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Abstract: This paper is concerned with a formal linearization problem for a general
class of nonlinear time-varying dynamic systems. To a given system, a linearization
function is made up of Chebyshev polynomials about its state variables. The
nonlinear time-varying system is transformed into a linear time-varying system
in terms of the linearization function using Chebyshev interpolation to state
variables and Laguerre expansion to time variable. An error bound formula of
this linearization which is derived in this paper explains that the accuracy of
this algorithm is improved as the order of Chebyshev and Laguerre polynomials
increases. As its application, a nonlinear observer is designed to demonstrate the

usefulness of this formal linearization approach. Copyright
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1. INTRODUCTION

It has been received wide recognition to use lin-
earization method as an important tool in analysis
and synthesis of nonlinear dynamic systems. One
of the most popular and practical approaches is
the linearization by Taylor expansion truncated
at the first order (Yu, et al., 1970). This is pow-
erful but limited to implement in small regions
or almost linear systems. To relax this limita-
tion and improve the accuracy, various studies of
linearization problems have been made since the
early works of Poincaré and Sternberg (Sternberg,
1959). For the last few decades, this problem
has been explored from the viewpoint of differ-
ential geometry (Brockett, 1978; Krener, 1984).
Though many interesting results have been de-
veloped, they are generally not so easily applica-
ble to practical systems. Therefore, it is eager to
develop a linearization approach of easy imple-
mentation with the aide of computers (Kadiyala,

1993). Authors have been studied computer algo-
rithms of formal linearization for some kinds of
nonlinear systems (Takata, 1979; Komatsu and
Takata, 1996). In this paper we present a for-
mal linearization approach for a general class of
nonlinear time-varying dynamic system. This ap-
proach introduces a linearization function which
is made up of a finite number of Chebyshev poly-
nomials about state variables. A given nonlinear
time-varying system is transformed into a linear
time-varying system with respect to the lineariza-
tion function by applying Chebyshev interpola-
tion to state variables and Laguerre expansion
to time variable. A computer algorithm of this
formal linearization approach is presented, and
then its error bound formula is derived. As an
application of this approach, a nonlinear time-
varying observer is well designed. With the aid
of computers, we easily carry out the numerical
computation of this formal linearization and the



nonlinear observer. Numerical experiments show
that the accuracy of this approach is improved
as both the orders of Chebyshev and Laguerre
polynomials increase.

2. FORMAL LINEARIZATION

Consider a time-varying nonlinear system de-
scribed by

S a(t) = f(t,a),x(0) =20 € D (1)

where * = d/dt and D is a compact domain
denoted by the Cartesian product : D = H

pi,m; + p;] C R"™ where m;(m; € R) is the
middle of the domain and p;(p; > 0) is half of
the domain (i = 1,--+,n). = [v1, -+, 2,] € D
is n state vector and T denotes transpose. Let
the time domain be D; = [0,00). Assume that
f is a sufficiently smooth nonlinear function on
Dy x D such as f(ta w) = [fl(ta 33), T fn(t7$)]T €

CN*TYD, x D;R"), /f(t,w)Tf(t,w)e’“tdt <

oo foreach x € D. %Iere a > 0 and N is the
maximal order defined in Eq. (20) below. In order
to apply Chebyshev interpolation (Hildebrand,
1956), state variable x is changed into y so that y
has the basic domain of Chebyshev polynomials:

Do =[1;—,[-1,1] and y is rewritten by
y=P '(x— M) (2)
where
my P1 0 (7
My 0 Dn Yn

The dynamics of y becomes

y(t) = P71 f(t, Py + M) = F(t,y) 3)

where = is the definition notation. The Chebyshev
polynomials {7;.(-)} are defined by

(—2)77! dr

L) = g A —vd)i gr =)™ (@)

or, To(y)) = 1, Ti(yi) = yi, Tolys) = 297 —
LTs(y:) = 4y? — 3yi, Tuly) = 8yi — 8y? +
1,---. The recurrence formula of Chebyshev poly-
nomials is described by Ty41(yi) = 2uy:Tr(y:) —
Tra(yi), (r = 1), To(yi) = 1, Ta(yi) = yi- The
derivative of Chebyshev polynomials S,(y;) =
dT(y:)
dy;
2T, (yi) + 23Sy (i) —

has the recurrence formula S,11(y;) =

Srfl(yi)ﬂ (’I" > 1)7 SO(yZ) =

0, S1(y:) = 1. The orthogonal condition of Cheby-
shev polynomials under summation over the zeros
of TNH—l (yl) is

N; 0 (g #7)
N;+1
> Ty Wie) Ty (wie,) = 5 (a=r#0)
=0 N; +1 (q:/r:())
20; + 1
h . = . = 0,1,---,N;).
where yip, coS 2Ni+271- ( )

Using these Chebyshev polynomials of N;—th
order (¢ = 1,--+,n), we introduce a linearizing
function as

¢(y):[T(10---0)(y T(01 0)(?!) T(o 01)(9)7
Ta1..0)(y), Tiro1--.0)(Y), -+ T(lO 1Y),
T20--0)(Y); Ti21--0) (), -+, Ty o) (Y),

STy ()] (5)

. We derive the

H T, (vi)

dynamics of each element of ¢ :

aT(Tl 771)( ) _
e

n)s Ty (Y1) Sr, (y2) -+ Trr, (),
Se, (yn)| P~ f(t, Py + M)

where Tiy, ... ) (y

T(71 Tn)( )

Ty (y2) - Tr, (y
TT1 (yl )TTQ (y2)

z_: (Tl ""n)

fz(t Py+ M)

where

S(il T,L)(y) =T, (Y1) Try (y2) - Sr (yi) - Try (Yn)-

Thus, ¢(y) becomes

¢(y) = [T(10~~0) (y>7 T aT('rlan)(y)a Ty

Tivgeny @) = 3§;g>p<t,y> =G(ty)
= [Gro0)(t:9), -+ Gryory (1, 9),
Gy ()] (6)
where
Glrrory (t,Y) ZS(n . fl(t Py + M).

To this G(t,y), We eXp101t Chebyshev interpo-
lation of IN;-th order with respect to the state
variable y; and Laguerre expansion of Ny -th order
to the time variable t. Laguerre polynomials are
defined on the domain D; = [0, 00) by

d’l‘
t r_ —t —
L.(t)=e G (te™), (r=0,1,2,---),
whose general form for a > 0 is

T

Li(ot) = e (e, @



The polynomials are in the form : Lo(t) =
1, Li(t) =1—t, Ly(t) =2—4t+ 1%, L3(t) =6 —
18t+9t2 13, Ly(t) = 24—96t+T72t2—16t3+¢4, - -
. The orthogonal condition of the generalized La-
guerre polynomials is

7—@% (at)L.(at)dt = OK'Q(K?M)
/ R B <a') (K=r)"

Applying Chebyshev and Laguerre expansions,
G(ry...r)(t,y) is approximated by

N N

~D. D

K=0q1=0

G(Tl Tn) t y

Z ¢ ;mrnq) LK(at)T(Ql"'Qn)(y)?
qn=0

n
(Tl T?L) . &7 n— 1
where C e "0 )= 1 !22 ’Y(HN—i—l)

oo N,

/Z Z e MGy (G Y1y,
0 =0  £,=0

X L (at)T g, ,..qn)Yress 5 Yne, )dL,
v = {thenumbelzofqi =0:1< i < n}h
Substituting this G into Eq.(6) yields

) ynén)

N N

~D. D

K=0q1=0

T(Tl 7"72)

Z c ;;qlan) LK(at)T(ql---qn)(y)-
qn=0

Thus, ¢(y) is approximated by

d(y) ~ A(t)o(y) + B(t) (8)
where n= n(rlv"'arn)ﬂ = C(Ql»"' 7qn) )
Np
(A )] =D Cltom)  Lic(at)],
K=0

2:0%52 K (at)],

n,s€{l,- (Ny +1)(Ng+1)--- (N, +1) — 1}.

Using the same coefficients as in Eq.(8), we design
a formal linear system by

S 1 2(t) = A(t)z(t) + B(t), 9)
2(0) = ¢(y(0)) = ¢(P~ " (w0 — M)).

The inversion is simply obtained by Egs.(2) and
(5) as

x(t)=Py(t)+ M = PHo(y(t))+ M  (10)

where H = [I : 0] and [ is an n X n unit matrix.
As a result, an approximate Z(t) of the state x(t)
becomes

Z(t)=PHz(t)+ M (11)
by a solution of Eq. (9).

3. ERROR BOUNDS

Let || - || denote the norm || X|| = 4/ XTX to a

vector X and the corresponding induced matrix
norm to a matrix.

Theorem 1: An error bound of the formal lin-
earization is

l(t) = &) < Pra {6 (4(0)) ~ 2(0)
| My eat — 1
A
+Kz::1 [ 2NK(NK—‘,—1>!}+ tENT
EEb(t,N1,~~~,Nn,NL) (12)
where  pmar = max{p;: 1 <i<n},

= sup{[|A(t) + AT(1)||/2: t € D},

v Nk G
Mg = SUP{HWW G(t,y)ll = y € Do,
YK
0¢ Py
t € Dy}, )\t—bup{HPHU)tT)a Il :
0§T§t7y6D0}7 GNL:SUP{I:/
0

1

ZHCK f;wep}.

Proof : A difference between Eq.(6) and Eq.(9)

is

If (7. x)|*e=Tdr —

o) - =) = T2 r ()
AWz~ B() = A®)(9(y) - 2(0)
W F(y) - A0oty) - BO).

The solution of this differential equation is

¢(y(1)) — z(t) = (¢, 0){¢(y(0)) — 2(0)}

t
+ [ ot ne(ryn)ar (13)

0
where the state transition matrix ¢(-,-) satis-

d
%d](ta T) =

I and the linearization

fies the matrix differential equation

Ayt ), »(r,7) =

error is




Note S (t,m)|” = 267 (1, 7)(t,7) = w7 1, 7)
(At + AT (t))y(t, 7) < 2l (t, 7)||?, whose solu-
tion is [y (¢, 7)||* < (7, )P (mT) = 21T,
where p = sup{||A(t)+ AT(t)||/2: t € D;}. Thus
we have ||[¢(t, 7)| < e**=7) | and

t t
B pnt 1)
ot )|dr < | ert="dr = (" -1) (15)

From now on we shall consider Laguerre expansion
about t. First, let us introduce a Hilbert space
Zo(Dy; R) = {u: Dy — R™; [[% e ||lu(t)||?dt <
oo} with inner product (u,v), = fooo et
u(t)Tv(t)dt for u,v € Z,(Dy; R™). It should be
noticed that, since {pk(t) = %e*%LK(t) K =
0,1,2,---} forms a complete orthonormal system
in L?(D;) (Nakamura, 1981), %LK(at); K =
0,1,2,---} forms a complete orthonormal system
in Zo (D) = Zo(Dy; R). Therefore, it holds that

Z x) L (at)

where Cx (x) = % e f(t,x) L (at)dt

0
for each f(t,x) € Z,(Ds; R™) at any fixed . Thus
we have

eng (x) = /||e (t,x)|%e _o‘tdt}E
/Ilftw )Pt ZHOK P} o)

Nr

where f(t, ) = Y gC}}(x)LK(at)+eg\t,)L (t, ),

K=0
which indicates that ey, () — 0 as Nj, — oo.

Note that the Holder inequality indicates

/||e (t,@)|dt < / mdr] | /He 2|2

et — 1

e=omdr]? < en, (). (17)

We here introduce an operator & which approx-
imates a vector function f(¢,x) by Laguerre ex-
pansion with respect to t:

Z C(K)

: ) = {2 F(t ) — SF(t, )| 2e
dt}E. Next we shall consider Chebyshev interpo-
lation about y. Define 7(y;) = (v — vio)(yi —

z)Lx(at) (18)

so that ey, (x

yll) -(yi — yin,) using the zeros {y;; : j =
0,--+,N;} of Tn,41(y;) for each y; (i = 1,---,n).
Then it holds that

min max |mw =92 N 19
{y”}yIEDo‘ ()] (19)

Note that f(t,z) € CN*YD, x D;R") or
G(rl.,.rn)(t,y) S CNJrl(Dt x Dg) where

N =max{N; :i=1,---,n}. (20)
It should be noticed that, the function G(t,y)

defined by G(t,y) = SG(t,y) in Eq.(6) can be
expressed by Chebyshev interpolation as

N;
G(t Z Clan (6, Ty, (y) + €V () (21)
q;=0
where 'gz = [yla Y1, Yit1s 7yn]T7
1—7 N;
C(ql)(t yz Z t Yi, -5 Yiey,s
. ,yn)TQi(ytfi)7 ’Y - { 1’ (qz 75 O) b
) 1 ovrt o
(ty) = (Ni+1)!aygvi+1G(t’y)|yz _e, (i),
(& € [-1,1]). (22)

G(t,y) is in ONitlclass with respect to y; at
fixed (¢,9;). We here introduce an operator w;
which approximates a vector function G(¢,y) by
Chebyshev interpolation in Eq.(21):

N;
wi: G(t,y) — Z Cla)t,Y:) Ty, (i),
;=0
so that
Glty) ~wiGlt.y) =) (ty).  (23)
Define a product of the operator by Wl = w; 0

- 0wy 0 wi, where w[olé(t,y) = G(t,y). Us-
. . [n]@‘%(y) _
ing this operator, we have w \sayiTF(t,y) =

W@t y) = A(t)p(y)+B(t) from Eq.(6) through
Eq.(8). Therefore, Eq.(14) becomes

(t,y) = {%F(t, y) %%F(t,m} (Gt y)

—wlG(t,y)} + (WGt y) — PG, y)}
+-+ {w"HG(t y) — (At)o(y) + B(1)}

9¢

= &I—TP‘l{f(t,Py + M) = Sf(t, Py + M)}



+ zn: {WEUG(t y) — Bt y)). (24)
K=1

From Eqs.(23), (22) and (19),
HW[K_I]G(t»y) - W[K]G(tvy)H
= @ NG(t ) - wr (@ TIG(E )| =

1 Nrtt
w
I Ty

[K_l]é(ta y) |yK:£K 7T(yK) H

GNK+1

sup{ | vl UG y)m(yi) I}
< K
B (N +1)!

My

= 3N T 1) >

where sup{||7r(yK)|| DYk € Do} =2 Nx My =

sup{ ({%w[Kl]G(t,y)H :y€ Dy, te Dt}.
K

From Eqs.(10) and (11), it follows that

2(t) - &(t) = PH(8(y() - 2(1)).  (26)

Substituting Eq.(24) into Eq.(13) and then to
Eq.(26) yields

2(t) - (1) = PHU(6.0)(6(y(0) ~ 2(0)) + [ PH
0

t

P Y f(r,z) — Sf(r,x))dr + /PH

0

94

1/}(t7 T) ayT

it 1) Y (G y) - MG (7 )} dr
K=1

Thus it follows that

l2(t) — 2@ < [PH|[¢( 0)[ll¢(y(0)) — 2(0)]

+sup{IPrven) s ) [
0

=SS (r,@))lldr + | PH|| Y |W* G (7, y)
K=1

ok (WK ) | / lot, . (27)
0

Note that |PH[ < [|P||H|| < Pmaz: Pmaz =
max{p; >0: 1 <i<n}, = sup{HPH

op
O :0<7<tyeDo} (28

From Egs.(15), (17), (25) and (28), Eq.(27) be-
comes

6’“—1 MK
+ max
s 2 TR 1)

which is reduced to Eq.(12). O
This theorem indicates that the 1st, 2nd and 3rd
terms of Eq.(12) come from the errors of initial
state, Chebyshev interpolation, and Laguerre ex-
pansion, respectively. In this formal linearization,
the error becomes |x(t) — &(t)|| — 0 for any
t € Dy, as (0) — £(0) — 0, Ny — oo (K =
1,2,---,n) and Nj, — oc.

4. NONLINEAR OBSERVER

We synthesize a time-varying nonlinear observer
as an application of the above linearization. As-
sume that a nonlinear dynamic system is the same
as Eq.(1) : (t) = f(t,x), and a measurement
equation is

n(t) = h(t,x) € R™ (29)

where 1 is measurement data. The h(t,x) is a
sufficiently smooth nonlinear function which holds
the same condition as f(¢,«). The dynamic sys-
tem (Eq.(1)) is transformed into a time-varying
linear system (Eq.(9)) by the formal lineariza-
tion mentioned above. From Eq.(2), Eq.(29) is
rewritten as n(t) = h(t, Py + M). Substituting
h(t, Py + M) instead of G.y(t,y) into Eq.(6) and
applying Chebyshev interpolation and Laguerre
expansion yields n(t) = C(t)z(t)+d(t) in a similar
manner to that described in Section 2. To this
linearized system, we apply the linear observer
theory (Luenberger, 1971) so that the identity
observer is obtained as

2(t) = A(t)2(t) + B(t)+
K(t)(n(t) — C(t)2(t) — d(1)) (30)
where K (t) = 15(t)C(t)TR(t), 2(t) = A(t)S(t) +
SHA)T +Q(t) — X(t)C ()T R(t)C(t)S(t). Here
Q(t), R(t) and X(0) are arbitrary real symmet-

ric positive definite matrices. From Eq.(11), the
estimate becomes

(t) = PH(t) + M. (31)

8

5. NUMERICAL EXPERIMENTS

We illustrate numerical experiments of the above
formal linearization and observer.



5.1 Formal Linearization

Consider the following system :

i =—e ?*log, (z+1), 2(0) = 1.

We linearize it by the formal linearization ap-
proach. The parameters of Eq.(2) are set as M =
0.85, P = 0.16. Figure 1 shows the errors de-
fined by J(¢t,N,N5) = ||z(7) — &(7)|| whose &
is the solution of Eq.(1) and the error bounds
Eb(t, N, Nyp) of Eq.(12), when the order of Cheby-
shev and Laguerre polynomials are N = Ny = 2
and N = Ny, = 3.

0.05
o]
w
=)
Jt, 2, 2)
0.025
—— T
0 . . J(t, 3,3) .
0 0.05 t(g 01

Fig. 1. Aprroximation errors and error bounds

5.2 Nonlinear Observer

Consider the following system:

337% 9
_ L Go(t) = —
14z +sint’ #2(t) e

n(t) = a3 + a9, D =[0,1] x [0.3,1] C R?.

#1(t) =

Set the parameters for the formal linearization as
0.5 051 0
M_(O.68>’P_( 0 O.33)’

and the unknown initial value is z(0) = [1,1]7 .
Put Q(t) = I, M(t) = 50, £(0) = I, #(0) =
[0.3,0.3]7, in the nonlinear observer of Eq.(30).
Figure 2 shows the true value x , the estimates &
when N7y = Ny = 3, N, = 3, and the observer es-
timate (T'aylor) by the 1st order Taylor expansion
as a conventional method .

6. CONCLUSIONS

This paper has developed the formal lineariza-
tion approach for a general class of time-varying
nonlinear systems using Chebyshev interpolation
and Laguerre expansion. The error bound explains
that the accuracy of this linearization is improved
as the order of Chebyshev and Laguerre polyno-
mials increases. The nonlinear observer has been
synthesized as its application. Simulation results
have been presented which are very encouraging.

X1

X, by Taylor

Fig. 2. Estimates £ and x2 by nonlinear observers
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