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The problem of observer design for nonlinear systems has got great attention
in the recent literature. The nonlinear observer has been a topic of interest in
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Keywords: estimation of dynamic systems. Stability of the developed observer and its
Nonlinear observer convergence is proven. It is shown that the estimated states converge to the
Sliding mode observer actual states in a finite time. The performance of the nonlinear observer is
g‘g;%;z“r;“;rf?rulator investigated by examining its capability in estimation of the motion of a two
Dynamicmodpe"ing link rigid-flexible manipulator. The observation process of this system is

complicated because of the high frequency vibration of the flexible link.
Simulation results demonstrate the ability of the observer in accurately
estimating the state variables of the system in the presence of structured
uncertainties along with different initial conditions between the observer and
the plant.

1. Introduction be implemented to estimate the state variables
from the inputs and the measured outputs of the
system [1]. Observer design is crucial to the
identification and control problems [1, 2].

The problem of observer design for nonlinear
systems has got great attention in the recent
literature [3-10]. The theory of observer for
nonlinear systems is not nearly as complete nor
successful as it is for the linear systems. Bestle
and Zeitz [5] introduced a nonlinear observer
canonical form. Krener and Isidori [6] proposed
the Lie-algebraic ~ conditions  under  which

State space control techniques rely on the
availability of all state variables of the system for
the computation of control actions. However, in
many situations, the number of the state variables
exceeds that of the measured signals. This may be
due to the cost associated with additional sensors,
the lack of appropriate space to mount
transducers, or the hostile environment in which
the sensors must be located. In these conditions,
either a full-order or a reduced-order observer can
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nonlinear ~ observers  with  linearizable  error
dynamics can be designed. Some observers were
designed for a restricted class of nonlinear
systems such as bilinear systems [7, 8]. A novel
SMO for current-based sensor less speed control
of induction motors is presented in [9].

Sliding mode control is a popular control
approach for systems containing uncertainties or
unknown disturbances, as the controllers can be
designed to compensate for such uncertainties or
disturbances. Similar to sliding mode controller
(SMC), sliding mode observers include a special
function of dealing with nonlinearity and
uncertainties. Over the past decades, extensive
research has been dedicated to the design of
SMOs [10-12].

A very important feature of the SMC stems
from the fact that the attractive manifold is an
invariant set ([13, 14, 27]). When the controlled
system is in the sliding mode, its response
becomes insensitive to external disturbances and
model uncertainties. Such salient features have
rendered the SMC a potential tool for achieving
robust tracking performance for robotic
manipulators in the presence of structured and
unstructured  uncertainties along with  external
disturbances  [15]. Walcott and Zak [16]
developed a variable structure observer for
systems with observable linear parts and bounded
nonlinearities and/or uncertainties. Wagner and
Shoureshi  [17] compared the performances of
three nonlinear observers in estimating the state
variables of a heat exchanger [18, 19]. Slotine et
al. [11] proposed SMOs for general nonlinear
systems. They discussed in detail the design
procedure of variable structure system (VSS)
observers for the nonlinear systems expressed in
the companion form. Roopaei [20] developed a
novel Adaptive Fuzzy Sliding-Mode Control
methodology, based on the integration of SMC
and Adaptive Fuzzy Control. Shkolnikov et al.
[21] demonstrated the application of a second-
order SMO. Imine et al. [22] proposed a SMO for
systems  with  unknown inputs. The system
considered was a vehicle model with unknown
inputs that represent the road profile variations.
Kalsi et al. [23] designed a SMO for linear
systems with unknown inputs, where the observer
matching condition was not satisfied. Efimov and
Fridman [24] proposed a state observer design
procedure  (SMO  with  adjusted gains) for
nonlinear locally Lipschitz systems with high
relative  degree  from  the  available  for
measurements output to the nonlinearity. Possible
presence of signal uncertainties had been taken
into account. Veluvolu and Lee [25] developed a
robust high-gain observer for state and unknown

input estimations in a special class of single-
output nonlinear systems. They showed, ensuring
the observability of the wunknown input with
respect to the output, the disturbance could be
estimated from the sliding surface.

The purpose of the current study is to develop a new
type of robust nonlinear SMO to estimate the state
variables of nonlinear systems in the presence of
structured uncertainty and different initial conditions
between the observer and the plant. Stability of the
estimated states as well as their finite time convergence
to the actual states have also been proven. The estimator
consists of a VSS observer with a structure similar to that
of the one proposed by Slotine et al. [11] for general
nonlinear systems.

2. Problem formulation

In this section, a robust sliding-mode observer
is introduced for nonlinear systems. In the next
sections, we will generalize this observer and will
develop a new form of SMO, while stability and
convergence analysis will be carried out.

Consider an n' -order nonlinear system as:
«(t)=f(xu) xeR" @
The state vector x is defined as x=[x;, - x,[ .

where x; e R. Inthis study ueR™ is considered as the

control input. A vector of measurements is defined in the
following form:

Y =X %o X |T YeR? @)
It means that the state variables
X1 s Xm2 s Xmp are available through

measurement,  directly. Matrix C could be
introduced in the following form:

0 v 01, 0 0

0 01, 0 - 0
Y=Cx,C=|. oom2 , 3)

0 ... 0 1 0 .- 0

mp mpxn
All elements of every row of C are equal to
zero except for the mk™ elements, which equal to
unity. These elements correspond to the K
measured  state  (Xnc, k=12,---,p). By this
definition, the error vector could be formulated as
e:=\?—Y=C(§<—x) X:=X—X “)

where X eR" is the estimated state vector, and

ep]T ()

The following assumptions are made for the
plant and the input vector;
Assumption 1. The plant, given by equation (1), may be
unstable but it does not have a finite escape time.

e::[e1 e, €
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Assumption 2. f(x,u) is bounded away from zero for
vxeR" and Vt>0.

Assumption 3. Every control input u; (i=1---,m)
belongs to the extended L, space denoted as L . Thus,

any truncation of u; to a finite-time interval is essentially

bounded.
Assumption 4. The unknown disturbance input is
bounded by some known upper bounds.

Hence, an observer with the following general
structure is defined [11]:

x=f(%,u)-Pe—-Q1 ©)

where f isan approximate model of f , while P and Q
are nx pgain matrices to be defined, and 1, isa px1
vector specified as follows:

15=[sgn(e1) sgn(e,) sgn(e;) --- sgn(ep)]T ™

3. Stability and Convergence Analysis

In this section, it will be shown that the
estimated states converge to the actual plant states
in a finite time interval. In order to prove the
finite-time convergence of the estimated state to
the actual one, the Comparison Lemma is used
[26].
Lemma 1. (Comparison Lemma). Consider the
scalar differential equation,

2=g(zt) zlto)=2
where g(z,t) is continuous in t and locally Lipschitz in
z for vt>0and VzeJcR. Let [t,,T) (T could be
infinity) be the maximal interval of existence of the
solution z(t), and suppose z(t)eJ for all telty,T).
Let v(t) be a continuous function whose upper right-

hand derivative D*v(t) satisfies the differential
inequality

Dv{t)<g(v(t)t) W)=z

with vit)e forall '€ [tO’T). Then v(t)ez(t) is true for
all te[to,T)_

In the following theorem, the stability and
convergence of the SMO in the presence of
structural uncertainty in the system dynamics, is
proven.

Theorem 1. Consider the plant of equation (1), the
measurements vector (2), the observer (6), and the
assumptions 1-4. Then, there exist observer gain

matrices, Pand Q, such that the estimated state X

converges to the actual state x in a finite time.
Proof. A general form of plant and observer is
considered in this study. At the beginning of the

observation process, the observation error is far
away from zero, which means that e=0. We
define a Lyapunov function for all the measured
states (X, Xmzs**s Xmp ). IN this  theorem, the
stability and convergence time of the observer has
been shown for an arbitrary measured state
(which is also easy to be applied to other
measured states). Consider a measured state X,

where j is an element of the set {1,2,---,p}. The

following candidate for the Lyapunov function is
defined for this state ( Xy ):

V; =0.5xe? (8)

Consequently

~ mp mp
€j X[fj -f; - qu,mi Sgn(ei)_ ij,miei]:
i=ml i=ml

(9)
mp mp
€ X(Afj = 2 0jm SQn(ei)_‘zlpj,mieiJ
i=m

i=ml

A

where Afj=fj—fj. Moreover, fJ- and  f;

th

represent the j row of the system dynamics

vectors f and f in the measured space domain,
respectively.  Note that according to the
assumptions 1-4, Af; is bounded. The 3¢ term of

the above equation is rewritten as follows;

mp :
>0 s0n(iy ) =

i=ml
0jm sgn(el)+ 0jm2 sgn(e2)+-~- T0jm Sgn(ej)
ot G sgn(ep) (10)

mp
= ‘qu,mi sgn(e; )+ 4 ; Sgn(ej)
o
Assuming P =0 (for simplicity), substituting
equation (10) into (9) results in the following:

. mp
V; =e; x| Af; _i;“lqj'i sgn(ei)—qj'jsgn(ej) =
i=mj
mp 11
eijfJ——ejxquymisgn(ei)—ejxqjvjsgn(ej) (1)
i=ml
i=mj

=e; xAE; —¢; XQj,ngn(ej):
ey xAE; —ejla;; < fo|x[AE;|-aj 5 x[e;|

mp

where AE; =Af; - > q; sgnle;). Thus:
i=ml
i=mj

Vi<l x|oE | -a;, X|ei|:‘|ei|x[qj,j —|AEJ|] 42
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Choosing >0

qjyj>|AEj|+gj where €

yields \/jS—|ej|xgj which, in turn, ensures that
Vj<0 for all e; =0, as well as ensures the finite

time convergence of e; to the zero. In order to

prove that the convergence happens in a finite
time interval, function G; is defined as

j
Gj =\/ﬁj=|ej|.Asaresult:

DG, =G; =%v’j
J (13)
S v Clelxe )=—¢
_|ej|VJ S|ej|( |ej|xej) £j
Subsequently, =~ D'G;<-g;. Let us define

gj(Gj,t)z—gj then D'G; < g(Gj,t). Now,
considering z; = g;(z,t)=—¢; , z;(ty) = G;(e; (to))
yields the following:

ldzJ t
2 e =—s [d
t.[dg : EJ{[ ©

(14)
z,(t)-2;(ty)=—¢; x(t—to )=
Zj(t):Zj(tO)_gj x(t-to)
Applying Lemma 1, G;(t)< g;(t). Thus,
G;(t)<G;(e;(t))-; x(t—t,) (15)

Since Gj:|ej|, it is clear from above equations

that there will be a finite time period during which
|ej| reaches zero. In order to prove for the upper

bound of the time interval, set
G,le;(to))=¢; x(t—ty). Accordingly, by the time
es to)
t=T,:= +1,, the state e; converges to the
E.
]
zero.

It is shown that for any measured state, the
observation error (in the estimation of the
measured state) will converge to zero in a finite

time. Applying > |AEj| +&j for any

measured state, forces the system to satisfy e=0
in the presence of model imprecision,
disturbances and structural uncertainties.

Heretofore, stability and finite time
convergence of the measured state variables to the
actual state variables were proven. Now we want
to study the convergence of the unmeasured state
variables to the actual state variables.

The complement of e is defined as €', where

e is p dimensional and €' is n-p dimensional. &'

is estimation error of unmeasured state variables.
These two error vectors can be arranged as follow

e =f(e.e,)+v, & =Ff,(e.e,)+Vv,+u (16)
where e, =e is p dimensional and e, =e’ is n-p
dimensional. v, and v, are the noise and/or
uncertainty terms, and u is the estimational
correction term. An appropriate sliding surface is
defined as S =0, where

S=e, +9(91)

The function g(e;) is to be determined in such a
way that the differential equation obtained as
e = h1(91)+ Vi :fl(ela—g(el ))+V1
describes an asymptotically stable system. In
other words, when the error state happens to be on
the surface S=0, v, is sufficiently suppressed
and e, slides down to zero. Of course, g(e;)
must also be such that g(0)=0. Thus, when

S=0, ie. when e,=-g(e;), as e; slides down
to zero, it also drags e, to zero alongside with
itself. Consequently, both e; and e, become zero

and thus the whole state vector (x) of the system
will have been estimated. On the other hand, the
error state can be attracted to the sliding surface
and kept on it by stipulating the following
condition:

17

(18)

ST.5<0 (19)
Here, S’ denotes the transpose of S. By
substituting the preceding equations, this
condition can be written as

s’ .{fz(el,e2)+v2 +U+ d%iel)élj

1

fo(ee,)+Vv,+u+
=S"-| dg(e,) <0 (20)

d761(f1(el,e2)+v1)

LT .£f2(e1,e2)+G(el)~f1(e1,e2)+] 0
V,+u+G(el)-v,

or more compactly as

ST-(f,(e;,8,)+ vy +u)<0 (21)
As far as v,, is concerned, the worst case occurs
if

Va1 =V -sgn(s) (22)
where, V =max|mag(v,; )] and
sgn(S) = [sgn(sl) sgn(s,) etc] T, With this worst

case, the attraction condition can be satisfied by
letting
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f,(e;,8,)+u+V-sgnS)=-C,-S (3)

Here, C, is a positive definite matrix. Hence, the
estimational correction term is determined as
u= _[le(elvez )+ V-sgn(S)+Cl 'S] (24)

and the proof completes.m

So far, the structure of the nonlinear SMO has
been defined and its convergence time and
stability have been proven. In the next section,
some additional changes are introduced in the
observer structure to increase its performance.

4. Observer Development and Generalization

In the previous section, the convergence of the

estimated state to the actual plant state in a finite
time period has been proven. In this section, a
generalized form of the observer introduced in
equation (6) has been developed in two steps.
Step 1: In order to alleviate unacceptable errors
whenever the actual and estimated state vectors
have different initial conditions, a feedback loop
based on the estimated state variables s
introduced to modify the observer structure.

Equations (1) and (2), define plant and
measurements  vectors. Let wus put forth the
following notation:

25
=Y, x,eRP (25)

X
Xy represents the corresponding vector of
measured states, where m={ml,m2,---,mp} and
Xp is defined as, Xy =X Xpar  Xpp |- The

unmeasured states (to be estimated by the
observer) are evaluated as follows:

Xum :{Xl’xzr”'1xn}_{xml1xm2 :"':me} (26)
The observer structure can then be written as:
)A(m :fm(xru)_Pme_lems (27)

f(um = fum (X' U)— F)ume - Qum 1ums

The derivation of f,(x,u) and f,,(x,u) is based

A

on X, and X,, (equations (25) and (26)),
respectively. Matrices P,, and Q,, are of the size
mpxmp, while matrices P,, and Q,, are
(hn—mp)xmp, whereas vectors 1, and 1,

have mp and (n-mp) elements, correspondingly.
Now, it is the time of applying the first step
modification on the observer structure as follows:

_ (28)

);(m = fm (X,U)— Pne—Qnlns

)A(um = fum (X' U)— Pume_Qumlums -K-Xyn

where K is a diagonal matrix with (n-mp)

elements. K may be selected so as to provide
eigenvalues with negative real components for the
homogeneous  terms  of the  corresponding

equations of f(um. Equation (28) consists of two

parts; namely estimation of the measured states
and estimation of the unmeasured ones. The
second change in the observer structure to
improve  the  estimation performance  and
robustness is introduced in the following step.

Step 2: In this step, another term is added to the
previous structure of the observer as follows:

. n t

Ky =f (x,U)=Pre—Qp 1y, —Ki, [edt
K . (29

)A(um :fum(x’u)f PumefQumlums -K ')A(um - K[JmJ.edt

tU
where K, is a square matrix with mp rows, K/,
is a matrix with (n-mp) rows and mp columns,

T
t t t t
and je{jel fe, - jempl represents a vector
tO t(J tO tD

containing the integral of errors in the estimation
of the measured states. As seen, the integral of
errors is taken into account in the estimation
process. This is the final form of the developed
nonlinear sliding-mode observer in this study. The
developed  observer accurately estimates the
unknown states, in a finite time interval, and in
the presence of structured uncertainties, while the
observer and the plant have been under different
initial conditions.

There is no need to any further proof for
validity of Theorem 1 for developed observer in
equation (29) because all added terms in equation
(29) with respect to equation (6)- could be
included in functions f,(e;,e,) and f,(e;,e,) of

equation (16). The observer developed here has
been tested on various nonlinear systems for
which all  simulations have confirmed its
performance in estimation of the states of the
nonlinear systems. In the next section, the
performance of this observer on the state
estimation of a nonlinear system consisting of a
rotating two link rigid-flexible manipulator is
demonstrated.

5.  Implementation of the

Nonlinear Observer

The structure of a rotating two link rigid-
flexible manipulator, in which the first link is
rigid and the second link is flexible is presented in
Figure 1. The links are made of steel and have a
rectangular cross section. It is assumed that the
flexible link is an Euler-Bernoulli beam. The

Developed
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assumed modes method is implemented to
approximate  y(x,t) (flexural deformation of the

link) which is considered here to be dominated by
the first three elastic modes. y(x,t) is a linear

combination of shape functions ¢(x), of spatial
coordinates #(x), and time-dependent
generalized coordinates qy;(t). Thus [27]:

L1
Y(X:t)=2¢.(x)~qbi(t) , =3 (30)

i=1
Consider two frames of references: x -y,
and x,—Y,, are fixed to the rigid bases and rotate
with  angular  velocites 6, and  6,+6,,

respectively.

Ty

yl Payload

Second
Motor

Figure 1: Schematic of the two link rigid-flexible manipulator

The wvelocity vector of an infinitesimal mass
element on the flexible link and flexible link tip
are given as follows:

(Onz +x,)0sin(0,) B
Ve = _{+ yOcos(6, )+ ysin(6, )} '
+{(th +X,)0cos(6,) } i,
+ycos(6, ) - yOsin(6,)+ (O +1, + 0y )6
V. _ _{(Lz)ésin(¢92)+Ya4§'?cos(6?2 )} -
4, sin(o,) '
+{(L,)6cos(8,)+ Y, cos(6,)- Y, dsin(g, )+ (L )6, | T

@31

where 7, =[cos(@) sin@)]', J,=[-sin(@) cosa]
Y=Y, ¥ =Y(z), ¥ = 2yl Y =2 (),

Yo =¥(;,1)+ 0 - y'(15,t) , Ly =k +0y +Oy
L2 = |2 +Oh2 +Ot2 and 9:91 +02.
The total kinetic energy of the system is:

1 . 1.
Eyin = Emllj-(;l{(ohl +%,)0; }de1 +E I

1 1
+Em|2_[;2 V2 -V, Jdx, +Emt2(vt2 Ve )+

(32)
1, ., 1 O R | .
5 1,67 +§mt1Lf912 +EI“292 +Emh2Lf«912
1 s,
+Eltz -(0+y(X2 :lzlt))z
The potential energy of the system is given by:
| 2
1_, 3 8%(y(xy,1) (33)
E,..=—El —— T2 dx
pot 2 2_([( 6x§ 2
where, I=1.31Imis length of the link,
m, =1.179kg/m is mass per unit length of the
link, E = 206GPa is Young’s modulus of

elasticity, m, =0.4kg is tip mass, m, =0.3kg is
mass of hub, |=0.3797x10°m* is area moment
of inertia of the cross-section area of the link
about the rotating axis, I, =0.0139kg.m? s tip-
mass moment of inertia about its CG axis, and
I, =0.142kg.m? is hub mass moment of inertia
about the rotating axis. The variation of the
nonconservative work is:

W = 1,0, + 1,0, (34)

where 7; , 7, are torques applied by the first and
second motors, respectively.
System Lagrangian is defined as:

0 =Eyjn — Epot (35)

The detailed expression of ¢ will be available, if
it is needed. The equation of motion is then
obtained by:

dfor) (o) aw
dt\ed; | \éa; ) oq;

In our formulation, we have:

0y =61, Uy =6,, O3 = Oy, (37)

Us =Op2rOm =OUp(mz) » M=5
The equations governing the rigid and flexible
motions of the manipulator consist of five
nonlinear, coupled, stiff, second-order ordinary
differential equations. These equations are then
converted to a set of 10 first-order ordinary
differential equations, which are given as:

Xy = Xg » X, = Xq, X3 = Xg,

X4 =Xg, X5 = X9 (38)

Xg = fe(x,u), X, = f7(x,u),

Xg = fo(x,u), %o = folx,u) g = fiolx,u)
where  u=[z rZ]T . The state wvector, x is
defined as:

j=l,2,---,m (36)
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X:[Xl XN X X X X X X X Xlo]T
:[‘91 0, Gy O O 91 éz Gy o qab}T

Equations (38) and (39) are the state space
representation of the system. There is no

analytical solution for these state equations, thus
they are solved numerically in this study.

(39)

Nonlinear Observer Design

In this part the designed observer in the
previous sections will be implemented on the
above nonlinear system. The objective of the
robust nonlinear observer is to estimate 0y, 0.
Osp: OGps Gopand dg,, in the presence of
disturbances  and model uncertainties. In
designing the observer, 6,, 6,, 6, and 6, are

assumed to be known from measurements.
According to equations (1), (2) we have:

n=10, p=4, Xyu=6, Xp2=0, Xn=0,
Xnq =0, and there are also, (n-p)=6 unmeasured
state variables which we define as Xym = 0w,

Xom2 =02, Xum3=0Obzs  Xuma =Ob,  Xums = Cb2
and Xum6 = Gb3 - Note that

{Xml Xm2 " Xmp }U {Xuml Ximz2 *** Xum(nfp)}: {X} The
assumptions which had been mentioned in this
paper are satisfied in the system given by
equation (38).

An observer with an initial structure similar to
equation (6) (without generalization in this step)
is defined as follow:

x=f(x,t)-Pe —Q1,
According to the previous explanation, for the

manipulator system studied in this paper C is
given as follows:

(40)

100000O0O0O0O Y X,
c201000000003y2 X, (41)
0000O0O1IO0O0OO0DO Vil | %
0000O0OO0OI1IO0O0O A X,

Consequently:
e:C()A(_X): [)A(l_xl X, =X, Xg—Xg % _X7]T

A A A S (42)
=[91—91 0,-0, 6,-6, 92—92:‘

By adopting the observer structure developed
previously, the state equations of the estimator
can be written as (without modification of the
observer structure in this step):

)él = XAe _(P11X~1 +P,X, + PaXg + P14X~7)_
(Qll -sgn (X~1)+Q12 -sgn (XNZ)

+Q,5-5gn (X~6)+Q14 -sgn (X~7 ))
)éz :XA7 _(P21X~1+ I322)(2 + P23X~6 + I:)24)(7)_

)ég = ng _{P91X~1 + P92X~2 (43)

—Qq; -59n (X, ) +Qq, -sgn (X,)
+Qq3-59n (Xs ) +Qq, -5gn (X, )}
X0 = f 10 —{PoX; + P
+P,3X s + P X5}

~Qy;-59n (X} ) +Qyq, -S9N(X,)
+Q105 5N (X ) +Qy04 -50N (X, )}

P represents the Luenberger observer gain
matrix determined based on the A and C
matrices obtained by linearization of equation
(38) around X=0. In this study P is obtained by
assigning A4 =-51i=12,.--10 as the desired

eigenvalues of (A—PC). It should be noted that
PX; i=126,7 provides additional  corrective

action that helps the system in reaching the
sliding surface.

For simplicity, the above equations are shown
as:
x=F , i=12-10 (44)

The preliminary results have demonstrated
that the above observer suffers from unacceptable
errors whenever the actual and estimated state
vectors have different initial conditions. In order
to alleviate this problem, equations (43) are
modified by introducing a feedback system based
on the estimated state variables as follows
(applying first step observer structure
modification in this paper):

)A<1:F1v )A(zze‘ §3:F3—IZ323,
*4:':4_'24)241 )A(sts_lzs)A(s (45)
X =Fs. % =F;, % =Fy—Kgk,
;(9 =F —Rgigl f‘lo = FlO_Klo)le

where K3, K,,Kg, Kg,Kg, Ky are selected such
that to provide eigenvalues with negative real
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parts for the homogeneous parts of the
corresponding equations of X3, %4, %5, Xg, Xg, ¢ -
Note that in this system:

Xt =% Xz =X X3 = X0 Xy =%

Xt = X0 Xum2 = Xa0 Ximz = X50 Xymg = Xg)

Xims = X95 Xums = X10

Equations (43), (44) and (45) represent the
nonlinear designed observer. This structure has
then been changed with the application of the 2
step  modification of the observer structure
(developed in equation (29)) to increase the
observation  performance. The new observer
structure has been developed with respect to
equations (45) with consideration of integral of
error in the observation process, the observer
structure is represented in the following form:

X, =F+IE, X, =F, +IE,,X, =F, +1E, —K X,

(46)

xf4=F4+IE4—.K74X“4,X*5=F5.+IE5—K75X”5 @
Xy =F+1Eg, X, =F, +1E,, X, = F, + IE, —K X,
Xo=Fy +1Eq—KXg, Xp0=Fy+1E, KXy
where

IE; = Kiy [ %dt+ K, [ Xdt+Kig [ Kedt + K, [ Xt

This is the final form of the developed observer
for the two link rigid-flexible manipulator. This
observer can accurately estimate unknown states,
in the presence of structured uncertainties and
under different initial conditions between the
observer and the plant.

With a simple but understandable structure
and accurate estimation of state variables this has
some benefits over nonlinear observer, such as
adaptive-gain observer that ensures its application
in nonlinear systems.

6. Results

The designed observer was tested for various
initial  conditions and  structural  uncertainties,
some of which are presented in this paper. For the
two link rigid-flexible manipulator used in this
study, the inputs are ¢,i=12, representing the
first and the second electric motor torques,
respectively. The state vector is

X:[91 6, Gp O Gp 6 6, Gy Gy fbb]T

in which 6, 6,, 4 and 6@,are derived from
measurements, directly. The objective of the
robust nonlinear observer is to estimate 0y, 0.
Os. G, Gy and dg, accurately, in the

presence of model uncertainties and under
different initial conditions between the observer
and the plant.

The following disturbances are considered in
the observer model:

1- 12.5% difference in the mass of end
effector between the observer model and
the plant model (see appendix for the
lagrangian of the actual and disturbed
system).

2- 9 degree difference in the initial condition
of second motor angle.

It is important to mention that the disturbed
end effector mass not only changes the system
model but also the mode shapes of the flexible
link and consequently the overall system will be
disturbed.

The applied torques by electric motors are
shown in Figure2. The dashed line shows the
torque of first motor, and the solid one represents
the second motor torque. The flexible link tip
displacement in the rotating frame, x,-vy,, is

presented in Figure3. As seen, that the flexible
link has a tip displacement in the range of about
7mm. Tip vibration of the flexible link is shown in
Figure3.

Angular displacements of the first and second
motors are shown in Figure4 and Figure5

respectively. Although states 6, 6,, 6, and 6,

are derived from measurements, they are
estimated by the observer as well, to determine
the observation error in these variables. This error
is employed for estimation of state variables, oy,

Oop, O3ps G, Gypand g, . The first motor has

about 38 degrees positive displacement and the
second motor has about 150 degrees negative
displacement according to Figure4 and Figure5,
respectively.  We have disturbed the initial
condition of the second motor angle in this case.
Figure 6 depicts magnification of Figure5 in the
beginning of estimation process. Dashed line
represents the plant output that starts from -9
degree angle. The solid plot is the observer output
that begins from 0O degree. The observer
eliminates this error and converges to the plant
state variable in less than 0.04 sec. The first
elastic mode of the flexible link is shown in Figure
7. The convergence of observer output to plant
output in the estimating oy, is illustrated in Figure

7. The Second elastic mode of the flexible link is
shown in Figure 8. The magnification of Figure 8 in
the beginning of observation process is given in
Figure 9 which illustrates the convergence of the
observer output to the plant output precisely.
Similarly, the third elastic mode of the flexible
link and its magnification are shown in Figure 10
and Figure 11, respectively. It is worth to mention
that like gy, the states q,,, 03, are not measured
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stats, and have to be estimated by the designed
observer. States X =0y, X4=0,, and Xs=03,
have strong vibrations with very small amplitude,
which  complicate  the  observation  process.
However, results showed that the designed
observer had estimated states accurately.

The angular velocities of the first and second
motor are illustrated in Figure 12 and Figure 13,

respectively. 6, and @, are the measured states.

6, and @, are also estimated (in addition to

measurement), to evaluate the observation error in
these variables. The maximum angular velocities

Motors Torque

===First Motor
2 — Second Motor| -==

7 (N.m)
‘\
#

t (sec)

Figure2: Applied torque by motors
X

1

40

30 /

20 / ===Actual |
/ —Estimated

6, (deg)

0 1 2 3 4
t (sec)

Figure4: Angular position of the first motor

)

=-==Actual
-2 \ — Estimated

6, (deg)
&S A
LT

o\

0 005 01 015
t (sec)
Figure 6: Magnification of Figure5 at the beginning of
observation
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“ 1 2 3 4
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Figure 8: Second elastic mode of the flexible link

of the first and the second motor are 25 deg/sec
and -70deg/sec, respectively (Figure 12 and Figure
13). The convergence of the observer output to the
plant output in the estimating ¢y, is illustrated in

Figure 14. Time derivative of the second elastic
mode of the flexible link is demonstrated in Figure
15 and Figure 16, which illustrate the convergence
of the observer output to the plant output
precisely. Similarly, time derivative of the third
elastic mode of the flexible link are shown in
Figure 17 and Error! Reference source not
found..

Tip Displacement of the Flexible Link
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Figure3:Tip displacement of the flexible link
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Figure5: Angular position of the second motor
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Figure 7: First elastic mode of the flexible link
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Figure 9: Magnification of Figure 8 at the beginning of
observation
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Figure 10: Third elastic mode of the flexible link
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Figure 14: Time derivative of the first elastic mode of the
flexible link

With respect to these results, it is seen that the
observer accurately estimates unmeasured states
in the presence of unstructured uncertainties, and
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Figure 16: Magnification of Figure 15 at the beginning of
observation
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Figure 11: Magnification of Figure 10 at the beginning of
simulation
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Figure 13: Angular velocity of the second motor
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Figure 15: Time derivative of the second elastic mode of the
flexible link

difference of initial condition between the plant
and observer accurately.
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d(q,p)/dt
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Figure 17: Time derivative of the third elastic mode of the
flexible link
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Figure 18: Magnification of Figure 17 at the beginning of
observation

7. Conclusion

In this study, a novel nonlinear sliding-mode
observer (SMO) was designed for a general form
of nonlinear systems. Stability of the observer as
well as a finite time convergence of the designed
observer were also been proven. The SMOs
turned out to have intriguing properties in the
presence  of  disturbances, and tended to
demonstrate  predictability  robustness  properties
in the presence of model uncertainties. The
integral of errors occurred in the observation
process was employed to develop the observer
structure. This simple structure is very convenient
to use in other nonlinear systems. The developed
SMO is able to provide appropriate estimation of
the unmeasured state variables in the presence of
unstructured uncertainty. The designed observer,
in this paper, was utilized in a two link rigid-
flexible manipulator to demonstrate  observer
ability and performance in state observation.
Using Lagrange principle a mathematical model
of the two link rigid-flexible manipulator was
developed. The assumed modes method was used
for modelling the transverse deflection, which
was considered to be dominated by the first three
elastic modes. The observation process of this
system was complicated due to the high frequency
vibration of the flexible link and rapid changes in
states. The rigid and flexible links behavior was
estimated by the measurement of angular position
and velocity of motors. The position and velocity
of the links and consequently, end effector were
then estimated. Results illustrated the ability of
the observer, with a simple structure, in accurately
estimating the state variables of the rigid-flexible
manipulator in the presence of structured
uncertainties and different initial conditions of the
plant and observer states.
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