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Abstract. Most research in modeling and control of nonlinear systems is devoted to continuous time
systems, the discrete time models being not well defined and difficult to handle. In this paper, an attempt
to obtain equivalent discrete time models for sampled data nonlinear system is presented. Although the
class of nonlinear systems is restricted to the so called sampled data computable nonlinear systems, it
is also shown how broad the class of systems suitable to be expressed by this form is.

1 Introduction

The discrete time (DT) equivalent of a continuous time nonlinear system (CT NL) system is a problem of prac-
tical interest. In the general case, only those discretization methods based on the derivative approximation can
be applied. But they are either too simple like the Euler approach or too complicated, like those based on the
Runge-Kutta. In any case, they are approximations only valid for short sampling periods. Moreover, the use of
approximate models for feedback control purposes should be carefully validated. In [1], the difficulties in im-
plementing a controller being designed based on an approximate process model are illustrated. It is a common
assumption that a fast sampling rate will solve the difficulties, but in this application, the SD CT controlled plant
is unstable no matter how fast this sampling rate is chosen.

Recently [2], an approach for the discretization of CT NL models has been presented. The approach is only valid
for models expressed as a set of ordinary differential equations affine in the input signal, and by using the so called
normal form. The SD exact discretization is only achieved for a restricted class of systems but the modeling errors
are bounded and related to the relative degree of the original CT system.

The purpose of this paper is to study the DT modeling of NL systems which open-loop step response is analytically
computable. This class of NL systems, as shown in the paper, includes a number of other previously defined classes,
like finite discretizable systems [3], and do cover a wide range of NL systems reported in the literature. A chained
and modular structure is assumed in the global system. Each subsystem is nonlinear in the input, although its input
may be external or coming from precedent-in-the-line subsystems. Some subsystems may have the same, different,
or none external input. Our first purpose is to obtain SD NL models of these systems, that is, DT equivalent models
for piecewise-constant input functions, under some special form of the nonlinearities. These DT models will allow
a direct discrete simulation of the systems, as a basis for further SD NL process models.

2 Preliminaries

In this section some basic results on sampled data linear systems are summarized. The proofs are omitted due to
space limitation. Assume a linear system

x(t) = Ax(t) +Bu(t) y(t) =Cx(t) (1)
where x € R” is the state vector, u € R” is the control input, y € R? is the output vector.

Lemma 2.1 Given the linear system (1), if A is a (strictly) lower triangular matrix (A-entries are a; j =0, Vj > i),
there exists a lower triangular coordinates transformation matrix T such that the transformed matrix A takes the
form (2), for given B coefficients.

M0 0 0

B A0 0

A= . ) (2)
0 Do : 0
0 0 0 B M

It is important to notice that the general transformed matrix A resembles a matrix in Jordan form. Nevertheless,
the first subdiagonal may contain elements different from ones and zeros even if all the eigenvalues of A are equal.
This form will make easier the computation of the state trajectory. The special form of (2), allows the following
results:
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Proposition 2.1 For the matrix (2), the exponential exp (At) can be evaluated as

1 0 0 0
] Bait 1 0 o o iml
Al — B , . U@ with By =T B i=2,j>1,j<i 3)
317 . . k=j
5 (n—1) =
Bﬂlﬁ ﬁn_’nflt 1
Proposition 2.2 For the matrix (2), the elements of I = fé ATdT can be evaluated as
_ _ 1 i—J ik it
hj=Bijr + Y, (D oy ey < “
1 1] l}z Jj+1 k;() (l*]*k)! z’;c+1

3 CT nonlinear in the input feedforward models
A feedforward form assumes a chained decomposition of the global system. Consider

(1) = Ax(r) + g(x(), u(r)) )
where A and g(x,u) are such that, by getting the Jordan canonical form for the linear part, the state equation will
be

¢ =Az+3(z,u) (6)
where A, similar to (2), is a (strictly) lower triangular matrix, and the vector field g(x,u) presents the triangular
structure
g1(z1,u)
§2(z1,22,1)

(7
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The class of systems to be considered in this paper are the so called sampled-data computable systems (SDC).
Their structure is feedforward, with nonlinearity in the input.

A CT nonlinear in the input feedforward system (NIF) is defined by r blocks

Xi(t) = Axi(t) +Bigi(x1,%2, ..., Xi—1,U;), (8)
i=1,r

where x; € R" and u; € R™. The diagram of one system matching this structure is depicted in Figure 1. The ZOH
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Figure 1: Nonlinear in the Input Feedforward (NIF) System
devices (as shown at input 1) will provide the inputs and the measurements will be sampled at period A, as shown
for x3, in order to get a sampled-data model.

The structure shown by the model (8) may be masked by an arbitrary selection of state variables. As the triangular
structure should be also shown by the linear part, a similarity transformation of the state vector will enhance this

property.
Proposition 3.1 The system X

Yo () =Ax(t) +g(x,u) )
has a NIF structure if there exists a similarity transformation, z(t) = Tx(t) such that

T:oo4(t) = Az() +8(zu) (10)
where A= TAT " is an r-block triangular matrix, i.e., A;j=0; i>j, i=1,2,...,randthe entries of the vector

field g(z,u) also exhibit the triangular structure, i.e., g;(z,u) = gi(21,22,- - - ,2i—1,u), where 7;(t) is the subset of the
state vector attached to the i-block. The similarity transformation, if it exists, is not unique.

The triangular structure may be hidden in the nonlinear term. If this is the case, it will be possible to find a
diffeomorphism z = h(x), such that the new state equation is NIF.
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4 Main result

Let us consider a nonlinear in the input system (8). For those subsystems with only external inputs, as the ZOH
devices keep constant their value in the intersampling time, the SD model will be linear in the state. Therefore,
similarly to the linear case
1
x(t) = A0 x(t0) + [ I Bg(wy)dr; (11)
0]
Thus, the SD model will be
X1 = Agxy + Bag(ux) (12)

where g(uy) is the constant value of the input contribution to the state derivative, in this time interval. It is worth
to remark that the elements of both matrices are generalized exponential functions, as it appears at (3), and (4).
Therefore, the exact SD model of the nonlinear in the input system (8) can be computed as for linear systems,
keeping the same structure and nonlinearity in the input.

For those subsystems with inputs coming from other subsystems (see Figure 1), denoted as inner subsystems, the
input is not constant anymore in between sampling times. In order to be able to compute the exact SD model for a
NIF system, the following assumption is required.

Assumption 1. Given a NIF system (8), for any inner subsystem, i, the nonlinear function g; (x1 (¢),x2(¢),.. ., xi—1(¢),u;(t))
is a polynomial function in the state variable arguments.

Under assumption 1, u;(t) = u;(kA), Vt € [Ak,A(k+ 1)), being constant in the sampling period, the nonlinear
function g;(r,u;(kA)) will be also a vector field of generalized exponential functions, easy to compute. This allows
to state the following result.

Theorem 4.1 The exact SD model for a generic NL system represented in the NIF structure, such as (8)

Xi(t) = Axi(t) +Bigi(xi,x2,...,xi—1,u;),
i=1,,r
where gi(x1(t),x2(t),...,xi—1(t),u;(t)) is a polynomial function in the state variable arguments, can be easily

computed, their coefficients being obtained after matrix exponential computations similar to (11), (3), and (4).

Example. Consider The plate and ball system, [4]. The locally modeled kinematics of a ball rolling in a plate are:

X1 = ui; Xo=ux; X3 =X{Up—XoUl; (13)

X4 = X3U; X5 = X3l

It can be exactly integrated to get the SD equivalent model:

X1 = Xig+Aupg X 1 = Xok + Augg; X3 k1 = X3k + A(X o — Xokltik)
2 2
Xapr1 = Xap+Avsup+ j(xlkuzk — Xol1k) UL X5 1 = Xsj + Az + 7(xlku2k — XU 1) U2k

In order to enlarge the class of systems, two assumptions are removed. First, the nonlinearities do not need to
be polynomial, but keeping the properties of being continuously differentiable. Second, the triangular structure
condition is not required.

Consider the CT NI system (8) such as x(z) = Ax(¢) + g(x(¢),u(t)), the SD equivalent model should be computed
from

A
Xk+1 =€AAxk+/ &Tg(x(f—f)auk)df (14)
0

But the integral should be approximated, as x(# — ) is not constant in the integration interval. The most simple
approach consists on considering the approximated sampled-data model

A
Xiq 1 :eAAxk+/ At g (xp, uy) (15)
0

The approximation error between the true state and the computed one can be estimated as follows. Assume g
is locally Lipschitz, then for 7 € [0,A) one has ||g(2;) — g(z(kA+17))|| < L(||Zk]| + ||z« — 2(kA+7)]|) for some
constant L (in particular, L = 0 if the system is linear, with g = B constant). Continuity of the solution z(7) on
the compact [kA, (k+ 1)A] ensures ||zx —z(kA+T)|| < L,T. Thus, considering that the state is measured at each
sampling period Z; = 0, the prediction error for the state at (k4 1)A is bounded by

tdt (16)

Ay s
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This, in the general case, will give an error of O(A?), as easily seen from the results in propositions 2.1 and 2.2.
Alternatively, with similar assumptions about the function g(x, ), it can be expanded in polynomial form and apply
the Theorem 4.1 to a truncated series of polynomial terms. The SD model will be also an approximated model.

S Comparative example

In order to evaluate the proposed approach, the SD model of a NL system is computed and compared with the model
obtained by using the Euler discretization as well as the approach proposed in [2]. This imposes the constraint of
selecting an input affine system convertible into the feedback normal form. Thus, consider the system

X1 = —x1+u
YK Xp=—=2xp—up (17)
X3 =Xx3+x1 +x0up

showing the NIF structure. The exact SD model is
X+l = auiXtp +biiug g X241 = aXoj+bouy g

2
X3 j1 = A31X1 k +a33X3 k + D311y + b3xp gus x + b3ous

with aj| = eiA,bll =1 —67A7a22 = eizA,bzz = 0.5(1 _esz)7 az1 =A,az3 = eA,b3 =1- 67A7b31 =—1—A+
by = —1/2(2 —e® —e™®). In Figure 2, from xo = [2 3 4|7, the x3 state variable response for constant
inputs, (u1(¢) = 1,V > 0, up(¢t) = —4,Vr > 0.4s) computed by the exact solution and the different approximated
ones, with sampling period A = 0.1 s, are shown.
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Figure 2: State variable x3 time response

6 Conclusions

In this paper a procedure to obtain a DT model for a SD NL system is presented. The DT equivalent model is
exact (giving the same input step response) for a given class of NL system, those denoted as nonlinear in the input
feedforward systems. This equivalence is independent of the sampling period. Many practical NL systems can
be expressed in this form, as illustrated in several examples. For any softly NL system, an approximate model is
proposed, the approximation error being dependent on the sampling period.

7 References

[1] D. Nesic and Andrew R. Teel, A Framework for Stabilization of Nonlinear Sampled-Data Systems Based
on Their Approximate Discrete-Time Models, IEEE Trans. on Automatic Control, vol. 49, no. 7, 2004,
pp-1103-1122.

[2] J.I. Yuz and G.C. Goodwin, On sampled-data Models for Nonlinear Systems, /IEEE Trans. on Automatic
Control, vol. 50, no. 10, 2005, pp.1477-1489.

[3] A. Chelouah and M. Petitot, Finite discretizable nonlinear systems: concepts and definitions, in 34th IEEE
CDC, New Orleans, 1995, pp.19-24.

[4] R. M. Murray and S.S. Sastry, Grasping and manipulation using multifingered robot hands, In R.W. Brockett,
Ed. Robotics. Proc. os Symp. in Applied Mathematics, vol. 41, 1990, pp.91-128.

2622



