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A control system describing the dynamics of a rotating Timoshenko beam is considered.
We assume that the beam is driven by a control torque at one of its ends, and the other
end carries a rigid body as a load. The model considered takes into account the longitu-
dinal, vertical, and shear motions of the beam. For this distributed parameter system, we
construct a family of Galerkin approximations based on solutions of the homogeneous
Timoshenko beam equation. We derive sufficient conditions for stabilizability of such
finite dimensional system. In addition, the equilibrium of the Galerkin approximation
considered is proved to be stabilizable by an observer-based feedback law, and an explicit
control design is proposed.
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1. Introduction

Control issues for several models of flexible manipulators have been intensively studied
by many authors. A particular list of references in this area can be found in monographs
[1, 2]. There are two common approaches to represent the motion of such manipulators.
The first approach deals with systems of rigid bodies [3], Galerkin approximations [4,
5], or finite element methods [6] to derive mathematical models with finite degrees of
freedom. The second approach treats a manipulator as a distributed parameter system.
The majority of publications in this distributed parameter approach are concentrated on
the Euler-Bernoulli beam model (see [7], [8, Chapter 10.8], [1, Chapter 4], [2, 9, 10]).

A possible extension of the Euler-Bernoulli model was proposed by Timoshenko [11].
From the engineering viewpoint, the Timoshenko beam has an advantage of describing
the effects of rotary inertia and the deflection due to shear. Control of Timoshenko beams
was studied in [12-17], [1, Chapter 5.1.2]. The motion of a payload, usually attached to a
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real manipulator, is neglected in all these publications. In [18], a clamped beam with an
end mass is proved to be stabilizable by a feedback control applied to the tip. The author
of [19] addresses the development of LQR techniques and computation algorithms for
beams with controlling torques applied to the hub. A limitation of these results is that
a knowledge of the full infinite dimensional space is required. In [5], a hybrid system
of partial and ordinary differential equations, representing the oscillations of a flexible
beam, has been studied for the case when the control is the acceleration at a point. We
have considered a model for the vertical motion of a beam and estimated its physical
parameters from measurements of modal frequencies in [20].

It should be emphasized that, in contrast to the above publications, we study here a
rotating beam that carries a payload under the action of gravity, the control torque is
applied at the hub, and the longitudinal motion is taken into account. The motivation
for this study is to control the motion of a real flexible-link manipulator-turntable lad-
der. Such a turntable ladder has been described in [3], where a dynamical model with
two rigid bodies (two degrees of freedom) has been used to represent the first mode of
oscillations.

This paper is organized as follows. In Section 2, we derive the motion equations for
a flexible beam with a load under the action of gravity and the control torque. Section 3
contains necessary details for computing the eigenvalues and eigenfunctions of the associ-
ated Sturm-Liouville problem. By using Galerkin’s method, we approximate the dynamics
by a system of ODEs in Section 4. In the derivation procedure, we exploit the variational
form instead of taking the standard inner product in L?. The order of approximation may
be chosen arbitrarily. In Section 5, a state feedback control which stabilizes the equilib-
rium of the Galerkin approximation is obtained (Theorem 5.1). In order to justify a pos-
sibility of implementation of the controller proposed, we study the observability problem
in Section 6. The closed-loop system is proved to be asymptotically stable, provided that
the feedback is generated by a Luenberger-type observer (Theorem 6.2). The proof of
Theorem 6.2 is based on the invariance principle. The main advantage of our approach is
that the control design is done explicitly; all the parameters appearing in the feedback law
and dynamical observer can be effectively computed through integral moments with re-
spect to solutions of the Sturm-Liouville problem. It is also important that no derivatives
of the input signals are needed for the state estimation.

2. Description of the model

Consider a flexible beam rotating in the vertical plane around the fixed point O (see
Figure 2.1).

We assume that the beam is driven by a control torque M at one of its ends (the hub
at O), and the other end (point C) carries a payload of mass m.

Let I be the length of the beam. We assume that the centerline of the beam in its un-
deformed reference configuration occupies the segment [0,/] on the Ox-axis. Consider a
particle P on the centerline and denote by x its coordinate in the reference configuration.
At a given time t, let (x +s(x, 1), w(x,t)) be the coordinates of the position vector for P in
the Cartesian frame Oxy. We introduce the notation y(x,t) for the rotation angle of the
cross section area at P due to bending. By taking into account the longitudinal, vertical,
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O

FIGURE 2.1. A rotating Timoshenko beam.

and shear motions, we derive the following expression for the kinetic energy of the system
considered:

2T = Jl {p() [(W+x9)* + (W) +$” + 29 (s — sw) + ()* (s +2x)s| + I, (x) (¢ + ¥)* }dx
0
+o(9)2 + m{(W +x9)* + (wp)? + 8%+ 2¢(ws — sw) + (9)* (s +2x)s} | .,

+IA@+ 1 xei,
(2.1)

where ¢(t) is the angle between the moving axis Ox and the horizontal direction, p(x)
is the mass per unit length of the beam, I,(x) is the mass moment of inertia of the cross
section, and Jy is the hub moment of inertia. The mass distribution for the payload is
characterized by the moment of inertia J. with respect to its center of mass C.

In this paper, we use dots to denote derivatives with respect to time t, and primes to
denote derivatives with respect to the space variable x.

Assuming that the beam is inextensible, we get the following relation on w and s:

s :—%w +o(w?). (2.2)
The integration of this relation, with the higher order terms being omitted, yields
0 = =3 [ wiEnde, (23)
0

We assume that the deformation of the beam is small and drop the terms of order higher
than 2 relative to w when computing the Lagrangian of the system considered.
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Following the Timoshenko beam model [11], [7, page 1142], and exploiting (2.1),
(2.3), the Lagrangian takes the form

)
2L = Jo {P(X)((W+x(p)2 + ¢2W2) *Pz(X)(iﬂW'z +Ip((,b+ 1//)2 Ky W E[(v/’)Z}dx
+mlgwA L0+ ([ +(0,0)} 4l + Y (L0} +og?

1
—gJ {(2px — prw'?) sing +2pwcos @} dx — 2mg {Ising +w(l,t) cos ¢},
0
(2.4)

where

1 !
pr(x) = Lp(f)df+ mo palx) = j Ep(E)dE +ml, (255)

Here E and I are Young’s modulus and the moment of inertia of the cross section of
the beam, respectively, ¢ is the acceleration of gravity. The coefficient K is equal to kGA,
where G is the modulus of elasticity in shear, A is the cross sectional area, and k is a
constant depending on the shape of the cross section. We assume that p, I, EI, and K are
all positive, differentiable functions of the space variable x.

If C2-functions (¢(t), w(x,t),¥(x,t)) define the motion of the system for the control
torque M(t) on a segment t € [t;,1,] then Hamilton’s principle yields

6<Jt2Ldt) n :IZM(t)&p(t) dt=0, (2.6)

t
for any admissible variations (8¢(t), dw(x, ),y (x,t)) satisfying the boundary conditions

8(P|t:t1 = 8(P|t:tz =0, OWlier, = Owlier, = 0, 51!/|t:t1 = 5W|t:tz =0,

OWlx=0 =0, OYlx=0 = 0. (2.7)

By computing the first variation in (2.6) and integrating by parts, we get

J: {(M+§—; - %%)M(ﬂ —M(5W(',t),51//(',t);(p,w,w)}dt =0,  (28)

where the functional y is linear with respect to w and -
u(Sw(-,1),8y (-, 1);0,w,¥)

]
= L Sw(x,t) { (W +x¢p — (¢)*w +gcos@)p+ (K(y —w') + (gp1sing — (¢)?p2)w') }dx

I
+L Oy (o, ) I, (Y + @) + K(y —w') — (EIy") }dx + Sy (L) {Je (¢ + ) + EIy } s

+OW(LO{K(W —y)+m(w+1g — (¢)*w+gcosg) + m(l(¢)* — gsing)w'} | 1.
(2.9)
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Thus, as (2.8) vanishes on each admissible variation satisfying (2.7), we get the following
boundary value problem:

1 7\ .. . 1 . . n/
W+E(K(w—w ) = —gcosq)—x<p+q)2w+’—)((pz(p2 —gpising)w') s

. K 7 1 I\’ P
v+ T("’_W ) — T(EI"’ ) =—¢, x€(0,0);
P P

Wlx—o = I//|x:0 =0;
Ky —w)lxei = m{w+1§ — g*w+gcosg+ (I¢> — gsing)w'} [ —;;
_EII//,|x=l :]c(¢+lp|x=l)a

~daL oL

M(t) a%—%

1
- {]C+]0 +m[P+w?(Lt)] + Jo [L,+ (x* +w?)p — paw'’] dx}g‘[)

)
+ J (pxv + L,y + 2pwow — 2p,w' oW’ ) dx + m(Iw + 2wepw) | x=1 + Je | =
0

! I
+g{ L (px _ %plw’2>dx+ ml} cos ¢ —g{ prdx+ mw(l,t)} sing.
(2.10)

Straightforward computations show that the above control system admits an equilib-
rium

o(t) = 9o, w(x,t) = wo(x), v(xt) =yolx),  M(t) =M (2.11)
if and only if the following conditions are satisfied:
(K (w(x) = yo(x)))" = g{pcosgo + (p1wo’) singo};
(ELys(x)) +K (wy(x) = yo(x) =0, x € (0,]);

wo(0) = yo(0) = 05 y(l) = 0; K (yo(l) = wy(D)) = mg(cospg —wy'(1)singo);

I I
% = (J (px— %plw()z)dxwLml) cos @y — (J pwodx+mwo(l)) sin @g.
0 0

(2.12)

Our goal is to control the system (2.10) around its steady state (2.12).

3. Perturbed dynamics
Let (o, wo, ¥o) be a solution of (2.12) with some M. Then plugging

g0=(p0+¢, W=W0+1/T/, I//=l//0+17/,, M=M0+]T/IJ (3.1)
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into the dynamical equations (2.10) yields the following control system:

¢ =v;
= 1 ~ ~ray ~ . ~Ns . ~ 7 ’
w+[—)(K(1//—w )) = —xv+g@sing — ‘[g)((w singy + ¢wycoso)p1) +- -+
Ly+K({ —w)—(EIY) = —Lv;
R ’ (3.2)
W|x=0 = l//|x=0 = 0,
K ~7 ~ ~ . ’ ~ ~N7o .
(E(W — ) +w—g(singy+w)cosp)P —gw singy + - - ) = —lv;
(EIY' +]e) et = ~Jov,
where
! 2 2 -
v=(Jo+ |, [on)p = (w5)7ps] - mu )
~ ! , 1 N2 . ~
X {M +g<J’0 [ (pwo — p1w}) cos o — 2P (wg) smgoo]dx+mw0(l)cosgoo)q)
1
+gJ [ (wgcos@o —singg) p1w’ + pwsingg |dx + mgw(l,t) —EIIIP'(O,t)} e,
0
(3.3)
where the symbol “- - - ” denotes terms of order of smallness 2 or higher with respect to

@, w, ¥ and their derivatives.

As, for each state (¢(1), $(t),v71(-,t),v7/( S0, (+, 1), y}N/(-,t)), there is a one-to-one corre-
spondence between M and v, we may treat v as a control in (3.2) and assume that it may
take any value in R.

3.1. Separation of variables. To derive a finite dimensional approximation, let us first
study solutions of the control system (3.2) of a particular form

~

P(t) =0, wix,t) = w(x)q(t), U(x,t) = y(x)q(t). (3.4)

By substituting the above relations into (3.2), we get §(t) = —Aq(t) together with the
following Sturm-Liouville problem:

(K(y — W) +gpWw singy) — Apw = 0,
K(y—w)—(EIy') —ALy =0, xe&(0,l),
w0)=0, F(0)=0, (3.5)
K@ () =w(l)) — mgw' (1) singpy — mAw(l) = 0,
EIg () - (D) = 0,

where A is a scalar parameter.
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3.2. Eigenvalues of the Sturm-Liouville problem. Let

¥ = { (g) :we H'0,1], ¥ € H'[0,1], w(0) = y(0) = 0}, (3.6)

where H'[0,1] is the Sobolev space. Consider the following symmetric positive definite
bilinear form on (:

1
<$$§>% = jo (pwiws + Lyrws) dx+ mwy (Dwa (D) + Joyrs Dya (D). (3.7)

A straightforward consequence of the above definition is the following.

LemMa 3.1. Let (A1, w1, y1) and (A2, w2, y2) be nontrivial solutions of (3.5). Then

w1 Wy _ .
<W1’1//2>%_0 ifA # L. (3.8)

Moreover, if K(x) = const and

2(m+ [} pdx)gsingy KP?
< <1, 5 =2 (3.9)

then all eigenvalues A of (3.5) are nonnegative real numbers.

Proof. If (A1, w1, 1) is a solution of (3.5) then

A w1 w2 _ Aiwy wy
N\w'ywe/,  \hw'w/,
1

1
= || (K(w=wi) +gpuwisingo) wodwt [ (K(ya—w)) = (EIy)) )yl

0

+ (K(wi () = y1(1)) — mgw! () singg) wa (1) + ETy; (D2 (1).
(3.10)

Performing integration by parts in the above expression, we get

1
\ <W1,W2> = [ K Gwiwi + vy~ wivs — wiya) + Eyiys - gorwiwisingo
V1 Y2 " 0
(3.11)
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The permutation of arguments in (3.11) yields

M<WT”> =M<WT“> =M<WT“>. (3.12)
Viva/g, V2 v/, Vi va/

Hence, <$} , $§>% =0ifA; # Ay. If wy = wy and v, = y; then (3.11) implies

!
M <W1,W1> = J (K (w) — 1//1)2 +EIy;* — gpiw}’singg)dx
Vivi/g Jo

I 1
= [ (5wt Byt~ ki - gouwiPsingo )dx+ 3 [ K(wi—20)"dx
0 0

1
> Jo <<§ —gplsingoo)w{2+EII//1'2 —Kl//lz)dx.

(3.13)

The function y; (x) subject to the boundary condition y;(0) = 0 satisfies Friedrichs’ in-
equality of the following form (cf. [13, page 440]):

l 2l
Jwﬂmwsijwﬂmw. (3.14)
0 2 Jo

Using this inequality in (3.13), we conclude that

! 2
w1 Wi K . ) 2 ( B ﬁ) ’2>
A1<V/1’W1>%ZJ’0(<2 gpisingg |w,” + | EI 5 v |dx =0, (3.15)
provided that the conditions (3.9) are satisfied. This proves that all eigenvalues A are non-
negative. -

For the rest of this section we assume that EI, I,, K, and p are constants, and that
singy = 0. The coefficients of the Sturm-Liouville problem are constant under this as-
sumption, and, therefore, it is easy to find the general solution of the corresponding sys-
tem of ODEs. This solution is needed for computing the coefficients of an approximate
dynamical model in the sequel (formulae (4.5) define coefficients of the approximate sys-
tem (4.4) through eigenvalues and eigenfunctions of (3.5)).

We introduce in (3.5) the following dimensionless functions:

((5)="% (%) =y, (3.16)
I I I
and parameters:
P KR LBl
p1= K p2= FL p3 = FL’ P4—K» Ps—EI- (3.17)
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Then (3.5) is reduced to the following problem:

{(7) 0 1 0 0 {(1)
d | &(r) _ —Ap1 0 0 1 G (1) _ X .
arlom |~ 0 0 0 1 X o) | T= i € (0,1); (3.18)
0-(1) 0 —p2 p2—Aps 0O 0:(1)
(1) = 6(1) = Aps((1), 0:(1) = Aps6(1), {(0) =6(0) =0, (3.19)

where (- (1) and 6,(7) stand for derivatives with respect to 7. The eigenvalues and eigen-
vectors of the matrix in (3.18) are, respectively, given by

4uj(Aps - 07?)
/\C3 + 4)Lp1 (O’j2 — Ap3)

[lj = iO'j, Vj = )LC3 5 ] = 1,2,3,4, (320)

/1C3‘Llj

where

2 [ 2 f
o) =—0 = %\/Cl/\— C22/\2+C3A, 03 = —04 = %\/Clk'l' 622A2+C3A, (321)

c1 = p1+p3,s ¢ = p1— pss c3 =4p1p>.

The general solution of (3.18) therefore reads as
($,80,0,6.) (1) = C1v1e®™ + Covae T + Cyv3e7 + Cyvge o, (3.22)

By substituting (3.22) into the boundary conditions (3.19), we get a system of linear
algebraic equations with respect to (complex) variables C;, C,, C3, Cy4. That system has a
nontrivial solution if

x(A) =
e—im eial e—io’a eiUS
a1 (af —Aps)e ™ ~01(af = Aps)e™ 03(03 = Aps)e ™ —03(05 = Aps)e™ 0
(07 = Aps) (pr+ipsor) (of = Aps)(p1 —ipson) (05 —Aps) (p1+ipsos) (05 —Aps) (p1 —ipsos)
ioy — Aps ioy +Aps io3 — Aps ios +Aps
(3.23)

The roots of (A1) = 0 define the eigenvalues A for the Sturm-Liouville problem (3.5)
when its coefficients are constant. It is clear that the function (A1), given by (3.23), is
analytic in its domain of definition. Then the uniqueness theorem for analytic functions
implies that either »(1) = 0 or the set of all eigenvalues for (3.5) is discrete. The for-
mer is impossible for “typical” values of parameters (see, for example, [13], where the
spectrum was estimated for a particular case p; = p» = p3 = 1, ps = ps = 0). We do not
estimate solutions of the characteristic equation (3.23) here. Such a study requires addi-
tional assumptions on the mechanical parameters, based on real measurements, and is
not of principal interest for this work.
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4. The Galerkin approximation

To derive a Galerkin approximation (see, e.g., [6]), we consider a variational formulation
of the boundary value problem as follows: if (¢(¢), w(x,t),¥(x,1)) (0 < x < I) is a solution
of (3.2), corresponding to M(t), on an interval t € $ C R then

P(t)—v=0,

l .
N=J Iw(x,t){ (w+xv—g@singo)p
0
+ (K — W)+ pig (W singy + gwgcosgg)) + - - - dx

1 . .
+L6$@JHQ$+K@?—WU—UHWY+Lwhk+6$UJHL$+EM7+Lﬂu#

+OW(LO{KW —§) +m(w+1v — g(@+W)singy — gpw)cos@y) + - - - e = 0,

Vie 9,
(4.1)

for each admissible variation (8w (x,t), 89(x,t)) satisfying the boundary conditions (0,
t) =0 and 89(0,¢) = 0. (The derivation of ji from (3.2) uses the standard technique:
integration by parts, collecting terms, and so forth. The expression (4.1) may also be
obtained by expanding (2.9) in a neighborhood of the equilibrium and neglecting the
higher order terms.) Here v is given by the expression (3.3).

Let us fix an integer number N > 1 and consider nontrivial solutions (A;,w;,y;) of
(3.5) for j = 1,2,...,N. We assume that all A; are different and substitute finite sums

z

N
Z mx)Wxtzz (t);(x) (4.2)

into (3.3) and (4.1). We also restrict 8w and 8 to finite-dimensional subspaces:
Ow(-,t) € span{w(+),...,wn(-)}, OU(+,t) € span{yi(+),...,un(-)}. (4.3)

By assuming 0w(x,t) = w;(x) and 0¢/(x,t) = y;(x) in (4.1) for i = 1,2,...,N and exploit-
ing Lemma 3.1, we obtain the following control system with respect to ,q1,4q2,...,qn:

z1=Anz1+Anz+Biu+R; (Z,M),

(4.4)
Z =Anz1+Anz+Bu+Ry(z,u), z= (ZlT;Z;)Ta
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where z is the state, u is the control,

~ A

z1= (3,97, z = (Q1,Q1,QZ,Q2>.--,QN,QN)T,
. M
Jo+ fé (wep — wipa)dx +mwi (1) )
0 1 o o0 o0 o0 --- 0 O
Au = <do 0)’ A= (d1 0 d 0 --- dy 0)’
0
Bl: <1)J BZZ (0,_b1,...,0,_bN)T,
0 0 0 1 0 0 0 0
a) — bldo 0 */11 - bldl 0 *bldz 0 e *bldN 0
0 0 0 0 0 1 0 0
1421 — ay — bzdo 0 R A22 — *bzdl 0 */\2 - bzdz 0 e *bsz 0 )
0 0 0 0 0 0 .- 0 1
any —bndy O —bnd; 0 —bnd, 0 AN —bndy O
( folpwj dx +mwj(l)) singo + féplw(')wj'- dx cos ¢y
a; =
! o (pw? + Ly?) dx+ mw? (D) + Jey (1)
b — fé (pXWj +Ip1//j)dx+ mlw](l) +]Cl//j(l)
L (pw Ly dx+ mwi (D) + Ty ()
dy = Jo [ (pwo — p1wp) cosgo — (1/2) (wy)” p1 singo]dx + mwo (1) COngog
Jo+ fé (Wep — i pa)dx +mw(])
g g [0 [ (whcospo — singo) p1w) +pwjsingo |dx +mgw; (1) singo + EIy;(0)
! ]0+fé(w(2)p—w(')zpz)dx+mw(2)(l)
(4.5)
the nonlinear term R(z,u) = (RT,R})T satisfies the estimate
IR(z,w)|| = O(llzlI* +?) (4.6)

around the equilibrium point z = 0, u = 0. The control system (4.4) is a finite dimensional
approximation of (3.2) corresponding to the flexible coordinates of order up to N.
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5. Stabilization in finite dimensions
In this section, an explicit procedure for stabilizing controller design is proposed.

THEOREM 5.1. Assume that all eigenvalues (A1,...,Ax) are positive and different, and that
aj+A;bj # 0 foreach j = 1,2,...,N. Then system (4.4) is stabilizable by the following feed-
back control:

h+ 3N ai(bj+ai/A)
u=Kz, K=(K1;K2)) K1=<—d0— j=1 ;12 ] 17 ’_h—(z))’
(5.1)
K, = <—d1 + LAlbl)0>_dZ+ L/bbz>0>~--)_dN+ m’o)’
h2 h2 h2
where hy, hy, and h, are arbitrary positive constants.
Proof. Consider a Lyapunov function candidate
N .
2V(z) = (h1+z ) <h2+Zb2> Z Aigi +4;i - 2a;9q; +2b;94;).
j=1 j=1
(5.2)

By applying the Cauchy-Schwartz inequality, we get

N 172 N 1/2
j=1 j=1

where
N az N a~2 1/2
Gulap (1+Zf) z<zf> o+,
j=1""1 j=1"]
(5.4)

N N 1/2
Gy (a, ) = (hz +> bf.)az +z<z bﬁ) af+ 2.

j=1 j=1

Sylvester’s criterion for quadratic forms G, and G, implies that both G; and G, are pos-
itive definite if h; > 0 and h, > 0. Then the quadratic form V is positive definite due to
estimate (5.3).

The time-derivative of V along the trajectories of the linear part of (4.4) is

N

bj+a
V= h2<pv+<h1+h2do+2aj< A.]>)g0(p+ S gi(had; —a; - Aby). (5.5)
, .

We choose a constant kg > 0 arbitrarily and define the feedback control in order to have

V= —h0$2. This yields expression (5.1).
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Now we apply the Barbashin-Krasovskii theorem (or LaSalle’s invariance principle, cf.
[21]). For this purpose consider the set

Z(): {(¢,$>Q1>41,--->QN>QN) ER2N+2:V:0}- (56)

Each positive semitrajectory of the linear approximation of (4.4) with (5.1) on Z; satisfies
the following relations:

gj=-Aigj+a;Q,
N N 2
Z —ajbjp+(aj+1;bj)q;] ( ZA_]) =const, t=0.

(5.7)

The above relations imply

N
Z(aj+/1jbj)(r1jcos<\//\7jt)+r2jsin<\//17jt)) =g (5.8)
j=1

for some constants 1, 2, and @. Exploiting the fact that

[usin (yAt)cos (150)} (5.9)

are linearly-independent functions on [0,+0) (cf. [22]), we get that (5.8) is possible only
if (?5 =0and r;; =r; =0 forall j =1,2,...,N. Thus, the only semitrajectory of the lin-
earized closed-loop system on Z is the trivial one, and the trivial solution of the linear
part of (4.4), (5.1) is asymptotically stable by the Barbashin-Krasovskii theorem (LaSalle’s
invariance principle). Now local asymptotic stability of the nonlinear closed-loop system
follows from Lyapunov’s theorem on stability using linearization. O

Remark 5.2. As it follows from the representation V = —h0$2, the choice of constant
hy affects the decay rate of the Lyapunov function along trajectories of the closed-loop
system. On the one hand, the more  the faster convergence of solutions to the equilib-
rium could be achieved (for solutions with ¢ # 0). On the other hand, for large hy, the
gain —ho/h,, appearing in formula (5.1), may take large values if h, is small. This sug-
gests us to choose hy as maximal as possible, and to select h, in such a way that the term
—(ho/hy)@, appearing in u = Kz, would not bring the control input u to its saturation
bound (for typical disturbances $). The constant h; should be then defined according
to a desired geometry of the level surfaces for the quadratic form V. Indeed, constants
hy and h, define a relation between semiaxes for the ellipsoids V(z) = const, and hence
a desired ratio between overshoots for § and @ can be estimated in terms of /; and h,.
Certainly, this suggestion is based on the linearized system and does not give a rigorous
characterization of the global behavior.

6. Observer design

In order to implement the feedback law (5.1) in practice, one should reconstruct the com-
plete state vector of (4.4) from the outputs which can be measured. The values of w(x;,t)
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and y(x,t) cannot be directly estimated in a real flexible manipulator. Instead, there is a
set of strain gauges located at a point x = Iy, 0 < [y < [, which allows measurement of some
components of the strain tensor. By using only the principal part of the strain at x = I,
we get the output ¥’ (x,t)],—, for each ¢ > 0. By subtracting from the signals ¢(¢) and
Y’ (x,1)|x=i, their steady-state values and rescaling, we assume that the following outputs
are available for the finite dimensional approximation (4.4):

N
() =01,  y)=PY e, = D xiq; (0 (6.1)
=1

where y; = IPy(ly). We introduce the factor I* in order to get the dimension of length for
the output y,.
Let us rewrite the output (6.1) as follows:

n=Cz, y=0Cz, C =(10), C = (x1,0,x20,...,xn,0). (6.2)

LeMMA 6.1. The control system (4.4), (6.2) is locally observable at z = 0 if

T T2 ottt TON
o1 T2 TN

#0, (6.3)
TIN1 7IN2 **° TJINN

where 7'[1,]' = Xj 7Tk,j = _/\jﬂkfl,j - dj Zf\il ﬂkfl,ib,', ] = m, k= 2,7N
In particular, the condition (6.3) is equivalent to y; # Lif N =1 or

X1X2 (/11 —/12 + bldl - bzdz) + bZX%dl — le%dZ +0 lfN =2. (64)

Proof. The linear part of (4.4), (6.2) can be written in terms of output y; as follows:

z) = ()’1,)71)T,
Zy=Anz +Bu+ (0,a1 - b]do,o,az — bzdo,...,o,al\] - bNd())Tyl, (6-5)
V= CzZz.

Hence, the above system is observable if the pair (A2, C,) satisfies the Kalman observ-
ability condition (cf. [23, Theorem 3.1, page 58]):

@)

C A
rank . =2N. (6.6)

2N-1
C2A22
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Straightforward computations show that

&) TN M2 ottt TN
C A M1 My ottt TON
det . =1 . . . A (6.7)
IN-1
C A% N1 TIN2 " TINN

Therefore, (6.3) implies the observability rank condition for the linear part of (4.4), (6.2).
It also means that (4.4), (6.2) is strongly locally observable at z = 0 by the Hermann-
Krener theorem [24]. O

The following theorem gives an explicit procedure for the Luenberger-type observer
design.

THEOREM 6.2. Suppose that the control system (4.4), (6.2) satisfies the observability condi-
tion (6.3), all A; are positive and different, a;j +1;b; # 0, and b;d; > 0 for j = 1,N. Then the
origin z = 0, Z = 0 of the extended system (4.4), (6.2) and

Z1 = (A1 — F1C1)z1 + Apzo + Fiy) + Biu,

- _ (6.8)
Z) = (Ap —F»Cy)Zy + Fa1y1 + Fooys + Bou
with u = Kz is locally asymptotically stable, where K is given by (5.1),
F = (‘pl’do +¢2)Ta Fy = (Oyal —b1dy,0,a; — bady,...,0,ay — bNdo)T,
F22 = (f],(),fz,O,...,fN,O)T, (fl;fZa'--’fN)T = YQil(XbXZJH-aXN)T:
M‘f’d% d1d2 s d]dN
. oy (6.9)
drd, —_ +d§ s drdn
Q= bz
dydy  dyds Mdy | g
by

Here ¢1, ¢2, and y are any positive constants.

Proof. Consider the observation errors e; = z; — Z1, €, = 2z, — Z,. Then subtracting (6.8)
from (4.4) yields the following dynamics:

é1 =Hie; +Ape +R1(z,u), é = Hye, +R2(Z,Ll), (610)

here H; = Aj1 — F1C; and H, = Ay, — F5,C,. We see that the roots of the polynomial

det(Hl—yI):‘_¢l_y !
—¢, -

o H' =+ du+ds (6.11)
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have negative real parts if and only if ¢; > 0 and ¢, > 0. Our goal is to show that the real
parts of all eigenvalues of

~fxe 1 —hxa 0 - —fixy O
-A—bid 0 -bid, 0o --- —bidn 0
L 0 —fHp 1 —Lxv 0

Ho| ~bdi 0 b 0 - by 0 (6.12)
-y 0 —fyrp 0 - —faxy
—bnd, 0 —bnd, 0 -+ —Ayv-bnydy O

are also negative if the conditions of Theorem 6.2 are satisfied. Let us denote e, = (1,71,
...»&n, 1) T and consider the following quadratic form:

N d.n?
ZW(eZ) = Z 277] + (61’52)--'>§N)Q(£11€2’---)EN)T- (613)
j=1

This form is positive definite as A; >0 and b;d; > 0. Indeed, all principal minors A; of Q
are positive:

Nd) (Modo) - - - (A:d; I bd
Aj:( 1dr) (hady) - - - (A;d;) 1+Z% 50, ji=T,N. (6.14)
blbz . 'b]' i=1 /11'

Then Sylvester’s criterion implies that W is positive definite. The inequality det(Q) =
AN > 0 also proves invertibility of Q in (6.9). By computing the time derivative of W
along the trajectories of the linear system é, = Hse,, we get

W(e) = —y(Crer)” <0, (6.15)

provided that F; is defined by (6.9). As the time derivative of W is negative semi-definite
and vanishes on kerC, = {e; € R?N : Cye; = 0}, we check whether the linear system ¢é, =
H,e, admits a nontrivial semitrajectory on kerC,. Let Cye;(t) =0, t = 0, then

k

Ik Crer(t) = Co(Axn — F22C2)kez(t) = CA%e(t)=0, t=0,k=0. (6.16)

This implies that, for each t > 0, e5(¢) is a solution of the following system of linear alge-
braic equations:

C AL ey (t) =0, k=0,2N—-1. (6.17)

The above system has only the trivial solution e, () = 0 because of the observability rank
condition (6.3). This proves asymptotic stability of the linear system é, = Hye, by the
Barbashin-Krasovskii theorem (LaSalle’s invariance principle).
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We have shown that the matrices H; and H, are Hurwitz. The nonlinear closed-loop
system (4.4), (6.2), (6.8) with u = KZ can be written in variables (z,e) as follows:

z H() —BK1 —BKZ z R(Z,K(Z - 6))
él = 0 H1 A12 e |+ R1 (Z,K(Z—e)) s (618)
éz 0 0 H2 (%) R2 (Z,K(Z - 6))
where
_(An+BiKy Ap+BiK; T T
Hy = <A21+BZK1 A22+BZK2>’ B=(B{,B;)". (6.19)

As aj+A;b; # 0 then the conditions of Theorem 5.1 are satisfied and H, is Hurwitz.
Hence, the trivial solution of (6.18) is asymptotically stable by linear approximation as
the spectrum of its matrix is the union of spectra of the Hurwitz matrices Hy, H;, and
H,. O

7. Conclusions

We have proposed a feedback controller that stabilizes the equilibrium of a Galerkin ap-
proximation for a rotating Timoshenko beam, provided that measurements of the raising
angle and the strain at a point are available. The feedback law and coefficients of the
dynamical observer are computed explicitly for any number of modal coordinates. A po-
tential field of application of these results is the control design for fire-rescue turntable
ladders. An advantage of our approach is that the identification procedure can be reduced
significantly in comparison with a multibody model. In addition, the higher modes can
be calculated explicitly, which is important for the design of an oscillation damping con-
trol of a turntable ladder. For a possible implementation of the controller, it is necessary
to integrate a system of ordinary differential equations in real time. We do not consider
here such issues as spillover analysis, convergence of Galerkin approximations, computa-
tional complexity, or limitation of the sampling rate with respect to the calculation time
leaving these problems for future work.
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