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LOCALLY CONVERGENT NONLINEAR OBSERVERS*

ARTHUR J. KRENERT AND WEI KANG#

Abstract. We introduce a new method for the design of observers for nonlinear systems using
backstepping. The method is applicable to a class of nonlinear systems slighter larger than those
treated by Gauthier, Hammouri, and Othman [I[EEE Trans. Automat. Control, 27 (1992), pp. 875—
880]. They presented an observer design method that is globally convergent using high gain. In
contrast to theirs, our observer is not high gain, but it is only locally convergent. If the initial
estimation error is not too large, then the estimation error goes to zero exponentially. A design
algorithm is presented.
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1. Introduction. The problem of estimating the state of a dynamical system
from partial and possibly noisy measurements has a long history. In its nonlinear state
space form, one assumes that the dynamics satisfies a known nonlinear differential
equation with unknown initial condition and the measurement is a known nonlinear
function of the state

&= f(z),
(1.1) z(0) = 29,

y = h(z)
The linear form of the problem is

T = Ax,
(1.2) 2(0) = 2°,

y=Cx.

One is given an estimate 20 of 2° and the observations y(s), 0 < s < t, up to time t.
The problem is to generate an estimate Z(t) of 2(t) in real time, as the process evolves.
The estimate should converge to the true state as t — oco. Ideally the estimation
process should be robust to noise both in the dynamics and in the observations, to
the initial state error, and also to modeling errors in the functions f, h. Furthermore,
the error should converge to zero quickly.

One way of approaching this problem is to assume that the dynamics, the initial
condition, and the observations are corrupted by noises with known distributions and
then to find the conditional density of the state given the past observations. If the
dynamics and observations are linear functions of the state and if the noises and
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156 ARTHUR J. KRENER AND WEI KANG

the initial condition are independent and Gaussian, then the conditional density is
Gaussian and explicitly computable. Wiener [28] solved this problem for stationary
Gaussian processes using the method of spectral factorization. Kalman [12], [13]
extended this to nonstationary Gaussian processes and reduced the problem to solving
an off-line Riccati equation and an on-line linear differential equation driven by the
observations.

When the dynamics and/or observations are nonlinear the unnormalized condi-
tional density satisfies the Zakai equation, a parabolic PDE driven by the observations
[4]. It is a very difficult task to accurately compute its solution in real time for all
but the smallest state dimensions.

The extended Kalman filter [10] is a widely used alternative method for estimating
the state of a nonlinear system. It is obtained by linearizing the nonlinear dynamics
and the observation along the trajectory of the estimate. It requires that the on-line
solution of a Riccati differential equation and a linear differential equation be driven
by the observations. The extended Kalman filter is globally defined but it is only a
local method. Under certain conditions, the estimate converges to the true state if
the initial estimation error is not too large [1], [23].

There are several nonstochastic approaches to state estimation. For linear systems
(1.2), Luenberger [19] developed the concept of an observer. This is another linear
dynamical system that is driven by the observations in such a way that the error
dynamics is asymptotically stable.

Several nonstochastic methods have been proposed for nonlinear estimation. Some
of these are surveyed by Misawa and Hedrick [21]. Other methods include lineariza-
tion [16], [2], [17], He methods [15], bilinear systems [29], and high gain observers
3], 5], [6], [7], [8], [9], [24], [25], [26], [27].

This paper describes a simple and efficient method for the design of observers for a
broad class of nonlinear systems based on backstepping. The backstepping technique
has been used extensively to design stabilizing state feedback control laws [18], [20].
The assumptions on the system are that it be smooth and observable in an appropriate
sense. The method is applicable to systems whose error dynamics are not necessarily
linearizable by a change of coordinates and input/output injection [16], [2], [17]. Tt is
applicable to a slightly larger class of systems than the high gain observer of Gauthier,
Hammouri, and Othman [8]. The latter result can be applied to systems that can be
globally described in observable form while the backstepping approach requires only
a local observable form. Moreover, backstepping is not a high gain design procedure
and hence only local convergence is guaranteed. An explicit formula for the observer
gain is derived. The gains are functions of the state of the observer. The gains can
be derived off-line through an algorithm presented below. The observer is defined on
an arbitrarily large compact subset of the state space but is only locally convergent.
We shall prove that the estimate converges exponentially to the true state if the state
starts in a compact positively invariant set and the initial estimation error is not too
large.

The paper is organized as follows. In section 2 the backstepping approach to
observer design is illustrated for a scalar output system without inputs in observable
form. In section 3 this is generalized to systems in observable form with vector output
and no inputs. In section 4, this technique is generalized to systems that locally can
be described in observable form. Systems with inputs are discussed in section 5. In
section 6, the relative perfomance of the high gain observer and the backstepping
observer are discussed. We close with examples in section 7.
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2. The backstepping observer. Consider a smooth nonlinear system in ob-
servable form:

Yy =1y,
T = T,
Tg = w3,
(2.1)
Tp—1 = T,
Zp = fn(z).

The state x is n dimensional and the output y is one dimensional. There is no input.
Later we shall relax these assumptions. By smooth we mean C" for r sufficiently
large.

The backstepping observer will be in the following form:

1 = @y + Y1 (2) (21 — 1),

To = &3 + 1o (@) (21 — #1),

(2.2)
J.Af‘n.—l - i‘n + wn—l(i‘)(l‘l - £1)7
T = fn(2) + ¥n(2)(21 — 21).

The error e = x — & dynamics is given by

é1 = ez — YP1(2)en,

&y = ez —ha(d)eq,

én—l =€n — ’l/)n—l(li')ely

én = fn(x) - fn(j:) - wn(i‘)el

The problem of observer design is to find gains ¥;(Z), 1 <4 < n, so that e(t) — 0 as
t — oo.

Notice that the error dynamics (2.3) is dependent on both e and Z. The combined
system, consisting of the system and its observer, can be described in z, & coordinates
(2.1), (2.2), in e, % coordinates (2.2), (2.3), or in z, e coordinates (2.1), (2.3).

Suppose that K is a compact subset of x space, which is positively invariant under
(2.1), i.e., if a trajectory starts in K, then it remains in K for all future times. The set
K x {e =0} is a positively invariant set of the combined system (2.1), (2.3). Using
a backstepping approach [18], we will construct a local Lyapunov function for the
combined system to prove local exponential convergence to this positively invariant
set. The observer gains 1; will be chosen in the course of this construction.

We employ the following notation: an error term O(e)¥ is a function of Z, e such
that on any compact subset L of & space there exists a constant N > 0,6 > 0 such
that

(2.4) 0(e)*| < Nlel*

for all # € L and all |e| < §. We abbreviate O(e)! as O(e).
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We now proceed with the construction of the backstepping observer on a compact,
positively invariant set K and show its local convergence.
Define z1 = e; and V; = %z%, then

Vi=2% = —c122 + 2120 + O(e)3,

where ¢; > 0 and 25 is the linear function of e that satisfies zo = c121 + 21 + 0(6)2.
If n =1, we choose

Ui(8) = 1+ P (0)

so that the auxiliary variable zo = 0 and
(25) Vl = 2121 = —clzf + 0(6)3.

If n > 2, then 21, 29 and ey, es are linearly related by

0 Mt

where
(2.7) ba1 = c1.
Define V5 = V7 + %z%, then
Vo = —c122 — 25 + 2023 + O(e)?,

where ¢ > 0 and z3 is the linear function of e that satisfies 23 = 21 +ca20+ 22 +0(e)?.
Notice that zo, z3 depend on the as yet unspecified observer gains 11 (Z), ¥2(%).

If n = 2, then we would like to choose the gains so that the auxiliary variable z3
is 0, for then

(2.8) Vo = —c122 — cp22 + O(e).
Now

23 = 21 + Cazo + 29 + O(e)?
= (b3,1 + fo;1 —p2)er + (baa + fa,2 — ¥1)ea,

where
_ Ofn .
fn;i - 6331 (Z),
b1 =14 ca(bar — 1) + (ba1 — ¢1)’ — (b2,1 — Y1),
(29) 6372 =c1 + Ca.

We denote differentiation along the observer dynamics when e; = 0 by /. For an
n dimensional observer (2.2), the operation ' is defined on functions ¢(&) by

@(i)fn(i)-
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Notice that ’ does not involve the gains v; and
¢' =+ 0(e).
If n = 2, we successively define
P1(2) = b3 2(2) + f2,2(2),
Vo(2) = b3,1(2) + f2.1(2);

then (2.8) holds. Notice that the gains are functions of & alone.
If n > 3, we define 21, 25 as before (2.6) and z3 as a linear function of e so that

23 = 21 + Ccozp + 29 + O(e)?.
By a calculation similar to the above, we see that
(2.10) z3 = (b31 —2)er + (bg2 — 1)ea +es,
where b3 1, b3 o are given by (2.9). Define V5 =V, + %zg, then
Vs = —c127 — o258 — c325 + 2324 + O(e)?,

where c3 > 0 and zy4 is the linear function of e that satisfies z4 = 29 +c323+23+0(e)?.
If n = 3, we would like to choose the observer gains so that the auxiliary variable
z4 is 0. After a straightforward calculation, one finds that
25 = (ba,1 + f3,1 — ¥3)er + (ba2 + faz — 12)ez

(2.11) + (baz + f3,3 —Y1)es,
where by j = by ;(Z) are functions only of & and b4 ; depends only on ¢, 9, for 1 <
k<3—jandb.sforl<r<4, 1<r—s<4-j:

bag =ba — b1 + c3(b31 — Y2) + (b1 — ¥2)' — (bs,1 — 2)th1 — (b2 — Y1),
(2.12) byo =1+ c3(bzo — 1) + (b2 — ¥1) +b3q,

bazs = c3 + b3 2.

Hence we can successively solve (2.12) for the desired observer gains,

1 =baz + fs3,
Yo = ba 2 + f3.2,
Y3 = ba1 + fa1.
Turning to the n dimensional system in observable form, the variables z1, ... , zp41

are defined as follows:

Z1 = €1,
2o = C121 + %1 + 0(6)2,
23 = 21 + Cazo + 20 + O(e)?,

(2.13) :
2= zi_o +Ci1zio1 + 2io1 + O(e)?,

Zn+41 = Zn—1 + Ccpzn + Zn + 0(6)27
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where ¢; > 0 and the error terms are chosen so that z is a linear function of e. A
straightforward calculation yields

(2.14)
z1 1 0 0 e
22 ba 1 — 1 1 e 0 e;
: = : : : : ’
Zn bn,1 — Yn-1 bn,2 — Pn—2 e 1 e
Zn41 bnt11+ fnl —Yn bnyi2+ fa2— VU1 o batin t+ fom — Y1 "

where b; ; = b; ;(Z) are functions of & given by (2.7), (2.9) and for 4 <i <n+1 and
2<j<i-3,

bii=bi—o1 —Yi—s+ci—1(bic11 — Yi—2) + (bi—1,1 — Yi—2)’

1—2
=Y (b1 — i),
j=1

(215) bi,j:bi72] 1/% i— 2+ ¢ 1(7, 1,5 — 1/% i— 1) (z 1,5 — wz i— 1)
+ bi—1,-1,

biico =1+ ci—1(bi—1i—2 — 1)+ (bi1i—2 — 1) + bi—1i-3,

bii—1=ci—1+bi—1—2.

In the backstepping observer we choose the observer gains to zero the last row of the
matrix in (2.14),

(216) wl = bn+1,n + fn;na

V-1 = bpy1,2 + fni2,
wn = b7L+1,1 + fn;la

so that z,4+1 = 0.
By induction one sees that b; ; depends only on the quantities

C1y.-.,Ci—1,

(2.17) Y1y g,

brs, 1<r<i, 1<r—s<i—j

and so b; ; can be computed down the diagonals of (2.14). We start with the diagonal
just below the main one and successively compute b3 1,032, ... ,by41,n, Which yields

biic1=c1+ - +ci—1.

Then we define ¢; by (2.16). Going down the diagonal two below the main we compute
bg)l, b4,2, N ,bn+1,n,1 and then ’(/JQ, etc.

THEOREM 2.1. Suppose that K is a compact, positively invariant set for the
system (2.1). Consider the observer (2.2) with backstepping gains (2.16) and error
dynamics (2.3). There exist constants M > 0, € > 0, v > 0 such that if (0) € K
and |e(0)| < e, then

le(t)] < M|e(0)] exp(—~1).
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Proof. Define
1 n
(2.18) V= 5223,
i=1
then from (2.13)

n
V= chzf + Znzny1 + O(e)?

i=1

and
(2.19) V=- Z ciz? 4+ 0(e)’.
i=1

Now let U, be the » > 0 neighborhood of K then its closure U, is a compact
subset. Hence there exist constants N > 0,e > 0 such that the error term in (2.19)
satisfies

(2.20) 0(e)® < Nlef?

for all # € U, |e| < e. Redefine € to be the smaller of r and .
From (2.14) we know that there exist constants M; > 0, My > 0 such that for all
z € U, and all e, z,

(2.21) Mile] < |z| < Msle|.
Since ¢; > 0 there exists a constant v > 0 such that
(2.22) 4ry]2|? < chzf
i=1
Hence there is an € > 0 sufficiently small so that the error term in (2.19) satisfies
1 n
(2.23) |0(e)?| < 5 Zlcizf
for all # € U, and all |e| < e. For these #,e
. 1
(2.24) V< ; ciz?
(2.25) < =29V.

Consider the set D = {(z,¢e) : v € K,V(z(e)) < M1€/2}; this is a neighborhood
of K x{0} in x, e space. From (2.21) we see that on D, we have |e| < €, s0 V < =29V,
so D is positively invariant, and by Gronwall’s inequality

(2.26) V(t) < exp(—2vt)V(0).
From (2.21) we obtain
e(t)] < 2 exp(—10)le(0)] O

Remark 1. There are other possible choices of the Lyapunov function (2.18)—this
one was chosen to simplify the calculations. The constants ¢; appearing in (2.14) can
be chosen as functions of y,Z as long as they are positive and bounded away from
Zero.
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3. Vector output systems in observable form. The above result generalizes
immediately to vector output systems with all observability indices the same. These
are systems of the form

Y = T,
Ty, = Ta,
(31) S'Cz,l = Ig,l,
Tpy = feg(Te,. .., 28),
where [ =1,... ,p. The output y = (y1,... ,¥yp) is p dimensional and so is each z; =
(@i,15-.. i p). The state dimension is then n = pk dimensional. The construction of

the observer proceeds exactly as before except that the previously scalar quantities
%, e;,2i,1; are now p dimensional, z2 is replaced by |z;|?, z;z; is replaced by z; - z;,
and v, b; j, fn,; are p x p dimensional.

More generally we consider systems of the form

Y= 211,

T1, = Ta,,

(3.2) Z.CQ’l =34,
Tyt = fro (T, 2),

where y is p dimensional, z is n = Y_ k; dimensional, and without loss of generality

ki1 > kg > -+ > ky. The indices £, ... , k, are the observability indices of the system
[17]. The dual indices are my, ... ,mg,, where m; is the number of k;’s that are greater
than or equal to i. The subvectors x; are defined as z; = (z;1,... , Zim,)-

The observer is of the form

T1g = Fog + (@1, d) (21 — B1),

Zog = &g+ V21(21,..., 3k ) (1 — £1),
(3.3)

Ty = fr (@1, Bhy) + Yr (21,00, ) (21 — 21),
where ¢, ;(Z1,...,2k,) is 1 X p dimensional.

The error dynamics is given by

é1y = ez —P1u(21,... , Tx, e,
éag =e3; — Yo (L1,... 8 )e1,
(3.4)
ékl,l = fkl,l(xlw'- ,xkl) - fkl,l(:i'la"~ ,(lAﬁkl) 7’(#]”,1((%1,... ,ikl)el.

The method is a modification of the previous approach but the notation is cum-
bersome. The subvector x; is m; dimensional and so are the subvectors £; and e;.
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The subvector z; is m;_; dimensional and is defined by a modification of (2.13),

Z1,1 = ey, 1<i<p,
29,1 = ¢z + 41+ O(e)?, 1< <my,
23,1 = 21+ cay2ay + Zoy + O(e)?, 1 <1 <my,
(3.5) :
Zr41,1 = Zr-1, + Cr,l1Zr,l + Zr,l + 0(6)23 1 < l < my,
Zhit1d = Zh—10 T ChidZk g+ Ak +O0(€)2, 1 <1< my,.
The auxiliary variables are the extra components of z, namely zg, 11,1, 2k, +1,p,

and the observer gains are determined by setting them to zero. If

p ki

19 IEH

=1 r=1
then
] p ki
V=— Z Z Cr,l237l +0(e)?

=1 r=1

and the argument proceeds as before.
We illustrate with an example. Consider a three dimensional system

Y1 = 21,1,
Y2 = X1,2,
(3.6) Iy, = T2,

T12 = f12(71,1,71,2),

Eo1 = fo1(21,1,21,2,T2,1).

The indices are k1 = 2, ko = 1 and the dual indices are m; = 2, my = 1. The observer
is of the form

j71,1 = i'2,1 + 1111,1,1(531,17931,2, ‘%2,1)(‘%1,1 - i'l,l) + @[}1,1,2(@1,17‘%1,27532,1)(551,2 - 5%1,2)a
i’l,2 = fl,Q(jl,h:i'l,Q) + 7/)1,2,1(@1,17:%1,2)(131,1 - 5%1,1) + 1/11,2,2@1,17931,2)(581,2 - 5%1,2)7
i‘Q,l = f2,1(fi1,17:%1,27i'2,1) + 1;!}2,1,1(5&1,1’551,2, '%2,1)(1:1,1 - JA'jl,l)

(3.7  + Y2e12(T11,81,2,T21)(T12 — T1,2)5
and the error dynamics is

é1,1 = €21 — 1/11,1,1(531,1@1,2,i2,1)€1,1 - 1/11,1,2(5%1,1,@,2,i2,1)€1,2,
é1,2 = fl,z(xl,l, 171,2) - f1,2(§71,17i”1,2) - 77111,2,1(931,1,@1,2)61,1 - 1/)1,2,2(531,17551,2)61,27
éa1 = far(xi1,21,2,221) — fo,1(T1,1, 21,2, 82,1)

(3.8)  — ¥211(Z1,1,%1,2,T21)€1,1 — Y21,2(Z1,1, 21,2, T21)€1,2-
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From (3.5) we obtain

21,1 = €1,1,
21,2 = €1,2,

22,1 = (01,1 - 7701,1,1)61,1 - 1/)1,1,261,2 + ez 1,

0 0
299 = ( fi2 _ 1/J1,2,1> e+ (01,2 + hi2 _ 1/)1,2,2> €1,2,

89%1,1 852'1,2
(3.9) z31 = (1 +eracen — (e + )i — i + 950,
0 0
— 11,2 {1’2 — 121 | + {271 — 11 |e11
0%1,1 0%11

+ ( —(cra4c2,)¥112 — V110 F V110012

0 0
— 11,2 {1’2 — 122 | + {2’1 — P12 | €12
0212 0212
O0fa1

021

+ (Cl,l +eon + — ¢1,1,1> €21.

Setting the auxiliary variables zp o = 231 = 0, we obtain a solution

O0fi.2
Y121 = D11’
0f1,2
Y122 =cCr2+ 9 -,
1,2
Yoig=1+cricon — (cin+ean)hiag — i, + ¢%,1,1
0f1,2 0f21
(3.10) g | 35— — Y121 ) + 55,
01,1 0%11
0fa1
Vo120 = —(cripc21)¥1,12 — ¥l 0+ Y110%10,2 + 892172’
O0f21
Y11 =ci1+e21+ pY —,
x2,1

Y112 =0.

There are other solutions with ;1 2 # 0.

A computationally simpler approach [22] is to add extra states so as to make all
the observability indices the same. We illustrate with the three dimensional system
(3.6) above. We imbed it in the four dimensional system

Y1 =711,
Y2 = X1,2,
(3.11) T = T2,1,

Z1,0 =222+ f12(z11,21,2),
T2 = fa1(r1,1,21,2,%2,1),

d99 = 0.
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In the new coordinates

T11=721,1,
T12 = T1,2,
ZT2,1 = T2,1,
(3.12) Too =222+ f12(T11,21,2),

the system is in observable form

Y1 =211,
Y2 = T1,2,
T1g = Toa,
T2 = T2,
To1 = fa1(Z1,1, 1,2, T21),
(3.13) Tgo = gg: (T1,1,%1,2)T21 + ggiz (T1,1,Z1,2) f1,2(Z1,1, T1,2)-

This process can be repeated to make all the observability indices identical. An ob-
server can be constructed for the higher dimensional system and since it is convergent
it will yield convergent estimates for the original system.

4. Systems locally in observable form. In this section we construct an ob-
server for a nonlinear system with scalar output of the form

(4.1) y = h(&),

where £ € R,y € R.
Following [6] and [8], we say a system is uniformly observable if the mapping

h(§)
Lyh(§)
(4.2) & :
2-1h(e)

is a global diffeomorphism, where L;h(f) is the j-fold Lie derivative of h by f,

Leh(€) = %Z(g)f@),
. oLy 'h
(4.3) Ljh©) =

A system can be transformed globally into observable form iff it is uniformly observ-
able. The high gain observer of Gauthier, Hammouri, and Othman [8] requires that
the system be uniformly observable while our observer requires only that the system
be locally uniformly observable.

A system is locally uniformly observable at £° if the mapping (4.2) is a local
diffeomorphism on a neighborhood of £°. A system is locally uniformly observable on
a set K if it is locally uniformly observable at every &9 € K.
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If a system is locally uniformly observable at £°, then we can define new local
coordinates around &°:

(4.4) 2(€) = :
L7 h(8)
In these coordinates the system is in observable form (2.1) with

(4.5) fo(x) = L¥h(E(x)).

LEMMA 4.1. Suppose that the system (4.1) is locally uniformly observable on a
compact subset K of & space; then there exist an € > 0 and constants My > 0, Ms > 0
such that for all £, € K, |£ — (| <€

(4.6) M€ =] < |2(€) — 2(Q)] < Ma¢ — (]

Proof. The map (4.2) is a local diffeomorphism so at any ¢ € K there exist
8(¢) > 0,M1(¢) > 0, M2(¢) > 0 such that

(4.7) Mi(Q)|€1 — &2f < |x(&1) — 2(2)] < M2(Q)[&1 — &2

for all |§; — ¢| < 6(¢). Let B(C) denote the open ball around ¢ of radius 6(¢)/2.
These balls form an open cover of the compact set K so there exists a finite subcover
B((1),...,B(C). Define

€ = %mln{é(gl), Ce ,6(<k>}a

M1 = Il'lin{M]_(Cl), e ,M]_(Ck)},
MQ = maX{Mg(Cl), e ,MQ(Ck)}

If |&1 — &2 < €, then there exists a j such that |§; — ;| < 6((;) for i = 1,2, so the
conclusion follows from (4.7). 0
The observer for (4.1) will be of the form

E=F&) +0() (y—1),

(4.8) g = h(8).

THEOREM 4.2. Suppose the system (4.1) is locally uniformly observable on a
compact positively invariant set K. There exists an observer (4.8) and constants M >

0, € >0, v> 0 such that if £(0) € K and |£(0) — £(0)| < €, then

€(8) = £(1)] < MIE(0) — £(0)] exp(—1).

Proof. Notice that the mapping (4.4) is globally defined on the compact positively
invariant set K. It may fail to define global coordinates on K but it is locally one to
one and so defines valid local coordinates. In these local coordinates the system is in
observable form (2.1) and so we can proceed as in section 2. In the local z coordinates
the observer (4.8) takes the form (2.2) and the local error dynamics is given by (2.3).
It is important to note that the x variables are globally defined as are Z, e, although
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they may be valid coordinates only locally. This allows us to construct the observer

in the x variables exactly as before and its local convergence is guaranteed by the
above lemma. The observer in the £ coordinates is given by (4.8), where

. or 17t .
(49) 0O = |52©)] vl
Note that this does not require inverting = = x(é), but it does require inverting the
Jacobian matrix ‘32” (§) at each &. O

5. Systems with inputs. In this section we consider systems with inputs

(5.1) y = h().

The state trajectory of a system in observable form (2.1) is completely determined
by the output trajectory. The generalization of observable form to a system with
inputs is one of the form

Yy =2,
&y = 2 + g1(z1, ),

&y = w3+ g2(1, T2, u),

Tpo1 = Tp + gno1(T1,. .., Tpo1,u),
(5.2) in = fu(2) + gnla,u).

Such a system is said to be uniformly observable for any input [9]. Regardless of
what input u = u(t) is chosen, the system is observable in the sense that the output
and input trajectories uniquely determine the state trajectory,

T =Y,
T2 ::I./'l _gl(mlau)a

x3 = T — go(T1, T2, u),

Tn = jjnfl - gnfl(xla cee 7xnflau)-

We assume that the state estimate from the observer will be used in a feedback
law u = k(Z) to control the system. For a system that is uniformly observable for any
input (5.2), the observer will be in the following form:

B1 = o+ g1(d1, K(E)) + U1 (2) (21 — 31),
g = &3 + ga(@1, &2, K(2)) + 1h2(8) (21 — 31),
(5.3)

-%n.—l =Tn + gn-1(Z1, ..., Bn_1,K(Z)) + Vp_1(2)(x1 — T1),
Ty = fn(f) + gn(‘%ﬂ‘i(i‘)) + wn(‘f;)(ml - f1)'
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The error e = x — & dynamics is given by

é1 = ez + g1(x1,5(2)) — g1(21, K(2)) — Y1 (2)e,
g = e3 + g2(71, T2, K(T)) — g2 (1, T2, K(2)) — Pa(D)ey,

(5.4)
bn1=€n+ gn-1(21, ..., Tn-1,K(2)) = gn-1(Z1, ..., Tn-1, K(2)) — Yn-1(2)e1,
én = fu(x) = fu(Z) + gn(x, £(E)) = gn (&, £(E)) — Yn(T)er
The observer is constructed as before; define variables z1,... 2,41 by (2.13),

where the error terms are chosen so that z is a linear function of e, (2.14). The
coefficients b; (&) are given by the generalization of (2.7), (2.9), and (2.15),
b1 =c1+ 91,1,
(5.5)  bz1=1+4ca(bay — 1) + (b2 —¥1) + (b21 — ¥1)(g1.1 — ¥1) + 92,1,
bz2 = co + b1 + go2,
and ford<i<n+land2<j<i—3
bin =bi—o1 — iz +ci1(bim11 — i) + (bim11 — Yi2)

j—

= D (bic1j —%i—j-1)(¥j — gj;1) + gi-131,

N

j=1
bi,j:bi72j 7/’2]2"_61 1(7, 1,5 — 7/)2]1) (7, 1, — wljl)
i—2
+ bi—1,j-1 + Z(biq,k — Vi k—1)Gk;j + Gi—1>
k=j

biico =1+ ci—1(biz1,i—2 — 1) 4+ (bic1i—2 — 1) +bi—1i—3
+ (bi—1,i—2 — ¥1)Gi—25i—2 + Gi—1;i—2,

(5.6) b1 =cCi—1+bi—1i—2+ Gim14-1,

where
099,
(57) 005 (8) = 50, (2)
and the operation ’ is defined on functions ¢(Z) by
n—1
B9 $0)= 3 5@ e @@ + g (@) + (e (@)

Notice that as before that / does not involve the gains 1); and
¢' =6+ 0e).
Define

1 2
(5.9) V:§Zzi;
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then from (2.13)

(5.10) V=- Z ciz2 + 2Znzni1 + 0(e)?.

i=1

We choose the observer gains

1/)1 = bn+1,n + fn;ny

wn—l = bn+1,2 + fn;Qv
(5.11) Yn = bpy11 + fan

so that z,4+1 = 0 and

n

(5.12) V==Y ezl +0()

=1

A system (5.1) is said to locally uniformly observable for any input if around every
€0 the transformation (4.2) locally carries it to the form (5.2). For such systems the
above algorithm will yield an observer on any compact positively invariant set.

If the system is not locally uniformly observable for any input, then one can
still attempt to design the observer by the above algorithm by defining variables
215+ 2Zn+1 by (2.13), where the error terms are chosen so that z is a linear function
of e, (2.14). The triangular structure of (2.14) will be lost so there is no guarantee
that the transformation from e to z is invertible. If it is, then the algorithm yields a
locally convergent observer.

Suppose U(z) is a Lyapunov function for the system (5.1) under full state feedback
u = r(z),

_w
T oz

and suppose that the Lipschitz conditions

U() (@) f (2, 5(x)) <0,

@) (FG) — o, ()| < M fu— w(2)]

|k(2) = w(2)] < M|z — &

hold for some constant M. If we are able to design an observer using the backstepping
technique, then we can choose ¢; = --- = ¢, = N so that U(z) 4+ V2(e,2) is a
Lyapunov function for the combined system. For |e| sufficiently small by (2.21) and
(2.23),

d 1 oUu 1 1
= (U + Vi) = S (@)f @ k(@) + 5V TV
oU

= a—(:c)f(m,n(:c)) +(M? — 275 NM)le| <0

x
if N is sufficiently large, where M satisfies (2.21). Hence for small initial estimation
errors, the output feedback certainty equivalence control inherits the stability of the
state feedback control.
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6. The high gain observer. In this section, we compare the high gain observer
of [8] with high gain, the same observer using low gain, and the backstepping observer.
Consider a smooth, scalar output nonlinear system in observable form:

Yy =21,
T = w2,
To = x3,
(6.1)
Tp—1 = Tn,
T = fn(z).

The observer proposed in [8] is of the form

iy =@+ Li(y — 21),

Ty = @3+ Lo(y — #1),

].A;n—l = idn + Ln—l(y - £1)7

LZ:(’?)ei,
1

where 6 is a parameter that must be chosen “sufficiently large” to insure global
convergence—just how large is never explicitly stated. A mathematical proof of the
convergence of the high gain observer with sufficiently high gain has been given in [8]
for systems without noise. But because of the high gain even relatively small noise
can degrade the performance of the high gain observer.

Suppose the variables and functions are of order one and hence one might choose
0 to be an order of magnitude bigger, say # = 10, so as to be “sufficiently large.” If the
system is three dimensional, then the largest gain is 1000! If the other variables are of
order one, then the right side of the observer dynamics (6.2) is completely dominated
by its gain times innovation term. The innovation is y — 2. If there is any observation
noise, then this is magnified by the gains in the error dynamics. For example, suppose
there is observation noise of order € = 0.01 so the signal to noise ratio is 100—mnot a
bad situation. However, the noise in the gain times innovation term of the last state
is of order 10 while the state is of order 1. When 2 = x1, the signal to noise ratio in
the observer dynamics is 0.1—hardly conducive to accurate estimation. Even if there
is no observation noise, driving noises can have similar but less dramatic effects.

Many successful applications of the high gain observer have been reported in the
literature (8], [6], [7], [9]. In most of these applications, a high gain is not actually
used. The method of Gauthier, Hammouri, and Othman [8] is used to design an
observer but the gain parameter, 6, is chosen to be relatively small. No attempt is
made to determine how large 6 must be to guarantee global convergence. It appears
that the high gain observer with low gain is actually an excellent local observer and
this is why it has been successful in applications. It would nice to have a theoretical
explanation for why this is so.

with
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TABLE 6.1
Mean square errors of different observers.

State | High gain | Low gain | Backstepping

error 6=28 60=2 ci=1
e1 1.32e-05 3.31e-06 6.27e-07
e2 6.49e-04 1.22e-05 8.93e-06
es3 4.18e-03 3.16e-05 1.15e-04

We give a simple example exhibiting this problem. Consider a three dimensional
system

(6.3) y=Cx+ v,
(6.4) &= Ax + g(x),
where
0 1 0
A=1 0 0 11,
| -6 —11 —6
C=[110 0],
[ 0
g(x) = 0
| 7sin(2f + 23 + 3)

There is one equilibrium at x = 0 which is asymptotically stable as the eigenvalues
of A are {—1,—2,—3}. The nonlinear term g is bounded. The observation noise v is
assumed to be small, band limited, Gaussian noise.

The observer with noise is

&= Ad +g(&) + (w1 — &1 +v),

where the observer gain is

Ly 30
L=| Ly | =| 302
Ls 63

To estimate how large the gain parameter 6 should be, we started the system at
x(0) = (0,0,0) and the observer at Z(0) = (0,0,1). The noiseless observer did not
converge to the true value when 6 = 7 but did converge when 6 = 8, so we chose the
latter value. We simulated three observers with small observation noise starting from
the true state 2(0) = x(0) = (0,0,0). We used white Gaussian noise of covariance
le—04, sampled and held for 0.1 second. The first was the observer [8] with a high gain
6 = 8, the second was the observer [8] with a relatively low gain 6 = 2 and the third
was the backstepping observer that is presented above with all the design parameters
¢; = 1. As can be seen from Table 6.1, the high gain observer performs poorly as
compared with the low gain and backstepping observers, which are comparable in
performance. Table 6.2 contains the errors of high and low gain observers relative to
the backstepping observer.

It should be noted that in the absence of noise there is no assurance that 8 = 8
is high enough so that the high gain observer converges globally or even locally. On
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TABLE 6.2
Relative errors of different observers.

State | High gain | Low gain | Backstepping
error 6=28 60=2 ci=1
e1 21.0 5.3 1
€2 72.7 1.4 1
es3 36.2 0.3 1

. . . . .
-2 -15 -1 -0.5 0 0.5 1 15 2
x1

Fi1c. 1. The trajectories of Duffing’s equation.

the other hand we have proven that the backstepping observer converges locally for
any c¢; > 0.

One might ask how the example of [8] avoids this high gain difficulty in its the
noisy simulations. The answer is very simple: by taking small noise and 6 = 1, n = 2,
it is not really high gain.

7. Examples. The design algorithm described in section 2 has been imple-
mented in MAPLE. This is applied to some examples.

7.1. Duffing’s equation. Duffing’s equation [11], [14] is

y=§&+ %fz»
(71) éil = 523
£ =& — &

It is a conservative system with the energy function
1 1 1
E(§) = 555 - 55% + Zf%-

It has three equilibrium points, £° = (0,0), &/ = (1,0), and ¢/ = (—1,0). There
are three typical trajectories (see Figure 1): one is around ¢ (type I), one is around
¢I1 (type II), and the third one encloses all three equilibria (type III). We define
the compact positively invariant region K to be the area enclosed by a trajectory of
type III. The system is locally uniformly observable on R2. The observation function,
h(§) =&+ %52, was chosen so that the system is not in observable form. The system
can be transformed globally into observable form but cannot be transformed into the
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a b
1 —— 1
_ N
- - \
o5t -~ ‘ 05
7/
/ 5
X0 2 0
(]
-05 -05
-1 -1
0 0.5 1 15 0 5 10
x1 t

Fic. 2. Estimation of trajectory of type 1 for Duffing’s equation.

a b
1 1
0.5 0.5
¥ o0 S
; ()
e
-0.5 - -0.5
-1 -1
-1.5 -1 -0.5 0 0 10
x1 t

Fic. 3. Estimation of trajectory of type I1 for Duffing’s equation.

observer form by output injection and change of coordinates [17]. When ¢; = ¢2 =1,
the observer gain is
2148 148 - 866 - 886 — 48 + 1288 24
¢1 (5) - = 13 )
3 (1 + 5%)
_ 8488 +8L — 446 + 8806 +88) + 12806 — 88 + UG8
= —3 .
3 (1+8)

Three simulations of the system and the backstepping observer are shown in
Figures 2, 3, and 4 for trajectory types I, I, and III. Notice that all the simulations
use the same observer with the same gain and the same initial estimate but different
initial states. The state trajectories are of different types around different equilibrium
points.

The solid and dotted curves in Figures 2a, 3a, and 4a are the graphs of the

trajectories of the system and the observer. The curves in Figures 2b, 3b, and 4b
show the errors e; = & — &1 and eq = & — &s.

$2(€)

7.2. Homoclinic bifurcation. The backstepping approach can be used to de-
sign observers for systems with parameters. Such systems can undergo bifurcations.
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a b
1 0.8
0.6
0.5
5 0.4
R 0 =
0.2
-0.5
0
-1 -0.2
-2 2 0 5 10
t
FiG. 4. Estimation of trajectory of type 111 for Duffing’s equation.
p=-0.1 H=0
0.4 0.4
0.2 0.2
0 <o
-0.2 -0.2
-0.4 -0.4
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Xy Xy

Fic. 5. The homoclinic bifurcation.

Consider the following system from [11]:

) y:£17
(72) . 61 :2£2a
£ =2¢ — 3] —&(& -G+ & —p).

The system depends on a parameter c. For all values of the parameter, there is a
saddle at (0,0) with one stable and one unstable direction and an unstable source
at (2/3,0). For —4/27 < p < 0, there is an asymptotically stable periodic orbit
around the unstable source. At p = 0, the periodic orbit becomes a homoclinic orbit
consisting of branches of the stable and unstable manifolds of the saddle. For u > 0,
there are no periodic orbits nearby (see Figure 5). For u < 0 we can find a compact
positively invariant set K containing the attracting limit cycle, and for 4 = 0 we can
take as K the compact set consisting of the homoclinic orbit and it interior. Because
of the parameter p, (7.2) represents a family of systems. However, the computational
algorithm for the observer gain is implemented symbolically and p can be treated as
a parameter in the observer. Notice the construction of the observer does not depend
on K.
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0.1

error

Fic. 6. Estimation around the periodic solution with u = —0.1.

b

0.05

-0.05

-0.1

error

-0.15
-0.2

-0.25

-0.3
15 0 2 4 6 8 10

Fic. 7. Initial state and estimate inside the homoclinic loop with p = 0.

If we set ¢; = co = 1, the observer gains are

@) =2-&+& -3 +p,
$2(§) =686 — 66 + & — & -3+
364 g é R 2 o
+ 2 S B Bur L 068 43,
The performance of the observer for y = —0.1 and ¢ = 0 are shown in Figures

6, 7, and 8. In Figures 6a, 7a, and 8a the trajectories of (7.2) (solid curves) and
the trajectories of the observer (dotted curves) are shown. The estimation error is
plotted in Figures 6b, 7b, and 8b. Notice that, in Figure 8, the state starts inside the
homoclinic orbit, the estimate starts outside where the system is unstable, and the
observer still converges.

8. Conclusion. We have presented a method for designing observers for non-
linear systems based on the backstepping. The method is broadly applicable and the
observer error exponentially converges to zero provided the initial error is not too
large. It is applicable to a slightly broader class of systems than the high gain ob-
server of Gauthier, Hammouri, and Othman [8] but differs in that the gain is not high
and the convergence is only local. The method is easily implemented in a symbolic
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0.6 0.05

-0.05

error

-0.1

-0.15

-0.2
15 0 5 10 15

Fic. 8. Initial state inside the homoclinic loop and initial estimate outside the homoclinic loop
with p = 0.

computational package such as MAPLE.
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