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Estimated stator resistance

10

a5 4
o i
3.5 —
ol i
25| i
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
us)
Figure 5.6: Estimated stator resistance.
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Figure 5.7: Estimation error.
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Figure 5.8: Performance

resistance.

of DSSM based on fuzzy control with estimated stator
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Figure 5.9: Performance of conventional DSSM DTC with estimated stator resis-
tance.

DTC based on fuzzy logic for DSSM decrease the torque ripple and has a better dynamic
and static performance. Nevertheless the variations of the stator resistance cause the
DTC drive system to become unstable. So a PI stator resistance estimator is designed
and applied to eliminate the effect of the stator resistance variation. It is shown that the
stator flux and torque response is very satisfactory.

7 Appendix 1: List of Principal Symbols

Val, Vb1, Vel : simple voltage of stator three phase first winding.
Va2, Up2, Ve2 : simple voltage of stator three phase second winding.
Ta1,0b1,%c1: stator current a, b, ¢ phase of first winding.
1a2,1b2, tc2 © stator current a, b, ¢ phase of second winding.
is,0s: stator current vector, estimated stator current vector.
vs : stator voltage vector.

U4, Vq : stator voltages d-q axis.

Vo, Ug: stator voltages o-3 axis.

Vg, Vy : stator voltages x-y axis.

[Lss] : stator inductance matrix.

[M,]: stator-rotor mutual inductance matrix.

[RS] : dlag (Rs Rs Rs Rs Rs RS)

R,: stator resistance.

Lg, Ly : d-q inductances.

Ry: rotor resistance.

T, T : electromagnetic torque, reference torque.

s, @5+ stator flux vector, reference flux vector.

©d, Pq © stator flux d-q axis.

©Ya, pp: stator flux a-f axis.

Pz, Py : stator flux x-y axis.

w : stator voltages synchronous pulsation.

®: output of the flux hysteresis comparator.

7: output of the torque hysteresis comparator.

§: angle between rotor and stator flux linkage.

f5: angle of stator flux linkage.
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the region numbers for the stator linkage positions.

: torque error.
: flux error.

J: friction coefficient.

fr:

moment of inertia.

P : pole pairs number.

7.1 Appendix 2: DSSM Parameters

P,=5kW,U.=232V,i;=1AR; =235Q, Rf =30.3,Lg =0.3811 H, L, = 0.211
H,L; =15 H, My = 2.146 H, J = 0.05 Nms2/rd, f, = 0.001Nms/rd, P = 1.
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Abstract: In this paper, some sufficient conditions for the existence and ex-
ponential stability of almost periodic solutions for Cohen—Grossberg neural
networks with variable delays are obtained by applying Banach fixed point
theory and differential inequality techniques. Some previous results are im-
proved and extended. Moreover, an example is given to illustrate that our
results are feasible.
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1 Introduction

Recently, the behavior of dynamical systems has been widely investigated [1, 2, 3, 4].
Cohen—-Grossberg neural networks, which were first proposed by Cohen and Grossberg
in [5] are typical dynamical systems and have received increasing interesting due to their
promising potential applications in many fields such as optimization, associative memory,
pattern recognition, signal and image processing. The stability of Cohen—Grossberg
neural network with or without delays has been widely studied by many researchers
[6, 7, 8, 9]. Moreover, many sufficient conditions on the stability of equilibrium point for
Cohen—Grossberg neural networks with constant coefficients have been available [10, 11,
12].

I This work is supported by the National Natural Science Foundation of China (No. 60674026) and
the Key Project of Chinese Ministry of Education (No. 107058).
* Corresponding author: btcui@vip.sohu.com
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As is well known, the investigation on the neural dynamical systems not only involves
a discussion of stability, but also involves many other dynamical behavior such as periodic
oscillatory behavior, almost periodic oscillatory properties, chaos and so on. There exist
some results on the existence of periodic solutions of Cohen—Grossberg neural networks
with variable coefficients [13, 14, 15, 16]. In practice, almost periodic oscillatory is more
accordant. Some authors have researched almost periodic solutions for neural networks,
and obtained several interesting results [17, 18, 19, 20]. However, To the best of our
knowledge, few authors discuss almost periodic solutions for Cohen—-Grossberg neural
networks with variable coefficients [21].

In this paper, our objective is to study further Cohen—Grossberg neural networks with
variable delays. By applying Banach fixed point theory, differential inequality techniques,
we get some sufficient conditions ensuring the existence and exponential stability of
almost periodic solutions for Cohen—Grossberg neural networks with variable delays.
These conditions obtained are easy to check and in practice. Moreover, in this paper,
the assumptions of boundedness, monotonicity, and differentiability for the activation
functions are not available.

The rest of the paper is organized as follows. In Section 2, some notations, defini-
tions and model description are given. The existence and uniqueness of almost periodic
solutions is established in Section 3. In Section 4, we derive some sufficient conditions
on exponential stability of almost periodic solutions. Finally, an example is given to
demonstrate the validity of our results in Section 5.

2 Model Description and Preliminaries

Consider the Cohen—Grossberg neural networks with variable delays as follows:

@@)—-%M@Kﬂ)PK%KU)—E:Cmﬁﬁﬂfﬂﬂ)—E:duﬂﬁﬂfﬂt—ﬁﬁﬁ)+hﬁ),(U
j=1 j=1
where t > 0, ¢ = 1,2,...,n; n is the number of neurons, x;(t) is the state of neuron i

at the time ¢; a;(z;(t)) and b;(x;(t)) represent an amplification function and an appro-
priately behaved function at the time ¢, respectively; f;(z;) is the activation function of
the j-th unit; ¢;;(t) and d;;(t) denote the neural connection at the time ¢; I;(t) is the
external inputs at the time ¢, 7;(¢t) > 0 is transmission delay.

The initial conditions of system (1) are of the form z;(t) = ¢;(t), t € [-7,0], T =
maxi<;<, 7j(t), p; € C (C & C[[-7,0], R"]), and ¢; is assumed to be bounded and
continuous on [—, 0].

Definition 2.1 [22, 23] Let z(¢t): R — R™ be continuous in . x(t) is said to be
almost periodic on R if, for any € > 0, it is possible to find a real number [ = I(¢) > 0
such that, for any interval with length I(¢), there is a number § = d(e) in this interval
such that |z(t 4+ 0) — x(t)| < oI, for any ¢t € R.

Throughout this paper, we assume that c;;(t), d;;(t), 1;(t), ¢i(t) are continuous almost
periodic functions. For an arbitrary continuous function f(t): R — R, we define

f=$yﬂmai=gyﬂM-

We list some assumptions which will be used in this paper as follows:
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(H1) a;(t) is continuous and 0 < a; < a;(t) <a; forall te R, i =1,2,...,n.

(H2) There are positive constants k; such that bz() >k, bz() denotes the derivative of
bi(-), and b;(0) =0, i=1,2,...,n.

(H3) There are constants a; > 0 such that |f;(z) — f;(y)| < aj|z —y| for any z, y € R,
and f;(0)=0, j=1,...,n.

Definition 2.2 The almost periodic solutions z*(¢) of system (1) is said to be global
exponentially stable, if there exist constants € > 0 and M > 1 such that

lz;(t) — 2% < M|l — ¢*[le™", ¢t>0, i=1,2,...,n,

where ¢* is the initial value of z*, ||¢ — ¢*|| = sup max |p;(s) — @I (s)].
—00<s<0 1<i<n

Definition 2.3 [21] Let y € R™ and P(t,y) be a n x n continuous matrix defined
on R x R™. For any continuous function v(t): R — R", the following system

y(t) = P(t,v(t))y(t)

is said to be an exponential dichotomy on R if there exist constants k,l > 0, projection
S and the fundamental matrix Y, (t) satisfying

|V, ())SY, H(s)|| < ke ') for ¢ >,
1Yo ()T = S)Y, H(s)|| < ke ™79 for ¢ <s.

Lemma 2.1 [21] If the linear system y(t) = P(t,v(t))y(t) has an exponential di-
chotomy, then almost periodic system

y(t) = P(t,v(t))y(t) + g(t, v(t))
has a unique almost periodic solution y(t) which can be expressed as follows:
t 00
vt) = [ VuOSY slals. () ds — [ V.0 - )Y, s)gls, o) ds
—o0 t
Lemma 2.2 [22, 23] Assume that e;(t) is an almost periodic function and

1 t+T
TETOOT/t ei(s)ds>0, i=1,2,...,n.

Then the linear system y(t) = e(t)y(t) admits an exponential dichotomy, where e(t) =
diag{e:(1)}.

Definition 2.4 [24, 25] A real nxn matrix W = (w;; )nxn is said to be an M -matriz
if w; <0,4,5=1,2,...,n,i# j, and W= >0, where W~! denotes the inverse of W.

Lemma 2.3 [24, 25] Let W = (Wij)nxn with w;; <0, 4,5 = 1,2,...,n, 1 # j.
Then the following statements are equivalent:

(1) W is an M-matriz;
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(2) there exists a vector n = (1,12, -.,Mn) > (0,0,...,0) such that nW > 0;

(3) there exists a vector & = (£1,&a,...,6,)T > (0,0,...,0)T such that W¢ > 0.

Lemma 2.4 [24,25] Let A >0 be an nxn matriz and p(A) < 1, the (E,—A)~! >0,
where p(A) denotes the spectral radius of A.

From (H1), the antiderivative of ﬁ exists. We choose an antiderivative g;(z;) of
—L__ that satisfies ¢;(0) = 0. Obviously, g;(z;) =

ai(w;) ﬁ
that g;(x;) is increasing with respect to x;, and the inverse function g; *(z;) of g;(x;) is
existential, continuous, and differentiable. So, g; '(z;) = a;(x;), where g;~'(x;) is the
derivative of g; !(x;) with respect to z;, and composition function b;(g; *(z)) is differen-
tiable. Denote u;(t) = g;(x;(t)). It is easy to see that 4, (t) = g;(x;)&;:(t) = #St))(t) and

By a;(z;) > 0, we obtain

2;(t) = g; ' (u;). Substituting these equalities into system (1) gives that

i(t) = =bilg; (wi(0) + 3 i (0F5(95 (u (1))
- . (2)
+ 3 di () fi(g;  (uy(t = 75(1)) = Li(t), >0

ui(t) = gi(wi(t)) £ ¢i(t), —7<t<0.

Considering b;(g; " (ui(t))) = bi(g; " (wi(t)))| =, - ui(t), system (2) can be written as
the following system:

where e;(ui)(t) 2 bi(g;  (wi(t)))|a=e;, bi(g;  (ui(t)))|.=e, denotes the derivative of
bi(g; '(2)) at point z = &;, 2 € R, &; is between 0 and u; ().

Let e;(u;)(t) be an almost periodic function, the system (1) has a unique almost
periodic solution which is globally exponentially stable if and only if system (3) has a
unique almost periodic solution which is globally exponentially stable.

It is easy to see that |g; ' (u) — g; *(v)| = |g; ' () (u —v)| = |ai(p)||u — v| < @ilu—v),
where p is between v and v.

For convenience, we introduce some notations. We will use x = (1,2, ...,7,)T € R"
to denote a column vector, in which the symbol () denotes the transpose of a vector.
For matrix A = (aij)nxn, AT denotes the transpose of A, and FE,, denotes the identity
matrix of size n. A matrix or vector A > 0 means that all entries of A are greater than or
equal to zero. A > 0 can be defined similarly. For matrices or vectors A and B, A > B
(rep. A > B) means that A— B >0 (rep. A— B > 0).
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3 Existence and Uniqueness of Almost Periodic Solutions

In this section, we shall discuss the existence and uniqueness of the almost periodic
solution of system (3).

_ Theorem 3.1 Suppose that (H1)-(H3) are satisfied, and p(A~H(C+D)) < 1, where
O = (Eijajaj)an, D = (dijajaj)an, A = diag(klgl,kQQQ,...,kngn). Then, there
exists exactly one almost periodic solution of system (3).

Proof Set the vector a(t) = (Q1(t), d2(t),..., @n(t)T, for Vo € R", we define
the norm: ||4(t)|| = maxi<i<n |[Gi(t)|. Let A = {a(t) = col{a;(t) | 4(t): R — R™, is
continuous almost periodic function}. For any @ € A, we define its induced model as
follows:

i) = sup ||a(t)]| = i (t)-
lall = sup [[a(t)]| = sup max @)

Obviously, (A, || -||) is a Banach space. For any {@;(¢t)} € A, consider the following
system:

;i (t) = —eq(@;(t))ui(t) + Zcij(t)fj (g; ' (a;(1)))

+ ) dii (095 (@t —75(1))) — Lit),

j=1
where i = 1,2,...,n. From H(1) and H(2), we get e;(u;(t)) > kia; > 0 and

1 t+T
— o S . .
TETOO T /t ei(ui(s))ds > TETOO kia; >0

Similar to the analysis of [21], we know that following system:

U(t) = Q(a())U(t)

has an exponential dichotomy on R, where

Q(0)(t)) = diag(e1(1(t)), e2(ta(t)), ..., enltn(t))).

Thus by Lemma 2.1 and Lemma 2.2, system (4) has a unique almost periodic solution
ug(t) which can be expressed as follows:

ug(t) = col{ /; e~ Js eil@(@)de [22 cij(s)fi (g5 (5(5)))

. (5)
TS dig ()5 05 (g (5 — 75(5)))) — 11-(5)} ds}.

j=1
Now define a mapping 7: A — A by setting
Tj(t):,fj(t), VieA.
Next, we prove that T is a contraction mapping. For any V&, 2* € A, from (H3) we have

T(a(t)) = T(u*(1))|
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- (] [ e e S o) a5 60 ~ it (56)
j=1

" Zdu (F3 (g iy (s — 73 (90))) — (g (u (s — m(s»)))]ds ,

ey

‘ / el u<o>>do—[zcm (305 5(5)) = Fr05 ()

dnj(s) (f(95 " (5 (s = 70 (5)))) = fi(g5 ' (u (S_TnJ(5)>>))]d5

<
Il
-

+
- |

IN
VN
H

e*klﬁl(tfs) |:Z a1a1|UJ u;(5)| (6)

o0

+
NE

dyjonmliy(s — m1(s)) — 23(s — Ty >>|]ds,

n
ke, {Z G Oninij(5) — u’(s)]

o,
Il
—-

—

8

:

QnGn |t (s — Tnji(s)) — u;‘(s — Tnj (s))|] ds>

Z klal Clj +81j)a1§1 sup|ﬁj(t) —u;(t)|, ceey
= teR

M:

T
ny) " (Cnj + dinj)onTn sUp |15(1) — u;*(ﬂl) ,
1 teER

<.
Il

which implies that

(sup (T ((0)) — TG (D)), -, sup|(T(@(1) ~ T ()l)

tER teER

< (Z(klﬂl)l@j + dyj)on@y sup |a; () — ui(t)], ...,

o teR
n T
5 (n,) ™ @y + o sup i5(0) = 50 ) )
T
< (supin(0) = w0, ... suplan(0) - (0]

where F = A~*(C + D). Let m be a positive integer. Then, from (7), we get

(sup (T (1)) — T (), - sup | (7™ @(1)) — T (u ()l )

tER teER
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< P (supl(T™ 1 (@(e) ~ T )l sup TN @(0) ~ T ()l )

teR teR
< P (sup (@) = T (). 509 (T a(0) ~ T O))n])
T
< F™ (supln (1) = wi(0) . sup in(t) = w3 ()]) ®)

Since p(F) < 1, we obtain lim, 4. F™ = 0, which implies that there exists a
positive integer IV and a positive integer 3 < 1 such that

FN = (A C+D))N = (hij)nxn, and Y hi; <8, i=1,2,...,n.  (9)
j=1

In view of (8) and (9), we have

(T (a(t) = T (u* (1)))] < jggl(TN(ﬂ(t)) =TV (w" (1))l

< (sup max |a;(t) — u;(t)|) Zhij < glla(t) — u*(t)]|,

teR 1<isn

forallt € R, i=1,2,...,n. It follows that

1T (@(t)) = T (u™ ()] = sup max [(T™ (a(t) — T (" (1))s] < Blla(t) —u*(#)].

teRr 1<i<n

This implies that the mapping 7%: A — A is a contraction mapping.

By Banach fixed point theorem, there exists a unique fixed point u* € A* such that
Tu* = u*. From (4) and (5), we know that u* satisfies system (3), therefore, it is the
unique almost periodic solution of system (3). We complete the proof. O

4 Exponential Stability of Almost Periodic Solutions

In this section, we shall discuss the global exponential stability of the almost periodic
solution of system (3).

Theorem 4.1 Suppose that (H1)-(H3) are satisfied, and the condition in Theorem
3.1 holds, then there exists exactly one almost periodic solution of system (8) which is
exponentially stable, i.e. all other solutions of system (8) converge to this almost periodic
solution exponentially.

Proof By Theorem 3.1, we have known that system (3) has a unique almost periodic
solution, then we shall prove the exponential stability of almost periodic solution.

Let u(t) = (ui(t), u2(t), ..., un(t))T be an arbitrary solution and wu*(t) =
(ui(t),us(t),...,us(t))T be an almost periodic solution of system (3) with initial val-

ues ¢(t) = (¢1(t), d2(t), ..., ¢n(t))" and ¢*(t) = (61(t), #3(t), ..., 5 (t))", respectively.

Set
yi(t) = ui(t) — (ui (1), Fj(y;(0) = fiy;(t) + (uj(t)) — f(uj(2)),
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where 7,7 =1,2,...,n. It is easy to see that system (3) can be reduced to the following
system:
yi(t) = —ei(u(t))ya(t) + Z cij(t )+ Y dig (0 Fy(y; (¢ — 735(1))- (10)
j=1
Since p(F) = p(A~'(C+D)) < 1, it follows from Lemma 2.4 that F, — A _1(6 D) is an
M-matrix. In view of Lemma 2.3, there exists a constant vector £ = (£,,&,,...,£,)"

(0,0,...,0)T such that

That is,

_kigizi+za(ézj +Eij)ai6i <0, 2=1,2,...,n

j=1
Therefore, we can choose a constant d > 1 such that
E=dé> sup |y(t)], i=1,2,...,n,
7<t<0
and
_kigi& + Zgﬂ (Eij + Eij)aiai = [— ki@igi + ZZJ (Eij + Eij)()éiai d < O,
j=1 j=1

where i =1,2,...,n. Set

Mi(&‘) = Efi — kiQigi =+ Zgj(ﬁij + Eije”)aiai, 1=1,2,...,n

j=1

Clearly, M;(¢), i =1,2,...,n, are continuous functions on [0, wp]. Since

Ml(O) = —kigiéi + Z@-(Eij +Eij)04iai < O, = 1, 2, oo, n
Jj=1

we can choose a positive constant w € [0,wp] such that

Mz(w) = (w — klgl)gz —|— Zgj(éij —|— Eije“”')aﬁi < O, ’L = 1, 2, cee, . (11)
j=1
We consider the Lyapunov functional
Vilt) = [ga(hle”, i=1,2,...,n. (12)
Obviously, for any y;(t) # 0, Vi(t) > 0. Calculating the upper right derivative of V;(t)
along the solution y(t) = (y1(t),y2(t),...,yn(t))" of system (10) with the initial value
¢ = ¢ — ¢*, we have

DF(Vi(t)) < —kiay|ys(t)]e*" + Z Cijlyi(t) Z i(t =735 (1)) e + wlyi(t)]e"

IN

= {(w—k a;)|yi ()| + E Cijlyi(8) | + E diglyi(t = 7i;(t))] i | €
j=1
(13)
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where 1 =1,2,...,n. We claim that
Vi(t) = |lyi(t)]e?t < &, forall t>0, i=1,2,...,n. (14)
Contrarily, there must exist ¢ € {i = 1,2,...,n} and ¢; > 0 such that
Vilt;) =& and V;(t) <&, Vte(—oo,t;), j=1,2,...,n, (15)
which implies that
Vilt;) —& =0 and V;(t)—¢ <0, Vte(—oo,t;), j=1,2,...,n. (16)
Together with (13) and (16), we obtain
0 < D¥(Vi(t:) — &) = D*Vi(ty)
< [(w — kaa)lys (D) + D eslya(D) st + D dilyi(t — 7 (1) |eviats |
Jj=1 j=1
= (w = kig)&i + it ( i@‘ﬂyi(tiﬂ@mi + iaiﬂyi(fi — Tij (fi))|€w(tiT”(ti))em”(ti))
Jj=1 j=1

< (w—kia)& + Y &(@; + diye ) aim.

j=1
(17)
Thus
0 < (w—Fkig;)& + Z & (e + dije* ) aya;
j=1
which contradicts (11). Hence, (14) holds. It follows that
. N ,—wt
lyi(t)] < lrgiagxn{gz}e . (18)

Letting ||¢|| = [|¢—¢*|| > 0, it follows from (18) that we can choose a constant M > 1
such that

i) — 27 ()] = [y ()] < 121%;(”{@}6*” < Mg — ¢ [le™", (19)

where ¢ =1,2,...,n, t > 0. Thus, the almost periodic solution of system (3) is globally
exponentially stable.
We complete the proof. O

Corollary 4.1 Suppose that (H1)-(H3) are satisfied, and E,, — A~'(C + D) is an
M-matrix, then there exists exactly an almost periodic solution of system (3) which is
exponentially stable, i.e. all other solutions of system (3) converge to this almost periodic
solution exponentially.

Proof Notice that E,, — A™*(C + D) is an M-matrix, it follows that there exists a
vector = (1,m2,...,m,)T > (0,0,...,0)T such that

(B, — A~ (C+D))n>(0,0,...,0)T.



296 YINGPENG CAO AND BAOTONG CUI

That is,

n
—klgln—l—Z(E” —I—Eij)aiﬁm < O, = 1,2,...,TL.
j=1

Therefore, Corollary 4.1 follows immediately from Theorem 4.1. O

Remark 4.1 In Theorem 4.1 and Corollary 4.1, we do not need the assumptions
on boundedness, monotonicity, and differentiability for the activation functions. Clearly,
the proposed results are different from those in [5, 6, 14] and the references cited therein.
Therefore, our results are new and they complement previously known results.

5 An Example

In this section, we give an example to illustrate that our results are feasible.

Example 5.1 Consider the following system with continuously distributed delays:

i(t) = —ai(xi(t)) [bi(xi(t)) =Y e fi (e (0) =D dig(t) fi (¢ = m5(1)) + Ii(t)} ;

j=1 j=1
(20)
where i = 1,2. Let f;(z) = 3(Jz + 1| — |2 — 1|), we have a; = 1 (j = 1,2).
Taking
1 1 T
(a1 (z1 (1)), az(zo(t)T = (2 T arctanzy (t),2 + Tor arctan:cg(t)) :
9 . 9
(bl(Il(t)),bQ(IQ(t)))T = (Il,IQ)T, Il (t) = 5 smt, IQ(t) = 5 COSt,
thus we obtain a; = a9y =1, a1 = a2 = 3, 1_91292251 =by=1 1 =1, = %,
kl = kg =1. Let
1 . 1 .
(611(t) c12(t)> B 1—3s1nt 1—3s1n2t
I 1 ’
can(t) ex(t) Spsindt Losindl
1 1
(dll(t) d12(t)> _ 1—3cost 1—3cos2t
da1(t)  daa(t) %cos3t icos4t

13

- - - - 1
Noting that €11 = €13 = Co1 = Cos = d11 = di2 = da1 = da2 = 1—3, we get

6 6
13 13

So, we have
- = 12
pATNC+D) = < L.

Thus, it follows from Theorem 3.1 and Theorem 4.1 that system (20) has exactly a unique
almost periodic solution, which is globally exponentially stable.
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Remark 5.1 System (20) is a simple form of Cohen-Grossberg neural networks with

variable delays. In this system, L{ = L§ = 3—10, L% = Lg* = 1. If we apply Corollary
4.1 in [15, 16], and choose n = (n1,m2) = (1,1), we obtain § = 2, p(K) = 120 > 1,

this doesn’t satisfy the conditions in Corollary 4.1 in [15, 16]. So, the results in [15, 16]
cannot be applicable to this system. This implies that our results are essentially new.

Remark 5.2 Since fi(z) = fo(z) = $(Jz + 1| — |z — 1|), we can easily verify that
the assumptions of boundedness, monotonicity, and differentiability for the activation
functions are not available. So, the proposed results in [5, 6, 14] and the references cited
therein can not be applicable to system (20).

6 Conclusion

In this paper, the existence and exponential stability of almost periodic solutions for
Cohen-Grossberg neural networks with variable delays are considered. Some new suf-
ficient conditions are obtained by applying Banach fixed point theory and differential
inequality techniques. Some previous results are improved and extended.
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1 Introduction

The development of mathematical models is a major problem for the application of ad-
vanced techniques for analysis, prediction, control, optimization, automatic fault detec-
tion and diagnostic in the industrial processes. Hence, there is a potential for improved
quality and flexibility of final product if the cost of the model development can be re-
duced. Consequently, a strong demand for advanced modeling and identification methods
arises. The multimodel approach is an efficient and a powerful way to resolve problem of
modeling and control of complex, non-linear and/or ill-defined processes. This approach
is based on a ”divide and conquer” strategy [23]. A complex modeling problem is divided
into a number of smaller sub-problems, which are solved independently by identifying
simple models (generally linear). The obtained group of models forms the so-called mod-
els base. Afterwards, it is necessary to compute coefficients called validities of models.
The simple models are, thereafter, combined, according to their estimated validities, to-
gether to obtain the global model. The past few years have shown an increase in the
use of the multimodel representation [16]. This concept includes a number of approaches
such as: Takagi and Sugeno Fuzzy Inference Systems [29], local model networks [16],
gain-scheduled control, statistical mixture models, Smooth Threshold Auto-Regressive
(STAR) models of Tong [30] and the state dependent models of Priestley [20]. For the
majority of these approaches, the model parameters are obtained from prior knowledge,
linearization of physical model or identified from measured data [21]. In many cases, the
local models can be quite simple, such as linear or affine models. Besides, the multimodel
concept coincides with engineering design in which the division of problems into man-
ageable parts is the major design methodology [23]. The multimodel approaches were
succeeded in different domains such as academic, biomedical, process industries, etc.
However, they remain so confronted with several difficulties such as the determination of
the models base. To resolve this problem, a modeling framework based on an operating
decomposition of the system’s operating range has interested Johansen in [10]. Indeed,
he has proposed an algorithm that able to identify decomposition into operating regimes
and local models on the base of empirical data. However, this algorithm requires that the
regime must be d-dimensional boxes with orthogonal edges. Besides, the introduction of
this last complex description of the regime limits will increase the number of parameters
necessary to represent theses boundaries or local model validity functions. This leads,
consequently, to a more complex identification problem [11]. Murray-Smith in [16] pro-
poses to use learning systems able to model unknown nonlinear dynamic processes from
their observed input-output behaviour. Local model networks use a number of simple
and locally accurate models to represent a globally complex process. A major difficulty
with local model nets is the optimization of the model structure. Heikki [8] has proposed
an evolutionary self-organizing map capable of creating an organized model bank from
a data set. However, the proposed algorithm is very complex and requires a very large
knowledge such as genetic algorithm, self-organizing card, etc. Besides, the computing
of one map is relatively very long. In 1995, Gawthrop considered the approximation of
the continuous-time non-linear system in the vicinity of the equilibrium operating points
by a continuous-time local model network [7]. One global inconvenience of most of these
last strategies, is that the determination of these local models needs to a certain extend
a priori knowledge of the system and its structure [3, 5, 1, 6, 2, 21, 19, 23]. Besides,
we cannot found a systematic method for local models determination; which supposes
several preliminary tests before its choice. Recently, it is proposed in [13] an approach
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of models base determination for the uncertain processes, which limit the number of
base models to four or five models. This method is inspired from the algebric stability
approach suggested by Kharitonov [13]. The models base is obtained by determining the
four extreme models, and the average model, determined as an average of the boundary
models. Mezghani in [17] proposed the extension of this last approach for discrete case
using the d operator. These last approaches require the knowledge of the variation do-
mains parameters of the uncertain process. But, this last information is always not still
possible. Another inconvenience is that the last models base will contain models with the
same structure. We propose, in this paper, a new systematic determination approach of
a models base for the representation of uncertain discrete linear systems. This approach
does not require the limits knowledge of the parameters. Besides, this method allows to
generate automatically the number, the structures and the parameters of the elaborated
models. Indeed, the proposed method requires three principle steps [25, 27, 28]. The
first step consists in classifying numerical data by using a Self-adapting artificial Kohonen
neural network. The second step is a structural and parametric estimations step in order
to determine the base models. Also, to resolve the problem of validities computation we
propose a new technique, based on the minimization of a quadratic criterion [26, 28].
This criterion exploits the centers of clusters obtained in the models base determination
step. By comparison with the residues approaches, used by many researchers, we have
demonstrated the efficiency and the precision of the suggested technique. In order to
highlight the good performance in precision and the robustness under particularly severe
conditions of the two suggested approaches, the theoretical study is, then, validated by
numerical simulation and by experiments. This paper is organized as follows: in the
section two, a principle of classification by using a Kohonen card is introduced. The
new systematic approach determination of a models base is developed with details in the
third section. The validities computation represents the subject of the fourth section.
The principle of computation of multimodel’output is given in section five. A numerical
example is presented in the section six. In section seven, an experimental validation,
carried out on an olive oil esterification reactor, is considered. We finish the present
work by a conclusion.

2 Classification of the Numerical Data by Using the Kohonen Card

The self-organizing Kohonen map is a well-known unsupervised algorithm used frequently
for classification of data. The standard card can find the cluster centers and gives a
visual interpretation of the distribution and clusters of the data. This classification
strategy consists in applying the rule of Kohonen [18, 8, 22]. This rule is characterized
by an unsupervised competitive learning. Where, a competition takes place before the
modification of the network-weights. Only the neuron, which gained the competition,
has the right to change their weight. The Kohonen rule has the property of self-adapting,
which allows him to group together a set of data, presented to the corresponding network,
around a certain number of representative centroides of these data clusters. The used
neural network is formed by one input layer of p neurons and by one output layer of n
neurons corresponding to the Kohonen card [18, 22]. The architecture of this network
is given by (2.1) [25]. Each neuron of the Kohonen card receives p signals coming from
the input layer. The weight wy, is relative to the connection between the input neuron
p and the card neuron n. The weight vector W; associated to neuron ¢ is then composed
of p elements. The Kohonen rule works as follows [18, 22]:
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1. The network receives a data set Y.

2. Each card neuron calculates the Euclidean distance between the weight vector W;
and the input vector Y.

3. The competition between card neurons starts. This competition is based on the
winner-takes-all strategy. The neuron having the nearest weight vector Wi to the
input Y wins the competition. The winner neuron output z; is putting at 1 and
the other ones are putting then at 0.

4. The different weights are modified according to the following relation:

Winew _ Wfld + a(Y _ WZ-Old) 2 (1)

where « is a constant such that 0 < o < 1.
At the end of the training, the Kohonen network generates the representative vectors
of different clusters and their centers.

Figure 2.1: The retained architecture for the generation of different observations vectors for
modeling.

3 A Systematic Determination Approach of a Models Base

The application of this approach requires firstly the determination of the clusters num-
ber. The classification of numerical data is the second stage. Then, there is a stage of
structural and parametric estimation.

3.1 Determination of the clusters number

To classify the numerical data, it is necessary to pass throught the step of determination of
the adequate clusters number and as consequence, the number of base models. To resolve
the problem, we propose to consider a two-dimensional Kohonen card with a neurons
number n in the output-layer which is relatively important. At the end of training, if the
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network gives badly repartition clusters, it will remove the cluster i having an elements
number N¢; verifying:
Ngi < =—, 2
Ci 2 1 ( )
where Ny is the observations’number. Also, we increase the network structure and we
restart the training.

3.2 Classification of the numerical data by exploiting the Kohonen card

After determining the suitable number of classes, consequently the base models number,
it is the question of classifying the measurements. These last are related to the output of
an uncertain or ill-defined discrete linear system using the proposed method described in
Section 2. Therefore, we exploit a Kohonen network, which has neurons number in the
output-layer equal to the clusters number, determined by the method described in the last
section. This network is able of looking into the output of a set of representative vectors
of different clusters with their respective centers. These vectors are, then, exploited for
the structural and parametric identification of the elaborated base models.

3.3 Structural and parametric estimation

The order estimation method of the retained models is called instrumental determinants’
ratio-test [4, 25, 15]. This method consists in building an information matrix @,,, con-
taining the input-output measurements couples given by:

u(k) y(k+1)
Nu u(k+1) u(k+1)

k=1 u(k—;n—i— 1) y(k+m)
u(k +m) u(k 4+ m)

The instrumental determinants’ratio RDI(m) is given by the following relation:

_ det(Qm)’
det(Qm+1 .

For every value of m, the order determination procedure computes @m and @11
matrices and estimates the ratio RDI, the retained order m is the value for which the
ratio RDI(m) quickly increases for the first time. Indeed, @;,+1 matrix becomes singular
when m becomes identified with the exact order.

The retained parametric estimation method is the Recursive Least Squares’ method
RLS [4].

RDI(m) (4)

4 A New Approach for Validities’ Computation

Several validities computation methods was proposed in the literature [5, 6, 12, 13, 16,
17, 19]. All these methods are based on the residues computation and they are based
on measuring the distance between the current state of the process and the considered
model M;. The geometric distance can be calculated by several methods; the simplest
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one is the distance r;(k) between the process output y(k) and the base models outputs
yi(k):
ri(k) = y(k) — vi (k)] ()

Frequently, we choose the validities such as all the time their sum is equal to the unity.

For example,
L ri(k)
(k) = C .
wk) = S (6)

C represents the retained number of base models and is a normalized distance given by

/ Tl(k)
ri(k) = —————.
i (k) ST k)

The proposed method of validities computation is inspired from the fuzzy version of
the "k-means” algorithm[18]. This method is based on the minimization of the following
criterion:

(7)

=303 )y — il ®)

with

C
Z vi(k) = 1, (9)

where v;(k) represent the degree of validity of the model 7 at the instant k, ¢; is the
center of the class 1.

It is a first order problem of optimization with equality constraint g(v;(k)). The
resolution of this type of problem requires the determination of the Lagrange’s equation.
In fact, so that v;(k) is a local extremum of the criterion J, it is necessary that there is
a real A such that the Lagrangian L of the problem can be written as follows:

L(vi(k),A) = J + Ag(vi(k)) (10)
is stationary with regard to v;(k) and \. This leads to

A(L(vi(k),\) __
{ Losth)N) _

0(vi(k))
AL (A _
(N

(11)

)

where X is the Lagrange’s multiplier associated to the constraint. The relations (11) lead
to the following system

201 (k) ly(k) — c1> + A =0,
20a (k) [|ly(k) — co||* + A =0,

20 (k) ||ly(k) Qci||2+A: 0, (12)

e (k) y(k) — cel® + A =0,
’Ul(k) +’U2(/€) +... +Ui(k) + - +’Uc(/€) =1.
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This problem becomes

{ (i) k) = el + 2 = 0,0 € 1.0} 13)
YiLiulk) =1,
The relations (13) give
-A
v (k) = TR —— 14
=3 ly(k) — ci )

This relation becomes

c
> — =1 (15)

= 2 IIy - CIH

Then A is given from the relation (15) and replaced in the equation (14). Finally, we can
conclude that the expression of validity degree for a model M; can be written as follows:

vi(k) = ! (16)

S (A2 (k) /AR (K)

where A2(k) = ||y(k) — ¢||? (see (4.1)).

ye) § .

L)
Afl AfZ)

" yk-1)

Figure 4.1: Euclidean distance illustrated by the new technique of validity computation.

5 Computation of Multimodel Output

The multimodel output is obtained by fusion of the local models pondered by their
respective validities. The next relation (17) gives the expression of the final multimodel
output:

ymn (k) = Z yi(k)vi(k). (17)
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6 Simulation Example in Stochastic Case

The object of this section is to demonstrate the interest and the robustness of both pro-
posed methods: the multimodel representation and the validities computation technique.
Let us consider a stochastic linear process with time varying parameters, described by
the following equation [25, 15]:

y(k) = —ar(k)y(k — 1) — aa(k)y(k — 2) + by (k)u(k — 1) + ba(k)u(k — 2) + e(k), (18)
where e(k) is a white noise (0,0?) with covariance o equal to 0.2. The variation laws of

different parameters of the process are given by the Figure 6.1. The retained excitation
signal u(k) is a Pseudo Aleatory Binary Sequence.

aak) axk)
1k o.11
a7y
AT o
pinrsiursis A AN
Reavrasvrany
-um---l[f \E{ \}, In

oo
ll1mag;|":ﬁnlmsn %m?ﬂanlms:n

TV M P

- e R T T T )

Figure 6.1: The variation laws of the considered process parameters.

6.1 Classification of the numerical data by exploiting the Kohonen card

The suggested approach for the systematic determination of the models base has been
implemented. Indeed, the numerical noisy identification data obtained by exciting the
system (18) by a Pseudo Aleatory Binary Sequence are presented to a Kohonen card
formed by one input layer of two neurons and by one output layer of three neurons. The
Figure 6.2 shows that three data sets relative to the various clusters are obtained at the
end of learning of the neuronal network.

6.2 Structural and parametric estimation

From each of the data relative to the three clusters, we could determine the orders and
the parameters of the transfer functions Hy(¢~1), Ha(¢™') and H3z(q ') relative to the
base models. Figure 6.3 shows the evolutions of the Instrumental Determinants’ Ratio
RDI;(m)(i = 1,2 or 3) for the three obtained clusters. We observe, clearly, that the
orders of the three models are equal to 2.
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Figure 6.2: Three sets of numerical data relative to the different base models.
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Figure 6.3: Evolutions of the RDI for the three obtained clusters.
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After the parametric identification step, the obtained transfer functions
Hi(q™Y), Ha(q71) and H3(g™1t) can be written:

—1 —2
Hy(q-!) = 048765 1 +0.26243g 2
1—0.62912¢— 1 + 0.022475¢2

—1 -2
Ha(g~!) = 0.49611¢~ " + 0.22886¢ ’ (20)
1—-0.70327¢=1 4 0.019325¢2

B 0.49987¢ 1 + 0.24861¢2
Hi(¢g™b) = . 21
@) = T 070134 T 1 0.040774q 2 (21)

6.3 Validation phase

The application of the following input sequence is the subject of validation step:
u(k) = 2+ sink/20. (22)

The proposed approach for validities computation uses the clusters centers obtained in
the stage of determination of a models base. The coordinates of the three obtained centers
1, Ca, c3 are: ¢1(—0.412; —0.4020); co(—0.0151; 0.0041); ¢3(0.4738;0.4687). The results of
validation are given in the Figure 6.4. This figure shows that the multimodel output
y¢n (k) obtained by fusion of base models outputs pondered by the new technique validi-
ties, follows the real output y,(k) of the stochastic uncertain process with a relatively
negligible error. In the case of modeling classical approach, we have exploited the same
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Figure 6.4: Evolutions of the real and multimodel outputs (New technique).

numerical noisy identification data used for the multimodel representation. By recourse
to the instrumental determinants’ ratio for the structural estimation and to the recursive
least squares method for the parametric identification, the transfer function H(q~!) of
the global model ”M” can be written as follows:

0.49457¢~! 4 0.28186¢ 2

H(gh = . 23
(47) = T=0.601154 1 7 0.0432324 (23)
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The Figure 6.5 represents the evolutions of the relative errors between the real output and
the global model ”M” and the multimodel "MMn”. This figure demonstrates that the
multimodel representation offers a very satisfactory precision and robustness relatively
to the case in which classical modeling, based on one global model "M” | is considered.
The evolutions of different validities of models are given by the Figure 6.6. This figure

Flobal Mods!

TR

Figure 6.5: Evolutions of relative errors.

shows the complementarities of the different models in the different operation areas. It
shows, also, that it is possible that one model can describe correctly the system (validity
equal to the unity), the validities of the others models are equal to zero. This last result
is not possible when the residues approach is applied. Indeed, in the Figure 6.7, we have
presented the evolution of the three validities calculated by the residues approach in the
same conditions. This figure shows that these validities cannot exceed 0,5. This can be
justified by the presence of term ‘C' — 1’ in the denominator of the validities expression
(6). As consequent, the residues approach cannot evaluate correctly the contribution of
every model of the base in the global behaviour of the system.

Figure 6.8 presents the evolutions of the prediction errors ery (k) and ers (k) of the two
multimodel outputs respectively yr.(k) (residues approach) and ys, (k) (new technique)
with regard to the real output. This figure shows the performance in precision and
in robustness of the new technique of validities computation by comparison with the
residues approach.

7 Experimental Validation: Olive Oil Esterification-Reactor

In order to show the contribution in precision and robustness of the suggested modeling
strategy, we have implemented it practically in the case of modeling of an olive oil
esterification-reactor. This discontinuous reactor carries out, by an alcohol, a chemical
reaction of vegetable olive oil esterification. This type of reaction is given by the following
scheme: Acid+ Alcohol = Ester + Water. The obtained product is an ester with a very
high benefit used mainly in the manufacture of cosmetic products. In previous work,
the dynamic behaviour of this reactor has been modeled by a set of complex differential
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14

Figure 6.8: Evolution of the relative prediction errors.

equations. The static characteristic of the reactor is non-linear and, consequently, the
classical modeling, based on one global model cannot lead to satisfactory results. To
improve these results, we propose, in the next section, to use the suggested multimodel
representation.

7.1 A modeling phase

In Figure 7.1, we have presented the input-output measurements picked out experi-
mentally of the reactor for the identification step. By exploiting the last input-output

] m 13 I 20 IO 3 dm W\

m yik)

Figure 7.1: Evolutions of the input-output measurements u(k) and y(k).

measurements’ file, the suggested approach for the determination of the models base has
been implemented. Indeed, the experimental data are presented to a Kohonen network
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having two inputs and one-dimensional card with 3 neurons in the output layer. Figure
7.2 shows that three sets of data relative to the different clusters are obtained at the end
of the neural network training. From each of the data relative to a cluster ¢(c =1, ..,3),

o4

20

» &)

oL

Figure 7.2: Three sets of the experimental data relative to the different base-models.

we could determine the transfer functions (Hi(q™ '), Ha(q¢™!) and H3z(q™')) relative to
the base-models. Figure 7.3 presents the evolutions of the Instrumental Determinants’
Ratio RDI;(m) (i=1, 2 or 3) for the three obtained clusters. This figure shows that the
adequate estimated orders of the three models are equal to 2. Finally, we have obtained
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Figure 7.3: Evolutions of the RDI for the three obtained clusters.

the base formed by the models described by the following transfer functions:

-1 -2
Hi(g!) = 0.0018269¢ " + 0.00043866¢ 7
1—1.3052¢—1 4+ 0.32917¢—2

(24)



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 8(3) (2008) 299-316 313

—1 —-5,,—2
Hy()) = 0.0018804¢~! + 4.2569.10~5¢ |
1—1.216¢=1 + 0.24209¢2

~1 -2
H3(q_1) _ 0.0011144¢~" 4 0.00046594¢
1—1.1185¢~1 4+ 0.12743¢~2

In the case of modeling classical approach, the process is considered linear around an
operation point. The non-linearity is consequently interpreted, under these conditions,
as a parametric disturbance. By recourse to the instrumental determinants ratio test for
the structural estimation, and to the recursive least squares method for the paramet-
ric identification, the transfer function H (g~ 1)of the global model ”M”, worked out by
the exploitation of an input-output measurements’file experimentally picked out on the
reactor, can be written as follows:

(25)

(26)

—0.00010162¢ 1 4 0.0012255¢ 2

H(g "=
(97 = 10425 75 0.058004¢ 2

(27)

7.2 Evaluation of the modeling results

To validate the obtained models, we have considered a new input-output measure-
ments’file picked out for the real system. The effective output yasps (k) of the multimodel
"MM?” is calculated by fusion of the three base outputs pondered by their respective va-
lidities. Figure 7.4 represents the evolutions of the real, the global model ”M” and the
multimodel "MM” outputs. This figure shows that the ”MM” approach, using the elab-
orated base, offers a very satisfactory precision relatively to the case in which classical
modeling, based on one global model "M”, is considered. Indeed, the relative error be-
tween the real output and the model ”M” and the multimodel ” MM” outputs confirms
this last conclusion (Figure 7.5). The evolutions of the different validities relative to
the different models of the base are given on Figure 7.6. It gives information about the
complementarities of the different models in the operation area of the reactor which can
be divided into three zones of heating, reaction and cooling.
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Figure 7.4: Experimental validation of the models (classical and multimodel approaches).
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8 Conclusion

In this paper, we have presented firstly a new systematic determination approach of
models base for multimodel approach. This approach does not require a priori knowledge
about the studied system and can generate automatically the number, the structures and
the parameters of base models. Indeed, it can be applied on three steps. The primary step
consists in determining the suitable number of base models. The second one consists in an
off-line classification of identification data. The structural and parametric estimations of
the base models from the obtained vectors in the classification step, form the third step.
Secondly, a new technique of validities computation is developed. This last technique
consists in minimizing a quadratic criterion exploiting the clusters centers obtained in
the stage of determination of the models base. The application of these contributions
is carried out, first, on a simulation example, then on a real process corresponding to
a semi-batch chemical reactor. These applications showed the efficiency and the very
good performances of the two proposed methods, with regard to the classical modeling
method based on unique model and to the residues approach.
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