AVLo] SR SR o o REEGZ A  International Journal of Scientific Research & Engineering Technology (IJSET)

State Space Realization of complex systems based
on input/output data representation

1" Lotfi Hamrouni
Department of Industrial Computing
University of Sousse, National School of Engineers
Sousse, Tunisia
lotfi.hamrounii @gmail.com

3 Youcef Soufi
Department of Electrical Engineering
University Larbi Tebessi
Tebessa, Algeria
soufi@yahoo.fr

Abstract—State space representation of complex systems is
highly recommended in system control and automation. This
theory which is usually based on physical and theoretical equa-
tions of the target system have no success when dealing with
unknown systems that are represented only by input/output
data measurements. in This paper, we study the possibility of
extraction the state space equations of black box systems using
a dataset of input/output measurements. For that, we use a sub-
class of input/output model which satisfies the necessary and
sufficient conditions that guaranteed the realization of the state
space model based on the input/output model. The resulted
state-space model is identified using a feed-forward modular
neural networks. This approach is applied to realize an industrial
hydraulic systems.

Index Terms—Modular Neural Networks, State space realiza-
tion, identification and modeling

I. INTRODUCTION

Modelling of dynamical systems is a high topic in science
an social fields that was used in many applications related to
industrial processes, communication, electronics, traffics and
many other things. Despite the great evolution of this theory,
internal dynamical behaviours of nonlinear systems are still
difficult to understand using classical modelling methods. This
difficulty concerns black-box nonlinear systems which are rep-
resented only by input/output measurements that represent the
relations between external inputs and outputs of the system. In
spite of the success of modelling in characterising input/output
relations, external input/output models alone are not suitable
for many dynamical analysis and control applications. On the
other hand, space models that arise naturally from the govern-
ing physical laws, and constitute the basis of stability analysis
and feedback design of dynamical systems, are very difficult
to achieve in nonlinear systems. On this way, many research
has been done on the hope of constructing state space models
based only on input/output data measurements. Few papers
are published related to state space realization of nonlinear
systems (See [1] [2] [3] for continuous-time systems and [4]
[5] for discrete-time systems). The last results on the state
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space realisation are devoted to [6] [7] [S] which contribute
to the establishment of the necessary and sufficient conditions
that guaranteed the transformation of input/output model into
an equivalent state space model. These conditions deal with
the observability and controllability of the input/output model.
In paper [8] these conditions are verified algebraically in
continuous time domaine, the state coordinates of the model
are realized first by finding the integrating factors and sec-
ond by integrating certain 1-form subspaces. This procedure
needs to apply the well-known Frobenius theorem and some
elementary knowledge of differential 1-forms to extract the
equivalent state space model. The paper [7] introduces the
theoretical background of the discrete-realization theory using
the differential geometry and propose explicitly the necessary
and sufficient conditions to transform difference input-output
map into a state space model.
In this paper, which extend the last author paper [9], we
propose a general form of input/output model that satisfies the
realizability conditions (controllability and observability) and
we give the equivalent state space model in form of standard
difference equations. The input/output model is based on a
reduced NARX representation in which neural networks is
used to identify the internal parameters of the model. This
approach helps largely on the identification of state space
coordinates based on input/output data measurements and the
synthesis of output feedback controller of nonlinear systems.
The present paper is organized as follows: In section 2
we recall the essential theoretical backgrounds that formu-
late the necessary and sufficient conditions to transform an
input/output model into a state-space model, next we propose
a graphical map (based on the input/output model) that helps
the design of accessible state-space models. Section 3 explains
the realization of black-box systems using modular neural
networks, and how to extract the corresponding state model
of a non-linear system. In Section 4 we present simulation
results to validate the theoretical approach. Finally, Section 5
concludes the paper.
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II. PRELIMINARIES ON STATE-SPACE REALIZATIONS

Consider a nonlinear discrete system .S represented by
the Nonlinear AutoRegressive eXogenous (NARX) difference
equation:

ylk] = p(ulk-1],... ulk - n],y[k-1],- y[k-n]) (1)

where n is the order of the system, {u[k —i]} € R" and
{y[k—i]} € R™ are respectively the n past values of the input
and the output of the system, and () is a continuous function
in R.

o . dp dp
Assumption 1 We assume that either % or By

from zero.

is different

If the system (1) respects the conditions of controllability
and observability, then (1) admits a state representation in the

form :
X[k +1] = f(u[k], x[k])
y[k] = h(x[k])
where x is the state vector, and f(-,-), h(-) are smooth (C*)
functions.
Through the rest of the paper, the term “realization” means

the transformation of the input/output model (1) into an
equivalent state space representation such as (2).

()

Problem Statement: Given the input and output data from
simple experiments, with input pulses, the goal is to extract
the time-delay and construct a state-space representation such
as (2).

In the rest of this section we formulate the input-output
map that generate the dynamic of the system, next we extract
the minimal state-space realization that is observable and
controllable.

Indeed, the concept of observability and controllability is dual
in the sense that a realization M is observable if and only if
the dual M ! is controllable and vice versa A realization M is
observable if the observability matrix O(M ) is full rank, then
we can always reconstruct the initial state z(0) from observing
the evolution of the output. A realization is controllable if
the controllability matrix C'(M)is full rank, so for any initial
state it is always possible to construct a sequence of input that
conducts the system to the desired output.

Before formulating the realization structure, we first examine
the input-output variables of the equation (1). We start by
defining the variable blocs y,u, v as following

Notation 1

y(#) = (y(®),y(t+ 1), y(t+ m-1))

u(t) = (u(t),u(t+1), - u(t+m-1))

v(t) = (u(t+m),u(t+m+1), u(t+2m-1))
Notation 2

y(t-m) = (y1,ym) , foryi=y(t—-m+i-1)

u(t-m) =(up, - up), forui=u(t-m+i-1)

v(t) =(v1, o vm), forvi=u(t+m+i-1)
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Using these notations, a step response realization can be
constructed from model (1) by evaluating

y[t],y[t + 1],...,y[t + n — 1), recursively in term of
ylt=1],...,y[t-n]u[t-1],...,u[t +n-1].
we obtain,

y(t) [ o(ur = un W Yn)
y(t+1) o(uz = v Yo Yn+1)
y(t+2) pus = V2 Y Yn+2)

yt+n-2)| |o(un-1 Un-2  Yn-1 Yon-2)
y(t+n—1) L v(un =t Un-1 Yn y2n—l) (%)
- im oo Un yl s yn -
Uz U1 Y2 Yn+1
| B e
Un-1 Un-2  UYn-1 Yon-2
L Un Un-1 Yn Yon-1

Which is equivalent to the following bloc input/output map
equation:

y(t) = ®(u(t-m),y(t—-m),v(t)) 4
where @ = 21, ¢2, ..., n]T represents the bloc input-output
map of the system composed of n partial function ¢;(u,y,v)
defined in (3) by:

k191(ll~ y'v) = Q(ul' e Un, Y1, yn)
QQ(“. Y. v) = v(lLQﬂ e Un, Y2, Yn s P 1-“1)

9’1‘(&)’:") = (Wi, Uny Yis s Ynsy P17, Pi-1,
L)
er(uw Y. V) = ip(un, Yn, @1, Pn-1,V1, ", ‘Un—l)
The realization ®(u,y,v) was studied largely in many paper
[sadagh] to give the necessary an sufficient conditions that

guaranteed the observability of the function ®(u,y,v), and
consequently the minimal representation of the matrix:

uy et Up yroo Yn
uz v1 Y2 Yn+l
uz - V2 Y3 Yn+2
M=| T Y on )
Un-1 Un-2 Yn-1 Y2n-2
Un et Up-1 Yn Y2n-1

This form of M that is not necessary controllable, is the
product of extended observability matrix and extended con-
trollability matrix.

The generalization of Assumption 1 gives % or % is
different from zero, and using the implicit theorem it can seen
that ®(u,y,v) is a local diffeomorphism with respect to y.
That is, there exist locally a smooth function @;1, such that
y= le(u,x, v) = x = ®(u,y,v) for any constant v.

Taking the partial derivative of x = ®(u, @gl(u,x,v),v) with
respect to u. This results that

Dy®; (u,%,v) = [Dy(®(u,y,v)) ] Du(B(u,y,v))  (6)

which is independent of the third variable v.
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Definition 1 : A realization ®(u,y,v) is minimal if and only
if it is controllable and observable.

Hypothesis 1 : A realization ®(u,y,v) is minimal if the
differential Dy®(u,y,v) with respect to the y and u, are upper
triangular matrices independent of the variable v having the

form:
[0p1/0y) Op1/Dys -+ 01 [0y,
0 dpy/Oyy - OpolDyn-
Dy(@(uyv)=| vzé e P2l | g
L 0 0 0 d‘Pn/dyl
[0p1/0uy Op1[Oug -+ D1 [Oun
0 o ]Ouy - O[Oy
D@y w)=| O O0uOnllumal
0 0 0 a‘i’n/aul

And the matrix R =
of v.
Note that matrix R play a key role on determining the

realizability conditions.
R has always an upper structure in the form:

[Dy(®)] ' Du(®) is also independent

9y [0u,y
e r1,2 Tin
Oz [Ou, =
R(u,y,v) = Ip2/0y, Al 9)
R 0 0 ‘ :
0 0 0 dn {é)u.
EEM

and the terms r; ; are given by

J
dp; o
=4 - R E: ops
p=28y

du; T (i+p-1j-p+1)
rigj = i (10)
Buy
In the case of a linear system y[t] = Yo, a;y[t —i] +

Yiey biu[t — i], for all i the matrix R can be expressed in
term of the coefficients of the input-output map as.

bl b2 n
an 1 0 bl . bpe 1

Using the upper structure of matrices (7) (8) (9), we arrive
at the following structure of the input-output bloc realization.

a az -

0 a1

R= (1D

Uy uz - Un Y1 Y2 -t Yn
T — 0 wu ~ up 0 w2 " wn
Mo o5 p o w 3| @

0 0 0 uw O 0 0 y,

The general form of the input-output bloc realization is given

by
u Uy4d Y1+d Y1+q
A‘"[ _| ¥ cee U2+d Y2+d Y2+4q (13)
Un—q Un-qg+d Yn—q+d -+ Yn
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forgq=0,1,...,n-1and d=0,1,...,q

And the dynamical input-output map ®(u,y,v) is given by

w1 (w Uted  Yied  * Y1a(g+1))
w2 (uz cer Uzed Y2ed - Y2u(ge1))
<I>(u,y, V) - %‘(Ui Uird  Yird . y-+(q+1)) (14
$n —q(uu -q " Un-q+d Yn-q+d .- yn)

That correspond to a realizable input-output model in the form

y[t] =p(u1,- -« Un, Y15 -+, Yn) = Z Pi (15)
The realizable analytic form of the model is given by
n—-q-1
:[ le gpi(ui,‘..._‘u“,d.‘yi+d’..-,yi+q+1)] (16)
* 9911—q(un—q= v Un—geds Yn—q+ds s yn)
The state vector [10] is given by
@y = y[k]
Tg-d+1 = y[k +q- d]
Tg-diz=Y1[k+q-d+1)
: a7

Tp_p = yn.—q—l[k +n-d- 1]
Tn-ps1 =ulk-d]

ap =u[k-1]

i eilylk+d+1i],...,y[k+q+i+1],

The state equations are obtained from the state vector as the
following

T-{ =&

1+ e .
Ly—d = Tg-d+1
1+ —_ o ’
Tg-dsl = Tg-d+2 T \r"n—q(u-, L,y

+
Tq_ds2 = Tg-d+3 T Qn—q+1(u-, Ly,

Tg—d+1:;Tn—-d+1;""" l"'n)

+
1 Lg—d+1s Tn—-d+1; Tp_dse1: "3 Tn )

+ +
Ty _d1 =Tp-d+ 992(11-. L1 q-d+1; Tgds 1 Tn-d+1, "'al'n)

Pt =i P T t n .

Tp_d= \PI(U-. L1 Xq—d+1; Tgds1s Tn-d+1, w’Ln)
g

Tp-d+1 = Tn-d+2

n=u

y=a
(19)
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State-space representation is an important property of the
control system, which provides a convenient and compact
way for its further modelling and analysis.

The construction of the state space model needs the iden-
tification of functions ¢; which are separated in time and
causes complexity when using standard identification toolbox
like Matlab.

In this paper, we propose a modular neural networks as
a solution to identify the state variables based on i/o data
measurements taken from the real non-linear system.

III. MODULAR NEURAL NETWORKS STATE-SPACE
IDENTIFICATION

The theory of realization presented in the last section was
adopted to design the adequate Neural networks that represent
the state space model based on the sub-class i/o model (16).
By using a neural network with restricted connectivity struc-
ture, the structure of the NN state space model is depicted in
Fig. 1 where each sub-NN represent a state variable of the
system.

Regression Vectors W.in ILlayersw oul Stale Vectors
—— —

—_—
Ul U % LR

( 1, 1+ds Y1+d, ‘y1+q+1), J‘m
PRI 5he 401 ol b AL Am R LT B TRTN D o e

(uz S Uids Y2+dy y2+q+1) f & ()5 ):«J (0
2nd SubNN_____ R S S RS S s S e ]

(uqu- S Um-gids Ym-qids 1/171 i .y ff- Pm-q()
Last Sub NN "l 9\ m-q
Fig. 1. Modular Neural-Network state space model

The output of the system is given by

T
oy Wisdy Yieds "y yi+q+1] ) ]

oL E ot

+ Cn—q fn—q (W'F[Un—q-, &

=Z‘»‘9i

T
5 Un—q+d; Yn—q+d; " yn] )

(20)

Where W;, C; are input and output matrices of the s;,'naptlc
weights of the i-th module, and f;(z) = 1/(1+e)™" is an
activation function of the ith sublayer neurons. Each module
is chosen to have the same dimension as the whole network.
The training is done in parallel using the well known
Levenberg-Marquardt (LM) algorithm.

The main advantage of this structure is that state equations
can be directly written down from the NN-model without any
additional computations. The resulted State space equations
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are given by

N
Ty = T2

+
:L'q—d = mq--tHl

+ 7 2 = &
xq—d+1 =Tg-d+2 + Cn—q(“’n—q[u,fl\'“‘ Lg-d+1,Tn-d+1,""" ln] )
+
Ty-d+2 = Tq-d+3+
7 o T

+Cn—q+l(I""n—qﬁ»l[u‘fl'l""‘xq—d+lyTn—d«-l-.ln—chl\"'yxn] )

- 7 L+ T
Tn-d-1=Tn-d + Co (""'Q[U‘ Ty, Lg-d+1,Lg-d+1,Tn-d+1,""" xn] )

& 7 . o + T
S C'I(H’ 1 [u,(L[, qlq—d+l«mq-d+[w$n—d+l ; «a:n] )

+
Tn-d+1 = Tn-d+2

Th=u
Y b1
(21

IV. REALIZATION OF AN HYDRAULIC NON-LINEAR
SYSTEM

The system considered in this paper is represented in
figure2 , it is composed of an hydraulic tank with a pressure
accumulator and a water flow.
The physical parameters of the system are:
H, = Height of the water in the tank
H, = Height of the water in the accumulator
P, = Pressure in the tank
P, = Pressure in the accumulator
Ay = Cross sectional area of the tank
Ao = Cross sectional area of the accumulator
R, = Fluid resistor between the tank and the accumulator
R, = Fluid resistor between the accumulator and the outside
k = Spring constant of the spring in the accumulator
u = Input volumetric flow rate of the hot water
u. = Input volumetric flow rate of the cold water
21 = Volumetric flow rate across the first fluid resistor
(2 = Volumetric flow rate across the second fluid resistor
T}, = Temperature of the input hot water
T. = Temperature of the input cold water
T = Temperature of the water in the tank
p = Density of the water
g=Acceleration of gravity

The system is assumed to be three dimension where the state
space variables x1,x9 and x3 represent the internal parameters
T, P, and P> respectively; And the output is the temperature
7
The identification dataset is extracted from the following
differential state equations given in [11].

(i?l = p‘i (uI}l + UCTC - l'l(u + ur))
142
Xy = ﬁ(u +Up — T2~ 23 )
i A/;g L ;ljzRi 3 x3 (22)
r3 = (A—2 + A_ZQ)( 7 i ﬁ)

y=a1
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u u, 10000 Tank Pressure / Time
: % & a0
o
3
g 8000
x a
-
£ 7000
H, 5 S
ettt 6000
4 0 0, 0 500 1000 1500 2000
,,,,,,,, Time(s)
S 7
. b Fig. 5. Tank Pressure used for identification
A R, R,

Accumulator Pressure / Time

[52]
[=3
o
o

Fig. 2. Hydraulic non linear system

S
(=3
o
o

The input was chosen to be composed of the sum of four
sine waves of different frequencies, 3, 4, 6, and 9. Each of
the sine waves had a bias of 1 (i.e. mean value was 1) and
the sum of the sine waves was multiplied by 0.005 to result
in the mean value of the input to be 0.02m3/s. Plots of the
input and the corresponding output are depicted respectively
in figures (3, 4, 5 and 10) .

Accumulator Pressure (Pa)
N w
(=] (=]
o o
o (=]

-
o
o
o

o

500 1000 1500 2000
Time(s)

. Fig. 6. Accumulator Pressure used for identification
Input / Time

0.04

‘ A. Identification of state state space model

- To identify the state space variables of the system, we apply
the theory of realization presented in section 3.

For that, we start by constructing the structure of the canonical
state space model based on the model (16), we get the
following state model taking p = ¢ = 0.

input
o
o
N

0.01
[ ( Uy us U3 ) T
0 l,‘?] yl y2 y3 &91 (u1y1y2)
0 500 1000 1500 2000 |
Time(s) u2 ug
LP2( ¥ s ) =|wa(u2,y2,y3)
Fig. 3. Input of the system used for identification [ -
u
LPs.( i ) p3(u3, y3)
. | Y3 ]
340 Tank Temperature /Time & o 000 L A
(23)
‘!1_7330 The corresponding Modular Neural Networks is given in
3 Figure 7, the learning data set is composed of 2000 samples
§320 divided into three groups: 50% for leaning, 25% for validation
P and 25% for testing. We use the Marquart-Levenburg algo-
5 310 rithm to approximate the partial functions ;.
00 50 100 1500 2000
T
Time(s) e1(ur,y1,y2) = Crfi(Wilur, y1,92] ")
s - ¥ 1 — i / /f> . o T
Fig. 4. Output Temperature of the Tank used for identification vz(uz’ Y2, y3) CZfQ(H 2[“2, Y2, ys] )

e3(us, y3) = Csfa(Wa[us, y3]")
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After learning the model parameters, the state space model is
straightforward using (21) as the following

= y(t)

x] =2+ p3(u, 1)

xy = a3+ pa(u, x1,27)
z3 = p1(u, z1,27)

The output of the actual system as well as the realized state-
space model are shown on Fig.8, Fig.9, and Fig.10.

“1“\: EMRARE d(u,y,0)
i w, (3x3) (N , €, (3x1)
@ o’ . ¢1
N - T
W £ Yea 020 F Yoy
;S ™ a3
| . @3
\ w,(3x2) (fz )G
"~

Fig. 7. Three Dimension Modular Neural-Network state space model

X1/ Time

10000

Actual
Realization

9000

8000

7000

Tank Temperature (K)

6000
0 500 1000 1500 2000

Time(s)

Fig. 8. Realized state space x; vs the real z;

x2( Time

10000

9500 Actu?l _
Realization

9000

8500

8000

7500

Tank Pressure (Pa)

7000

6500
0 500 1000 1500 2000

Time(s)

Fig. 9. Realized state space xo vs the real xo

V. CONCLUSION

The problem of identification and transforming of I/O
models into state space equations is a challenge for many
researchers. In this paper, we presented the mathematical
background of this theory and formulated the necessary and
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x3 / Time

D
o
o
o

Actual

5000 Realization

Accumulator Pressure (Pa)

1000
0 500 1000 1500 2000

Time(s)

Fig. 10. Realized state space x3 vs the real x3

sufficient conditions that, when respected, one can transform
an input/output model to a state space representation when it
is possible. To evaluate the performance of this approach, we
used a nonlinear hydraulic system represented by a dataset of
input/output to extract the equivalent state space model.
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