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The positioning control using a joint torque is studied for a hub-beam system with a
tip payload. In order to make the axial vibration of the beam accessible to the joint torque,
the flexible beam mounted non-radially on the rigid hub is considered. Neither model
truncation nor small deflection assumption is employed throughout the process of dynamic
modelling and controller design. A joint PD controller with additional feedback of joint
acceleration and root strain of the beam is derived using a Lyapunov-type method. Global
asymptotic stability of the desired equilibrium position is proved rigorously. The
geometrically exact formulation presented in this work can be viewed as a generalization
of the related work based on the small deflection assumption investigated in the existing
literature.
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1. INTRODUCTION

The control of a slewing elastic beam has been extensively studied in connection with
flexible robot arms and spacecrafts with flexible appendages. A vast majority of these
studies have designed controllers based on truncated finite-dimensional models (see, e.g.,
references [1-10]). Only in a few related papers have there been construction of controllers
making direct use of infinite-dimensional models (see, e.g., references [11-19]). Linear and
non-linear dynamic models with varying degrees of complexity have been considered in
these papers. However, the small-deflection assumption has been invoked in all these
studies, using either truncated finite-dimensional models or linear infinite-dimensional
models.

For the problem of a rapidly driven flexible beam, the occurrence of large elastic
deflections is inevitable. Indeed, it has been observed experimentally [20] that the tip
deflection can exceed one-tenth of the length of the beam when large rotational speed and
acceleration are involved. Numerical simulation of a hub—beam system employing a PD
joint control has also demonstrated that large tip deflections of the beam can occur even
for a realistically fast positioning operation [21]. The rest-to-rest maneuver of a
horizontally slewing torque-driven beam (without a tip payload) undergoing geometrically
exact elastic deflections has recently been studied in reference [22]. It was found that a
joint-based PD type controller stabilizes the highly non-linear coupled system described
by a set of integro-partial differential equations with coupled non-linear boundary
conditions. However, the proof of global asymptotic stability requires the assumption of
inextensibility at the root of the beam. This difficulty arises because the flexible beam was
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assumed to be mounted radially on a rigid hub [22]. Thus if the axial vibration of the beam
is excited, it cannot be suppressed by the joint torque. To overcome this difficulty, it is
suggested in the present work that the flexible beam be mounted non-radially on the rigid
hub.

In this paper, the rest-to-rest horizontal maneuver of a torque-driven hub—beam system
with a tip payload is considered. The objective of this investigation is to show that a joint-
based PD controller with additional feedback of either the joint angular acceleration of
the hub or the root strain of the beam can accomplish the maneuver with all the vibrations
suppressed asymptotically. In deriving the feedback law, neither model truncation nor
the small deflection assumption is imposed. Although feedback laws of similar
type have previously been established by many investigators (see e.g., references
[2,3,5,8,13, 15,16, 18, 19]) using either truncated finite-dimensional models or linear
distributed parameter models, the issues of truncated error and ignored dynamics have
never been resolved. The primary contribution of this paper is thus to provide further
theoretical understanding to earlier work in this area.

2. EQUATIONS OF MOTION

The horizontal slewing hub-beam system with a tip payload driven by an externally
applied torque 1(¢) is considered, as shown in Figure 1. The undeformed elastic beam of
length L, area moment of inertia /, cross-sectional area 4, mass per unit length 4,, mass
moment of inertia per unit length 7,, shear coefficient k,, shear modulus G, and Young’s
modulus E is mounted non-radially on the rigid hub of radius ¢ and mass moment of
inertia /,. The rigid payload has a mass m, with an inertia 7, with respect to its own center
of mass Q. The point Q' is specified by the vector ¢n + ¢.t relative to the centroid
of the tip cross-section of the beam, where ¢, and ¢, are linear dimensions, and n and t
denote the unit vectors normal and tangential to the tip cross-section, respectively. It is

Neutral axis

Figure 1. A schematic of a horizontally slewing flexible beam.
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assumed that the beam possesses a line of symmetry in the plane of bending, plane sections
orthogonal to the neutral axis remain plane during deformation, and that the line of
centroid coincides with the neutral axis.

Let o(x, y) be a floating frame fixed on the hub with x-axis coincident with the neutral
axis of the undeformed beam and let O(X, Y) be a fixed frame. The basis vectors of the
two co-ordinate frames are related by

by =icos (0 —y) + jsin (0 — y), (1)
b, = —isin (0 —y) +jcos (0 — ), 2)

where 6 is the angular displacement of the hub and vy is a fixed inclined angle of the
undeformed neutral axis of the beam (see Figure 1). It is evident from equations (1) and
(2) that b, = b, and b, = —0b,. The position vector of an arbitrary point P’ on the
deformed neutral axis is given by

Ry =(acosy + x4+ u)b; + (a siny + v)b,, 3)

where u(x, ¢) and v(x, t) are the axial and transverse displacements of the point P on the
undeformed neutral axis of the beam. The velocity and acceleration of the point P’ can
be written, respectively, as

Ry = [1i — (a siny + v)0]by + [6 + (a cos y + x + u)0]b,, 4)
R, = [ii — (asiny 4 v)0 — 260 — (a cos y + x + u)0*]b,
+ [0+ (acosy + x + u)l + 2u0 — (a siny + v)0%]b,. (5

Let a(x,t) be the angle of rotation of a beam cross-section from its undeformed
configuration. Define u;, = u(L, t), v, = v(L, t), and o, = a(L, t). The position vector,
velocity and acceleration of the point Q” of the tip-payload can be expressed, respectively,
as

Ry =(acosy + L+ u, + g1 cos o, + ¢ sin o, )b,
+ (asiny + vz + ¢ sin oz, — ¢, cos oz)by, (6)
Ry = [(11, — q10, sin o, + ga0iy cos o)
— (asiny + v, + ¢ sin o, — ¢, cos o, )0]b,
+ [0 + qior cos oy + g0 Sin o)
+ (acosy + L+ u, + qicos o, + g, sin o, )0]b,, (7)
Ry = mb, + mb,, (®)
where
= tip — qi(0F cos oy + 6 sin o) + g2(6i. cos o — of sin o)
— (asiny + v, + ¢ sin o, — ¢> cos o))
— 2(6, + ¢:10,, cos oy + g0, sin o )0

—(acosy+ L+ u, + qicos o, + g, sin o )02, )
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7, = U, + qi(di, cos oy — aj sin o) + ga(6i, sin o, + 6} cos o)
4+ (acosy+ L+ u, + qicos o, + ¢ sin o, )0
+ 211, — g1, sin o, + g0, cos oy )0
— (asiny 4+ v, + ¢ sin a;, — ¢ cos o, )02 (10)

The moment of inertia forces of the elastic beam and the tip payload relative to the point
O can be computed as

L

My(t) = — r A,(Rp x Rp)-bsdx — j L(0 + &) dx

0
—m,(Ry x Rg) - by — 1,(0 + 6), (11)

where b; = b, x b, is used and a < L is assumed. The rotational equation of motion of the
hub-beam system can now be written as

T+ M, =10 (12)

After substituting equations (3), (5), (6), (8) and (11) into equation (12), one obtains

L
{I/, + J A,[(acosy + x4+ u)* + (asiny + v)’] dx}é?'
0
L .
+ 2{J A,[(a cosy + x + u)u + (asiny + v)v] dx}@
0
L
+ J A,[(acosy + x + u)i — (asiny+ v)i] dx
0

L
+ J 1,(0 + ) dx + m,[—(a siny + v, + ¢ sin o, — g2c0s o)
0

+(acosy+ L+ u, + q coso, + qsino)m] + L0+ o) =1(t). (13)

In order to establish the equations of motion for the elastic deflections, a differential
element of the beam is considered, as shown in Figure 2. One can easily show from
|dRp| = dI that

d? =[(1 + u.)* + vi](dx), (14)
sin B = o, [(1 + u,)* + vi]~"2 (15
cos = (1 + u)[(1 + u)*+ vi] "7 (16)

where f(x, t) is the angle between the tangents of deformed and undeformed neutral axes
and the subscript x denotes a partial derivative with respect to x. Let the longitudinal force,
the shear force and the bending moment acting on the element be denoted by N, ¥ and
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Figure 2. A deformed beam element.

M, respectively. Summing the forces in the x and y directions and the moments of forces
acting on the element, one obtains

Alii — (asiny + v)§ — 200 — (acosy + x + u)0?] = (N cosa — Vsina),, (17)
A[i 4 (acosy + x + u)d + 2u0 — (asiny +v)0*] = (Nsina + Vcosa),, (18)
L(O 4 6) =M, —v,(N coso — Vsina)+ (1 + u,)(N sino + V cos ), (19)

where equation (5) has been used in arriving at equations (17) and (18). Note that
equations (17)—(19) reduce to those given in [23] for the case y = 0, wherein the vibration
of the beam caused by a prescribed @(7) (the so-called spin-up problem) was studied.
Although equation (13) is not relevant to the spin-up beam dynamics, it is essential for
torque-driven beam dynamics. Now the clamped-mass boundary conditions of the beam
can be written as

u(0,t) =v(0,1) = «(0, 1) =0, (20)
N(L,t) = —m,Ry - n = —m,(m cos o, + m,sin o), 21
V(L,t)= —m,Ry -t = m,(m, sin o, — 7, cos ), (22)

ML, t)=qV(L,t)+ ¢N(L, t) — I,(0 + d,)

= m,[m,(q sin o, — g2 cos o) — Mgy cos oy + o sin )] — L0+ d6).  (23)
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Substituting i, ¢ and ¢ from equations (17)—(19) into equation (13), performing integration
by parts and using the boundary conditions (20)—(23), one obtains an alternative but more
appealing form for equation (13):

1,0 — V(0, t)a cos y + N(O, t)a sin y — M(0, t) = (¢). (24)
At this point, it may be worthwhile to note the following:

(i) When y =0, N(0, ¢) is not accessible to the input torque t(¢). This implies that the
longitudinal vibration u(x, t) of the beam, if it is ever being excited, will persist even if
0(1), v(x, t) and a(x, t) are driven to zero by 7(¢). This is true because no internal damping
of the beam is assumed in this work.
(ii)) The equations derived thus far depend neither on the strain (small or large) nor on
the constitutive equation (linear or non-linear) of the beam.

To complete the formulation, the stress—strain relations for the homogeneous, isotropic
linearly elastic beam can be taken as

N=EAl, V=kGAl, M = Elx, (25-27)

where the normal strain I';, the shear strain I',, and the bending curvature k are described
by

I'=(0+u)cosa+ v, sino — 1, = —(+ u,)sino+ v, cos a, K = 0,
(28-30)

as a special case of the fully nonlinear three-dimensional strain measures given in [24].
Without prescribing equations (28)—(30) as a priori, a new derivation of these equations
is given in Appendix A.

The principle of conservation of energy can now be verified for the hub—beam system
as follows. Let the kinetic energy 7 and the potential energy U be written as

Tr=T,+T,+1T,, 31
where
T, = 31,0, (32)
L L
T, = ;J A, Ry dx + ;J I,(0 + o) dx, (33)
o o
T, =3m,|Ro” + 30,0 + 6.)’ (34
and
L
U= f (EAT? + k,GAT; + EIx*) dx. (35)
0

The time rate change of the total energy (¢ = T + U) of the hub-beam system can be
computed by substituting equations (4), (7) and (25)—(30) into equations (31) and (35),
making use of equations (13) and (17)—(23), integration by parts and tedious algebraic
manipulations to yield

é=10. (36)
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It may appear that equations (24) and (36) can be obtained merely by a physical argument.
This is indeed true for the foregoing geometrically exact formulation. However, an
inadequate approximation or a premature linearization of the exact equations of motion
can destroy either equation (24) or equation (36) or both. For example, the second order
beam theory given in reference [23], which provides an appropriate account for the
centrifugal stiffening effect for the beam dynamics driven by a prescribed 0(¢), fails to
satisfy equation (24) for the torque-driven beam dynamics. This is illustrated in Appendix
B. Also as illustrated in Appendix C, the effective applied force approach [25] to account
for the centrifugal stiffening effect does not satisfy equation (36) for the torque-driven
beam dynamics. The significance of using equations (24) and (36) in establishing the
stability of the torque-driven hub—beam system will be demonstrated in the next section.

3. CONTROLLER DESIGN AND STABILITY ANALYSIS

Consider the system given by equations (13), (17)—(23) and (25)—(30). It can be shown,
with some algebra, that the equilibrium states of the system without input torque are given
by 0(t) = u(x,t) =v(x, 1) =a(x,1) =0 for 0< x<L and t>1t, where # is a real
non-negative constant. The problem is to find an appropriate control 7 that drives the state
of the system (0, 0, u, i, v, 6, o, &) from the initial state (0,0, ...0) to the target state
(04,0, ...,0), where 6, is a constant.

Let a weighted error function with respect to the target state be the Lyapunov functional
candidate

d=¢+ KT, + T, + U) +3K,(0 — 0,)%, 37

where ¢ = T, + T, + T, + U, and the real constants K, > —1 and K, > 0 are design
parameters. It is obvious that ¢ is positive definite and has a global minimum zero at the
target state. Using equation (36), the time rate change of ¢ can be computed as

¢ =0t + K.(t — I,0) + K, (0 — 0,)]. (38)
If 7 is chosen such that

1 .. .
17K [K.1,0 — K,0 — K, (0 — 0,)], 39)

T
where the real constant K, > 0 is also a design constant, then the target state becomes the
unique equilibrium point of the closed loop system, and equation (38) reduces to

6= — K0 (40)

Note that ¢ is negative semi-definite. Thus only stability (but not asymptotic stability)
of the target state can be concluded. However, equation (40) implies that ¢(¢) = 0 if and
only if 6(r) = 0. Thus, if one can show that d(¢) = 0 for ¢ > 1, implies ¢(z) = 0 for t > ¢,
then global asymptotic stability of the target state is established. Toward this end,
substituting equation (39) into equation (24) gives the closed loop dynamics for the rigid
hub:

L0+ K0 + K,0 = (1 + K)[V(0, t)a cosy — N(0, t)a siny + M(0, 1)] + K,0,. (41)

Now suppose that d(¢) = 0 for ¢ > #,. Thus 0(¢) = 0 for ¢ > t,. In view of equation (41),
one obtains, for ¢ > 1,

(0, t)a cos y — N(0, t)a sin y + M(0, 1) = C, (42)
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where C is a constant. Furthermore, equations (13) and (24) can be combined to yield

d

L
_dz{f Ayl(acosy + x + u)o — (asiny + v)u] dx
0

L
+ J IPOC dX —+ mpr + Ide},
0

= V(0, t)a cosy — N(0, t)a siny + M(0, )
=C, (43)
where
fo=(acosy+ L+ u,+ qicoso~+ gsin o) (0, + ¢id, COS oty + g0, Sin o)
—(asiny 4+ v, + g1 sin o, — g2 cos o) (U — qi0, SIn oy, + ¢20 COS ). (44)

Because ¢ () is non-increasing due to equation (40), every term in equation (43) must be
bounded. Consequently, one must have C = 0 for ¢ > #,. It then follows from equations
(41) and (24) that 6(¢) = 0, and ©(t) = 0 for ¢t > ¢,. Since the remaining free vibration
problem (with the fixed hub) is independent of the hub radius « and the inclined
angle y of the beam, V(0, t)acosy — N(0, H)asiny + M(0,¢) =0 for > t, implies
V(0, t) = N(O, t) = M(0, t) = 0 for ¢ > ¢,. It then leads to u,(0, t) = v,(0, 1) = «.(0,¢) =0
for t > t, by virtue of equations (28)—(30) and (20). From equations (17)—(19) and
(25)-(30), one further obtains u,.(0,7) = v..(0, t) = 2., (0, ) =0 for ¢ > t,. Now it is
straightforward to show, by taking repeated x-differentiation of equations (17)—(19), that
all higher order partial derivatives of u, v and o with respect to x are zero at x = 0. As
a result, it must be true that u(x, 1) =v(x, ) =a(x, 1) =0for 0 < x < L, t > 1,. At this
point, we have shown that 6(¢) = 0 for ¢ > ¢, implies ¢(¢) = 0 for ¢ > #,. Note that the
foregoing results were reached without specifying 7,. Referring now to equation (41), it is
clear that () approaches zero asymptotically as t— co. Therefore, ¢(¢) and ¢ (1) = — K,0”
tend to zero as 1 — o0. Global convergence follows from equation (37). The proof of global
asymptotic stability is completed.

Note that the control law given by equation (39) involves the feedback of angular
position, angular velocity and angular acceleration of the joint. However, by the
substitution of 1,0 from equation (24) into equation (39), one obtains the PD plus strain
feedback controller as

7= K,[V(0, t)a cos y — N(0, t)a sin y + M(0, 1)] — K.0 — K, (0 — 0,). 45)

An important observation can be made at this point: if a simplified dynamic model were
adopted at the very begining, the stability result would remain unaffected so long as the
validity of equations (24) and (36) is preserved. It may be remarked that the proof of
asymptotic stability even for a non-linear distributed parameter model, based on the small
deflection assumption, of the hub-beam system is not yet available in the existing
literature.

4. CONCLUDING REMARKS

The positioning control of a hub—beam system with a tip payload was considered, for
the first time, under the framework of geometrically exact formulation. The non-radially
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mounted flexible beam makes the axial vibration of the beam controllable to the joint
torque. The result presented is a more general theory as compared with the related work
relying on the small deflection assumption existing in the current literature. An important
implication of this study is that the stability of the joint-based controller designed based
on truncated finite-dimensional models or simplified linear distributed parameter models
is guaranteed as long as the model simplifications of the open loop system does not destroy
the conservation equations for the angular momentum and energy. Although the stability
is guaranteed, the performance (transient responses, etc.) may degrade due to truncation
error and ignored dynamics. Since the methods of numerical simulation for a slewing beam
using the geometrically exact beam model are well-documented in the literature, they are
not pursued in this work.
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APPENDIX A: A DERIVATION OF THE NON-LINEAR STRAIN MEASURES

Instead of using Newton’s second law, the equations of motion can also be derived via
the extended Hamilton’s principle. Without loss of generality, the hub-beam system
without a tip payload is considered. The strains, which depend on the deformation
gradient, can be written as

' = Ti(uy, vy, 2), I = Is(uy, vg, o), K = oy, (A1-A3)

where the dependence of o in equations (A1) and (A2) is due to equations (17) and (18),
and equation (A3) is a direct consequence of the definition of bending curvature. As a
result of the application of Hamilton’s principle with the kinetic and potential energies
given by equations (31)—(35) and the stress—strain relations given by equations (25)—(27),
the equations of motion related to the deformation variables are given by

A,lii — (asiny + v) — 260 — (a cos y + x + u)0*] = (Ngil + V?;) , (Ad)

A, [ + (a cosy + x + u)d — 2160 — (a siny + v)0°] = (N %{;l + Vaa?) . (AS)

(A6)

or, or,
oo oo )

L0+ o'c')=Mx—<N+ 14
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After comparing equations (A4)-(A6) with equations (17)~(19) and making use of
clamped—free boundary conditions, one can easily obtain

or, or, . B
N<0u,\. — cos oc) + V(@u,\. + sin oc) =0, (A7)
5F1 . 8F2 _
N<61;x — sin oc) + V<6vx — cos oc> =0, (A8)
N[(}a];l + (1 + u,) sin o — v, cos oc] + V[Oa];z + (1 + u,) cos o + v, sin oc] =0. (A9

Equations (A7)—(A9) are satisfied if I, and I', are solutions of
or, or, . or,

o = cos o, o sin o, Ty = Uxcoso— (1 4+ u,)sin a. (A10)
or, . oar, or, o
i —sin o, P cos a, i (1 + u,)cosa — v, sin a. (A11)

Hence equations (28) and (29) can be obtained provided that I',(0, t) = u,(0, ¢) and
50, 1) = v,(0, ?).

APPENDIX B: THE INCONSISTENCY OF THE SECOND ORDER BEAM THEORY FOR
TORQUE-DRIVEN BEAM DYNAMICS

For simplicity, the hub—beam system without a payload is considered. According to the
second order beam theory given in reference [23], one may write

N = EAl', = EA(u, + ow, — 3a?), (B1)
V=kGAl, = k,GA(v, — o0 — o), (B2)
M = Ela,. (B3)
The equations of motion for the deformation variables are given by [23]:
A, i — (asiny + v)0 — 200 — (a cos y + x + u)0?] = (N — oF),, (B4)
A,[6 4 (a cosy + x + u)l + 2u0 — (a siny + v)0?] = (V + aN),, (B3)
IO +d)y=M,+ (1 +T)V—T.,N. (B6)

After substituting #, ¢ and & from equations (B4)-(B6) into equation (13), one obtains

L
1,0 — 7(0, H)a cos y + N(O, t)a siny — M(0, t) = t(t) + 1 j o>V dx, (B7)

0

which is not consistent with equation (24). One might be tempted to neglect all terms of
third degree in the elastic variables in equations (B4)—(B6), so that the last term in equation
(B7) can be dropped. However, accompanying this procedure is the omission of some
strain energy terms computed from equations (B1)—(B2). As a result, the principle of
conservation of energy is destroyed. Hence the second order beam theory is not an
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adequate approximation for torque-driven beam dynamics from an angular momentum
viewpoint.

APPENDIX C: THE INCONSISTENCY OF THE EFFECTIVE APPLIED FORCE
APPROACH FOR TORQUE-DRIVEN BEAM DYNAMICS

According to reference [25], the kinetic and potential energies of the hub—beam system
with y = m, = I, = I, = 0 can be respectively, written as

L
T=1L0"+ ;J A,{[(a + x)0 + 6] + (v0)*} dx, (C1)
0
L . L
U=} j EIv2, dx + 16? J A,Svi dx, (C2)
0 0
where
L
S = J (a + x) dx. (C3)

Note that a fictitious work term caused by the centrifugal force has been included in U
in an ad hoc manner [26]. As a result of the application of Hamilton’s principle, one obtains
the following equations of motion [25]:

L

L
{1,, + J A,[(a + x)* + v* — Sv?] dx}é‘ + 20 f A, (v — Sv,v,) dx
0

0

L
+ J A,(a + x)i dx =, (C4)
0

A, {5+ (a+ x)0 — 0°[v + (Sv.))} + Elvse. = 0. (Cs)
Using equations (C1)—(C5), it can be easily shown that

d cod /s ("
—(T+ U) =r€+<02J A,Sv? dx). (Co6)
ds ds A ’

This result is not consistent with equation (36). The reason for this flaw is that the
centrifugal force is not an externally applied force but, rather, an inertia effect. Hence the
effective applied force approach is not adequate for torque-driven beam dynamics from
an energy viewpoint.



