4d4] and C; =[0 1 0 0 0]

The T.S fuzzy model exactly represents the
nonlinear systems. Notice that this fuzzy model has
the commons B and C matrix.

In the OPDC design, each control rule is
associated with the corresponding rule of a T-S
fuzzy model. The designed fuzzy controller shares
the same fuzzy sets as the fuzzy model and the same
weights w; (z(t) )in the premise parts. The following
output feedback fuzzy controller is constructed via
OPDC as follows:
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2
u(® = ) h(z(O)K y(©

()

wi(z(t) .

T wi (o) i=1,..,r,
T

(z0) = [M(z), i=1..,
w;(z(1)) ][1[ (z]t) i r

Finally, the complete the closed loop model T-S
fuzzy (5) is synthesized with the premise variable

21 () = 84(t)and z;(t) = x3(t)

h; (z(t)) =

The synthesis of the controller consists of finding
the feedback gains of the conclusion parts K; which
guaranteed the asymptotic stability of the output
closed loop system.

4 Simulations

To show the effectiveness of the proposed
design, a simulation study is performed using
simulations tets to a synchronous machine .

Many tests have been performed to prove the
goodness of the proposed fuzzy control system.
Some results, obtained by means of the SIMULINK
program of MATLAB, are reported in what follows.

For these simulations, the model rules are chosen
for Gd(t) € [_ed() Bdo]and X3 € [—a a].

Assume that the initial conditions x(¢t):

x(0) =(-0.52 0 0.36 0.80 0.71)7

We presents only the results for the value of
040 = % and a = 0.82. Every set of LMIs was solved

via the MATLAB LMI toolbox.

Using a software simulator, we have found
matrixes X, N; and M that satisfies (10) and (11),
and also gains Ki for the output feedback controller
(13) that stabilizes the system:

K; = [243.4088; 29.1002]
K, = [352.6021; 63.3890]
K3 = [211.1034; 95.3898]
K, = [197.4842; 68.7478]

M; = [39.9401; 4.7750]
M, = [57.8573; 10.4013]
Ms = [34.6392; 15.6522]
M, = [32.4045; 11.2806]

The trajectories of the state vector and the system
response were illustrated by the above simulation
results in the case of Static output quadratic
stability.Figs.1 displays overall simulation results of
the state vector.
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Fig.1 The trajectories of the state vector: a: 84
angular position of rotor (rad), b:wg Rotor angular
speed (rad/s), c: E:ild -axis subtransient F.E.M, d:
E;Iq -axis transient F.EIM and e: ECII' -axis
subtransient F.E.M.

The simulations results displays the trajectory of
the state vector at different values of at startup and
Those simulations illustrate the effect of the
different values of the angle0,.

5 Conclusion

This paper presents static output feedback
controller for a synchronous machine withdamper
infinite bus described by T-S models. We have
shown that the OPDC controllercan be formulated
as thesolution of LMIs set.

The numerical simulations and experimental
results have illustrated the expected performance
and indicate that the stability of the OPDC
controlled system is very suitable in Synchronous
Machine and it leads to an optimization problem.

Appendix

a_—a)g 1 1 .a_—a)o_
V7 or, %y xg ) 7P mxg

—Wy wo
Qs = — : Qg = —
3 TLXd ) 4 TL ]
-1 X —-X,
= 2(1m2) =
Tqo Xq TqOXq

-1 X =X 1 X
C4 = ™, dl dr a Cl + T(l —_— g)
Tao Xq=Xa Tao\ | Xq ,
d Xq —Xq + i da = Xq —Xq 1 X
2 —_— T 2 T y 3 T T T 5
X,j[_Xa do Xqg—Xa Tyo Xa
Xg —Xa
d4_ = X: X Cy
d%a
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TABLE I
Machine Synchronous data (capacity power 200VA)
Value
Symbol uanti
Y Quantity (.1)
X, d - axis magnetic reactance  1.10
X ; d -axis transient reactance 0.50
X, d -axis subtransient reactance  0.35
Xq q - axis magnetic reactance  1.10
X(;l' q -axis subtransient reactance ().30
X, field leakage reactance 0.19
T, magnetic dipole moment 10.00
T(;O d -axis transient open circuit  7.00
time constant
T40 d-axis subtransient open 0.07
circuit time constant '
Tq0 g-axis subtransient open 0.18
circuit time constant
Wy synchronous rotor angular 100w
References:

[1] N.OUAALINE, N. ELALAMI. “Takagi-Sugeno
fuzzy control of a synchronous machine”. In
Control and Fault-Tolerant  Systems
(SysTol), 2010 Conference on, pp. 618 —
623.

[2] N. OUAALINE, N. ELALAMI. “Observer
Design via Takagi-Sugeno Fuzzy of a
Synchronous Machine”. SIL 10 ENSA
Marrakech, 20 & 21 October 2010.

[3] N. OUAALINE, N. ELALAMI. “Observer
Based Stabilization of T-S Systems for a
synchronous machine without damper”. I[CGST
International Conference on Computer Science
and Engineering (CSE-11), 19-21December
2011, Istanbul, Turkey

[4] N. OUAALINE, N. ELALAMI. “Exponential
stability and stabilization of T-S System for
synchronous machine without Damper”.
International Journal Of Mathematica Models
and Method In Applied Sciences, Issue 8§,
Volume 5, 2011, pp : 1406- 1413

[5] A. Ait Kaddour, E.H. EL Mazoudi, N.Elalami,
"Stabilization of a Fish Population System
Using Coupled Multiple Model", 2nd Meeting
on Optimization Modelization and
Approximation, November 19-21, 2009
Casablanca, Morocco.

[6] H.-N.Wu, Robust H2 fuzzy output feedback
control for discrete-time nonlinear systems with
parametric  uncertainties, Internat.J.Approx.

ISBN: 978-1-61804-069-5

83

Reason. 46 (2007) 151-165

[7] M. Chadli, D. Maquin, and J. Ragot, (2002).
Static output feedback for Takaki-Sugeno
systems: an LMI approach”, proceeding of the
10th Mediterranean conference on control
and automation-MED2002, Lisbon, Portugal,
July 9-12.

[8] W.L. Chiang, T.W. Chen, M.Y. Liu and C.J.
Hsu, Application and robust H,, control of PDC
fuzzy controller for nonlinear systems with
external disturbance, Journal of Marine Science
and Technology, Vol.9,No. 2, 2001, pp. 84-90.

[9] T. Takagi and M. Sugeno, Fuzzy identification
of systems and its application to modelling and
control, IEEE Transactions on Systems, Man
and Cybernetics, Vol.15, No.1, 1985, pp. 116-
132.

[10] H.O. Wang, K. Tanaka and M. F. Griffin, An
approach to fuzzy control of Nonlinear
systems: Stability and Design Issues,” IEEE
Transactions on Fuzzy Systems, Vol. 4, No. 1,
1996, pp. 14-23.

[11] C.-W. Park, LMI-based robust stability analysis
for fuzzy feedback linearization regulators with
its applications, Information Sciences,Vol.152,
No, 1, 2003, pp. 287-301.

[12]S. Boyd, L. El Ghaoui, E. Feron, and V.
Balakrishnan, Linear Matrix Inequalities in
System and Control Theory, SIAM,
Philadelphia, PA, 1994.

[13] K.Tanaka and M.Sugeno, Stability Analysis
and Design of Fuzzy Control Systems, FUZZY
SETS AND SYSTEMS, Vol. 45, No.2, (1992),
pp-135-156.

[14] K. Tanaka, T. lkeda, H.O. Wang, Fuzzy
regulators and fuzzy observers: relaxed stability
conditions and LMI-based designs, IEEE
Trans. on Fuzzy Systems, Vol.6, No.2, 1998,
pp. 1-16.

[15] T-M. Guerra, L. Vermeiren, Control laws for
Takagi Sugeno fuzzy models, Fuzzy Sets &
Systems, Vol.120, No.1, 2001, pp. 95-108.

[16] A.BOUZIT, Stabilit¢ et Stabilisation des
systémes Dynamiques Application au cas d’un
réseau ¢lectrique, These 1990 Université de
Perpignan.

[17] Yann MORERE, Mise en oecuvre de lois de
commande pour les modéles flous de type
Takagi-Sugeno, LAMIH-SF, These 2001
L'Université de Valenciennes et du Hainaut-
Cambrésis.


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5672506
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5672506



