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Abstract

The accessibility of horizontal vibration in a 3-D two-link flexible robot shows configuration-dependent
nature (International Journal of Robotics Research 16 (1997) 567). This paper deals with physical meaning
of the accessibility issue in conjunction with system mode approach. The identifiability which is dual to the
accessibility is also discussed. The analysis of horizontal vibration based on system mode approach takes an
important role in examining the vibration accessibility. The ensuing Lagrangian dynamic formulation
enables the formal definition of rigid—flexible coupled dynamic terms which show clear physical meaning.
Both theoretical and numerical studies are presented to elucidate the meaning of the accessibility and the
identifiability of horizontal vibration. In addition, the experimental results support the theoretical results.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The use of flexible robot has a lot of advantages for particular needs: lightweight structures, low
power consumption, safety for humans, and provision of passive compliance. The elastic
structures bring about vibrations from the slender shapes of robot’s links and their low stiffness.
The vibrations must be compensated either by active control or by passive control to increase
productivity. The modal feedback approach is one of the common control methods in suppressing
vibration. Actual sensors (strain gauges or piezo films) measure vibrations that contain all the
natural modes. If these sensors are distributed along the flexible body, the signals can be
reconstructed into mode data by projecting onto mode shape functions. A finite number of
sensors can determine a finite number of modes; there always exist unmeasured and uncontrolled
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residual modes [2]. It is important for the controller and the observer not to excite the residual
modes [3]. The choice of the actuator position is another important factor in regard to vibration
control. Every actuator in a system has its own actuator influence coefficient (AIC) that makes us
guess the level of the controllability for vibration modes by that actuator. If the AIC of a certain
mode is zero, the actuator cannot control the mode. Anyhow, if we would like to control the
mode, we have two options to take: to re-place the actuator to other position or to change the
robot structure in order that the AIC of the mode is non-zero [4,5]. The controllability and
observability related with modal feedback of the flexible systems were studied by many authors,
for example, Refs. [6-8].

In a PUMA-typed 3-D two-link flexible robot, shown in Fig. 1, the horizontal motion is defined
only by the rotation of joint 1 (or base joint). The rotations of the other two joints constitute
vertical motion. The vibration in the vertical plane is known to be controllable. On the other
hand, the vibrations in the direction of horizontal motion are not always controllable. At certain
configurations, some or all of the modes of horizontal vibration are uncontrollable. Tosunoglu
et al. [9] and Konno et al. [1] examined this problem. They addressed the vibration controllability
and accessibility by linearizing systems at a configuration and checked the rank of the
controllability matrix. In addition, by neglecting Coriolis and centripetal force they quantify
the level of controllability through accessibility index, which was conceptually similar to the
magnitude of AIC. One thing they had missed is the physical meaning of those uncontrollable
configurations.

The vibration controllability of flexible objects handled by rigid robots can be regarded as the
same class of problems because once grasped, the payload is fixed to the robot body, and the
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Fig. 1. Schematic of a 3-D two-link flexible robot.
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robot becomes a flexible robot eventually. Zhou et al. [10] adopted the concept of vibration
accessibility for evaluating the degree of the vibration controllability. Recently, the study on the
measure for amount of vibration controllability in a redundant flexible robot depending on the
configurations was reported [11].

In this paper, we focus on the accessibility and the identifiability of horizontal vibration for 3-D
two-link flexible robots. We explore the physical meaning of the configurations where vibration
modes are inaccessible and/or unidentifiable. We adopt system mode vibration analysis for
interpreting the equations of motion, depending on configurations, in relation to rigid—flexible
coupled dynamics; it was difficult to interpret the physical meaning of rigid—flexible coupled
dynamics using the conventional component mode analysis due to the complexity of the involved
modal terms. This paper is organized as follows: the preliminaries are presented in Section 2, the
development of equation of horizontal motion using system mode approach is given in Section 3,
and in Section 4, the accessibility and identifiability are dealt with. Finally, we make concluding
remarks in Section 5.

2. Preliminaries
2.1. Equations of motion for general flexible robots

The assumed mode of each flexible member i1s to be combined with, whenever one formulates
generic equations of motion for flexible systems. Every elastic component is modelled as series
solutions with infinite degrees. Book [12] added the effect of flexibility to the extended
homogenous transform matrix for flexible robots with articulated joints. He utilized an immediate
co-ordinate for representing the internal motion due to the elastic deflections and rotations. If the
clamped mode shapes are applied in modelling the elastic motion, the equations of motion for
n-link flexible robot can be written as

M(q)q + C(q,9)q + Kq + g(q) = Br, (1)
that is,

Mrr(q) Ml”f(q) 0 n
M;(q) My(q) || Ci(q.9) Cylg.q) ||

0 o o] [a@]_|[1
= 2
o m LBl .

where r and f denote rigid and flexible parts, respectively. The generalized co-ordinate of the
system is defined as

C(q,9) %@@”q

T T, TqT
q= [91...9’1 Ul,l"'vl,ml'”vn,mn] =1[0"v"] ER”H",

where e R" is the joint variable, veR™ is the flexible variable, and v;; means the jth vibration
mode of the ith link. Actually, v;;s are the component mode solutions, which will be explained in
detail in the next section. M(g)eR"™*"+™M i the inertia matrix, C(gq, g)e R0 s the
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Coriolis and centripetal matrix, K e R®*m s the stiffness matrix, ge R"™™™ is the gravity
vector, Be R is the input matrix, and teR” is the joint torque.

2.2. Modal accessibility

The vibration of a flexible robot sometimes cannot be controlled. This may result from the
locations of actuators and the geometrical shapes of structures. Previous studies showed
the configuration-dependent vibration controllability (or accessibility) of multi-link robots; see
Refs. [1,9]. According to Ref. [1], in PUMA-typed 3-D two-link flexible robots there are sets of
configurations where certain horizontal vibration modes are not controllable. To explore the
linear vibration controllability, they reformulated Eq. (2) to get set-point regulation model by
linearizing all the non-linear forces. As a background work of this paper, we briefly review the
accessibility of vibration modes in multi-link systems, following the work in Ref. [1].

Consider a 3-D two-link flexible robot, shown in Fig. 1, whose geometric shape is determined
by 0, and 0;. If we assume that the motion of the robot has taken place at a stationary position
0 = 0,, the Coriolis and centripetal force is negligible. In addition, the dependency on flexure
variables within inertia and gravity matrices becomes negligible, so that we get M(q) =
M(0,), g(q) = ¢g(0,). If we define

f)év - Kj}lgf(od)s

27— g,(0a), (3)
then, we can get a linearized dynamic equation from Eq. (2) as
TR AT B
v H;(0,) Hy(0,) 0 Ky || 0

where

H,(0) Hy00)] _ [Ma0) My00]"
H;(0a) Hy(0q) My(0) My0a) |

The lower part of the above equation denotes the motion of vibration. We make modal
transformation to this part satisfying

(D_I(Hffof)dj =, (5)

where Qe R is the diagonal eigenvalue matrix and @ e R"*" is the eigenvector matrix. Then, v
can be expressed by the linear combination of the eigenvectors as

U= P,
where neR™ is the modal co-ordinate. The transformed vibration equation becomes
i =—Qn+TI7%, (6)

where I' = @ 'H;eR™". According to Ref. [1], if the row of I' has a non-zero entry, the
corresponding vibration mode is accessible. The level of accessibility of the ith mode at a 6, is
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ai0a) = /3.

where y; is the ith row vector of I'. If @;(6,) happens to be zero, the ith mode cannot be controlled
by the actuator input. Over the whole space of joint configurations, we could notice singularity
lines where a;s are zero. The inaccessible modes appeared always in horizontal vibration of the
robot. Consequently, we must avoid the singular configurations as the final postures after
horizontal movements.

The physical meaning of those inaccessible configurations remains unanswered as far as the
authors’ knowledge goes. It should be answered for better control, and to know the internal
physics is the fundamental step. The aim of the present paper is, therefore, to prepare an answer
for the question, which is very affirmative and has clear physical interpretation.

defined as

3. Horizontal dynamic equation: system mode approach

For deriving dynamic equations, the first thing to do is to determine the series solutions of
mathematical vibration model. The vibrations of links in the most flexible robots have been
modelled by the assumed component mode solutions as mentioned before. For illustration of
component modes, consider the horizontal deflections of 3-D two-link flexible robot depicted in
Fig. 2. The horizontal vibrations are defined from the roots of elastic links. In the component
mode description, the natural frequencies and mode shapes are obtained by solving the assumed
mode of each link independently without considering the other links. Thus, the component mode
description is a well-known and conventional method for modelling vibration of flexible robots.
By combining all the modal solutions of every link, the equations of motion for the total system
will be obtained [12]. These solutions are included into kinematic and dynamic modelling. The
degrees of freedom of a system with accurate model could be quite large. In many cases, we need

Horizontal rotation axis
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Fig. 2. Horizontal vibration in a 3-D two-link flexible robot: component mode approach.
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model reduction in order to make the system manageable both for controller and for observer
design. The initial step to this is the eigenvalue decomposition of whole dynamics. This will result
in synthesized modes which represent the vibration modes of whole body [13,14]. Then, the higher
modes will be removed, regarding the bandwidth of the system (plant, actuator, sensor, etc.) or
other kinds of reduction criteria.

Another way of modelling the vibration is the system mode approach [15-17]. According to this
approach, the natural modes are obtained by considering all the flexible links as one connected
flexible structure. We do not reduce the original system into simpler pieces like the component
mode approach. To solve the system modes, a set of partial differential equations (PDEs) for all
the flexible elements is solved simultaneously with every boundary condition. The natural modes
from the system mode approach are thus related to the whole body. The approach produces exact
modes without matrix eigenvalue decomposition. Different from the vibration defined in Fig. 2,
the horizontal vibration is defined by the deviation from the rigid configuration of whole body as
shown in Fig. 3. The modal frequencies and mode shapes of system modes contain the elastic
properties of the overall structure. One advantage of the system mode method is that there is no
need to incorporate large dimensional vibration modes. Since the system mode offers the exact
vibration modes of whole body, one can apply just the required amount of lower modes. This
removes the model reduction procedure, which is a difficult step in assumed mode method.
Another advantage is that it is useful for viewing the rigid—flexible interactive properties of
dynamics when the equation of motion is constructed using exact system mode solutions. As far
as the authors’ knowledge goes, the dynamic equations for flexible robots with system modes have
not been tried before. Thus, in this section, after a brief explanation on the system mode analysis
on horizontal vibration of 3-D two-link flexible robot [17], the equations of motion will be

Horizontal rotation axis
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Fig. 3. Horizontal vibration in a 3-D two-link flexible robot: system mode approach.
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formulated by using the results of system mode analysis. The resulting equations will provide an
essential perspective to examining the accessibility and the identifiability of flexible systems.

3.1. System mode analysis for horizontal vibration

Consider a two-link flexible robot in Fig. 3, fixed at a configuration. Link 2 and Link 3
represent the first and the second elastic link, respectively. The horizontal bending vibration of
two flexible links can be represented by the constrained PDEs:

*yr(xo, t .
EI2 % + ,02)72()(2, [) - 05
A%
*ys(xs, t )
EL % + p333(x3,1) =0, (7)
X3

where EI; and p; means, respectively, flexural rigidity and mass density of Link 7 in the horizontal
direction, which are constant along the side of each link. The effect of torsional vibration,
accompanied by the horizontal vibration, is described by

2
T ..
GJ, M — by T5(x2,1) =0,
0x5
2
T ..
GJ3 % — b3T5(x3,1) = 0, (®)
X3

where 7; is the torsional deflection of Link i. GJ; and b; are the torsional rigidity and polar
moment of inertia per unit length of Link i, respectively. The horizontal bending vibration y(x, f)
for whole body can be expressed by patching the solutions of y,(x;, ) and y3;(x3, f) such that

y(x t) _ {yZ(XZ, t) - Z;n:l d)zj(Xz)Zj([)’ 0<(X _ x2)<L2,

9
Y33, 1) = 300 d3(x3)zi(1),  O0<(x — Ly = x3)< L, ©)

where ¢;; represents the jth system mode solution of Eq. (7) for Link 7 section, and z;(?) is the jth
time solution. L, and Lj are the lengths of Link 2 and Link 3, respectively. As for the torsional
vibration, since the majority of torsional vibration occurs in the inner link, it is reasonable to
assume that 73(x3,¢) = 0. Thus,

T(r.0) = { To(x, 1) = Y1) n(x2)z(0), 0<(x = x2)< Lo, o)

T5(x3,0) =0, 0<(x — Ly = x3)<Ls,

where 7; is the jth system mode shape for torsional vibration of Link 2 section. If we perform the
separation of variables by utilizing the normal mode time solution as

zj(1) = exp(w;1), (11)
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we get ordinary differential equations (ODEs) for bending and torsional vibration such that

d4¢ij(xi) 4 . )
W_)“g¢y(xi):0: i=23, j=1,..,m,
d27//j(x2) ) .
a2 +rin(x2) =0, j=1,....m, (12)

where i;- = pia)]g /EI; and KJZ = bza)} /GJ,. The corresponding solutions can be given in the following

forms:
¢[,(xi) = A; sin(4;x;) + B; sinh(/;x;) + C; cos(4;x;) + D; cosh(/;x;),
nj(x2) = Aa sin(i;x2) + By cos(k;x2). (13)
The boundary conditions at the joint is simply considered as the clamped end. Thus, we have
1200,0) =0, »50,6)=0, T»(0,7)=0, (14)

where (-) means spatial derivative with respect to considered variable. At the elbow mass, the
following are satisfied:

Yo(La, 1) = 3(0, 1),
Vy(La, 1) = Ta(La, t) sin 03 = y5(0, 1),
EIZyIZ/(lQa Z) = EISyg/(()’ t) - IC.j}/z(L25 t)a
EIzy,ZU(Lza t) = MCJ}2(L2a t) + E13yg,(05 t),
GILTy(La, 1) = J.To(La, 1), (15)
where /. is the mass moment of inertia for elbow mass in k, = i, X j, direction shown in Fig. 3, J,
is the moment of inertia of the total outer body from the center in the direction of the torsional
moment, and M. denotes the elbow mass. In Eq. (15), the first two conditions are position and
slope continuity, the third and fourth mean bending moment and shear force balances, and the
last condition is the torsional moment balance. At the tip of the robot, there are two more
boundary conditions:
ELY(La, 1) = —Lpjis(Ls, 1),
ELYY(Ls, t) = Mypis(Ls, 1), (16)
where I;;, and M, denote inertia and mass of tip element, respectively. Eq. (16) corresponds to

the moment balance and shear force balance. Substituting Egs. (11) and (13) into boundary
conditions in Egs. (14)—(16), we obtain linear equations as

H(wj)x =0, (17)
where x =[4, B, C, D, A3 By C3 D3 A4 Bs]' is a vector of undetermined constant. The

eigenvalues (or natural frequencies) of whole system are the solutions of the frequency equation
given by

det(H(w;)) = 0. (18)

For the determined solutions, non-trivial x’s, which are called eigenvectors, will be obtained in the
null space of H(wj). In the subsequent development, suppose that the solutions of Eq. (18) are
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distinct. The imposition of all the boundary conditions offers us a useful orthogonal relation as
follows:
L3 Lg

L,
/0 Paboi(02 )by (x2) s + /0 prdsedg)dn+ [ b dx,

+ Moo(La)oy(La) + Lepo(La) D (La) + Miphsi(L3)sy(Ls)
+ Lip®s (L3¢5 (La) + Jen(Lon(La) = 0 if i#]. (19)

For the proof, refer to Ref. [17]. Further, if we neglect the terms of the first-order derivative in
Eq. (19) since I, and I, are considerably small, we can rewrite Eq. (19) in a more compact form:

74 prhai(x2)hay(x2) s + 74 pyhai(x3)hs (x3)
D D;

+ ]{ b ey (xa) ds = 0 if i), (20)
D,

where § means the integral which includes lumped elements. D, and Ds denote the appropriate
integral domains in Link 2 and Link 3, respectively. If 7 and j are equal, we normalize the integral
value in Eq. (20) as unity.

3.2. Lagrangian dynamic equation

We consider the Lagrangian dynamics associated with horizontal motion of a 3-D two-link
flexible robot applying the system mode solutions. Since we deal with only the horizontal motion,
0, and 05 are regarded as geometric parameters. However, they will appear in the symbolic
equation in order for us to change the value easily. The vertical deflection due to the gravity force
is neglected as if the stiffness were infinite in vertical direction. Let iy, j,, and ky be the unit
vectors with respect to inertial frame {Xj, Yy, Zo}. And let a frame { X}, Y7, Z;} be a body fixed co-
ordinate with unit vectors #;, j,, and k; as shown in Fig. 3. We define i;, i = 2, 3, as a unit vector
to outward direction of the ith link attached at the body, and j;,, i = 2,3, as a unit vector normal
to the plane containing #; and k¢ vectors. Mathematically, it can be written that j;, = (ko x
i;)/|lko x i;]|. Hence, k;, i = 2,3, is defined as the common normal to both #; and j; according to
right-hand co-ordinate convention. The position vector at a point of Link 2 can be written as

r(x2, 1) = X202 + ya(x2, 1), (21)

where x, is the distance from the root of Link 2 to the point of interest. The second term is the
elastic deflection, moving in the horizontal direction. Similarly, the position vector to a point of
Link 3 can be written as

r3(x3, 1) = Lois + X313 + y3(x3, )3, (22)

where x3 is the distance from the root of Link 3 to the point of interest. With the help of the
vibration described by system modes, r3 could be represented in a concise form. The velocities of
r, and rsy are

in(x2, 1) = in(x2, 1)® + O1ko x r2(x2, 1),

i4(x3, 1) = i5(x3, )% + 01ko X r3(x3, 1), (23)
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where
(X2, 1) = J2(x2, D),
(X3, 1) = P3(x3, )3

mean the time derivatives of r,(x,, ) and r3(x3, f) with respect to body fixed frame. The cross-
product between position and velocity yields angular momentum:

H;s =J,0,k +%

X i‘zdl’l’lz-}-% r3 X i3 dmys
D,

Ds
3

:J191k0+z f r; X iy dmy, (24)
i=2 Y Di

where J; is the rotor inertia of joint 1. It can be further written that

3 3 3
Z % ri X iy dm; = Z j{ (ri X j)yi(xi, ) dm; + Z 0:111; - ko, (25)
i=2 JDi i=2 v Di i=2

since
3

3
Z % r; X (élko X V,') dm,- = Z 9111,’ : k(),
i=2

i=2 Y Di
where 1I; is the inertia tensor of the ith link. The first term on the right side of Eq. (25) is the

angular momentum with respect to the body fixed frame, called modal angular momentum [18].
The kinetic energy of the considered two-link flexible robot can be written

1o o 1 1 .
T = - J,0° 2:_ T, 1) - 2 2
7 2 Jl 61 + — 2 f;i Vl ('xh Z)rl('xl, l) dn/ll + 2 f;z(TZ('X’Q, [)) dmZ, ( 6)

where the last term is due to the torsional motion of Link 2. Using the relationship for the time
derivative in Eq. (23), the kinetic energy can be separately rewritten as

T =T0+T1+T2+T 3+ T4, (27)

where

1 .
ﬁhziﬁﬁ,

1 & .
T == ko - 11; - ko072,
1 B ,:ZQ 0 0

3
T2 = Z 01k - f (ri X j)yi(xi, 1) dmy,
=2 D;
1 3
Ti=53 f (i 1) dm,
2 i:2 Dt'

1 .
T 4 27{ (T(x2,1))* dm.
Dy
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The first three terms of Eq. (27) can be obtained by the inner product between Hs and the angular
velocity of the rigid body. 7 is the kinetic energy from the rotation of rotor and .7 ; is the kinetic
energy from the rigid rotation of robot. 7, is the kinetic energy due to the momentum transfer
between modal angular momentum and rigid body angular momentum. If 7, is zero, there is no
way of energy transfer between elastic motion and rigid motion. .7 ; and 7 4 are the modal kinetic
energy only from elastic motion. Rewriting y,(x,,¢) and y3(x3, ) using modal co-ordinates in
Eq. (13) leads to

3 m
d ik - i % Ji (Xi)Z; dm;|,
T 2 [ 1Ko jii(r XJ)(,Z_; qﬁj(x)z](z)) m]

1 3 m 2
2|1 (; %(xf)zj(z)) ami|.
m 2
Ti=3 ¢4 | (Z n_,-(xz)z'j(t)) dms. (28)

T3

j=1
If we neglect gravity potential energy, the unique potential energy will be caused by the elastic
potential energy such that

1 3 L; 1 Ly
v =33 [ EOir avie g [ G ) dx. (29)
i=2 Y0 0

The first and the second terms of Eq. (29) are the strain energy from the bending and the torsional
vibrations, respectively. Again, applying the modal co-ordinates to Eq. (29), we get

m

IR 3 ’ 1 (- ’
V=3 ; /0 EI (}Z ¢;]’.(x,~)zj(z)> dxi +3 /0 GJ, (Z n;(xz)zj(z)> dx,. (30)

j=1
Non-conservative work from joint torque is formulated as
5”//2591 *T1. (31)

Let us define the Lagrangian ¥ .= 7 — ¥~ so that the equations of motion can be obtained from
the Lagrangian dynamic formulation as

d /0¥ 0¥
hd T, i=1, . mt ], 32
dt(aq,) o T, i m—+ (32)

where ¢; is the ith element of generalized co-ordinate which is made up of

q= [61 Z1 Z2"'Zm]T — [91 ZT]ERM-H.

It is satisfied that 7; =0, i=2,...,m+ 1, since there is no input to the direction of modal
co-ordinates. Applying kinetic and potential energies in Egs. (27) and (30) to the Lagrangian .Z,
we have symbolic equations of motion based on the system mode approach as follows:

M, M, ||0 C, Crl||6 0 0[]0
i Al o [T, (33)
My My ||z Ci 0 z 0 Ky||z 0
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where the bold characters stand for vector quantities and the normal characters for scalar
quantities. The inertia matrix contains information about the angular momentum and Kinetic
energy. Each term of the inertia matrix is

M,y =Jy + ko - (12 + 113) - ko R,
M, = [hy, ..., ] e R,

3
where hjéz[j[ ko - (r; % j)os(x)ydmy |, j=1,....m,
i=2 L/ Di

mx1
My =M}, eR™!,
Mff = Im eRmxm’ (34)

where I, is an m-dimensional identity matrix. We utilize the orthogonality relation in Eq. (20) for
removing the off-diagonal elements in M. M,, is the inertia for rotation of joint 1 centered at Z-
axis. M,s is the coupled inertia. All the elements of M are constant except M,,; M,, contains
flexure variables, but usually it is assumed constant by the linearization. C is arranged to satisfy
the skew symmetry of M — 2C [19]. Finally, the stiffness matrix is simply given by

Ky = diag{w%,w%, ...,a),zn , (35)
where w; is the jth modal frequency from the analysis of the system mode. The constrained
vibration equation is always given in a simply decomposed form:

i+ Kyz=0

by fixing 0, = 0.

4. Accessibility and identifiability

The accessibility condition in a physical plant is the same no matter what method we may
describe the dynamics with. In this context, the discussion about the conditions and the physical
meaning for the accessibility is made based on the dynamic equation derived in the previous
section. As the duality with the accessibility, the identifiability is also defined and examined.

Suppose that the actuation and sensing take place only at joint 1. Applying the same
assumptions that were made in Eq. (4), M is reduced to be constant and the Coriolis and
centripetal force are negligible. By combining the upper part with the lower part of Eq. (33), we
obtain an equation associated with the joint torque and system modes of vibration as

(I = M,,'MiM,p)i + Kypz = — M, "My, (36)

where M,, is always positive, and so is M. Eq. (36) displays the same form as the fast subsystem
of the singularly perturbed model [20]. If we define u; £ M 't|, u; becomes a new control input.
Through the coupled inertia M., u; controls the dynamics of vibration. In this point of view, M
acts as the AIC vector. The explicit form of the jth element of My, that is /;, in Eq. (34) can be
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rewritten as

3
hj = Z [ji, si(xi)yi(x7) dmi:| ) (37)

i=2

where s;(x;) = ko - (r; X j;) 1s the normal distance from the axis of rotation to a robot’s body point;
refer to Fig. 3 for graphical definition. Geometrically it is satisfied that

$2(x2) = xpsin 0,  s3(x3) = Ly sin 0, + x3 sin(6, + 03). (38)

From Eq. (37), A; is the first moment conceptually, where s;(x;) is the length of arm from ky-axis,
and ¢;(x;) acts as the physical quantity like the distributed linear force. According to Eq. (25), the
projected angular momentum due to the pure elastic motion can be written as

H; = Z hizi(2), (39)
=

where 4; is the weighting coefficient of the angular momentum caused by the jth mode. We call 4,

as the jth modal angular momentum coefficient (MAMC). This means M consists of MAMCs of
all the vibration modes. If A; happens to be zero at the given configuration, there is no
contribution to the system’s angular momentum in the ky direction by the jth vibration mode. If
the magnitude of /; is large, the contribution of the jth mode to the angular momentum is also
increased. The inner product of 0, ko and H results in the kinetic energy 7. That h; = 0 means in
a sense no momentum transfer between joint angular motion and the jth V1brat10n mode and the
vibratory motion and angular rotation are appearing indifferent to each other.

Theorem 1. If the jth element of M (that is, MAMC of the jth mode) is zero, the jth vibration mode
in Eq. (36) is not accessible by the input torque at the given configuration. Otherwise, the jth mode is
accessible at the configuration.

Proof. Consider that the jth element of My is zero such that
Mfr [hl ] 1 Oh/—H hm]T-

Then, the jth row and column of MM, also become zero, which yields the jth modal equation to
be

5+ iz =0, (40)
This shows that the jth modal equation in Eq. (36) is a pure oscillator; this mode is completely
isolated from the input, as well as from the other coupled vibration modes. If /; is not zero, the

control input can access the jth vibration mode through /;. We can expect that the accessibility be
increased as the magnitude of /; is larger. This concludes the proof. [

Following the same lines as with accessibility, the identifiability condition can be derived by
investigating the following equation:

(M, = MyyM)0) + My Kyz = 1, (41)
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which is obtained by plugging the lower part into the upper part in Eq. (33). From the above
equation, the second term on the left side is the stiffness force interacting with the joint motion,
and M, determines the influence of the stiffness force.

Theorem 2. Consider the system in Eq. (41) with feedback control from the joint measurements such
that

T = —Kp91 — Kvél. (42)

If the jth element of M s (that is, hy) is zero, the jth mode cannot be identified by the joint sensor at
the given configuration. Otherwise, the jth mode is identifiable by the joint sensor at the
configuration.

Proof. Introducing control input in Eq. (42) into Eq. (41), it becomes
(M, — M yM)0, + K0, + K,0, = —M Kz, (43)

which implies a stable joint feedback system perturbed by the stiffness force on the right-hand side
of the equation. Suppose that the MAMC of the jth mode be zero. Then, from Theorem 1, z; will
be sinusoidal for a non-zero initial condition. The stiffness force from the jth mode is always
filtered by M,; before acting on the joint dynamics in Eq. (43). If we remember the previous
assumption that all the system modes are distinct, the portion of the stiffness force from the jth
mode will be sifted through M,,. In a stable linear system, a sinusoidal output with a certain
frequency will be observed only if there is a sinusoidal input with the same frequency. In the light
of this fact, the joint encoder will never exhibit the component of the jth modal frequency for zero
h;. For non-zero #;, the jth oscillation mode will appear in the joint response, even though it is
damped somewhat due to the joint feedback. [

4.1. Numerical example

We illustrate an example for calculating MAMCs using the system mode method. Consider a
3-D two-link flexible robot whose physical parameters are summarized in Table 1. We do not
consider the flexibility of the link in the direction of the gravity. First, we solve the eigenvalue

Table 1

Physical parameters

Contents Symbol Value
Length of Link 2 L 0.52 (m)
Length of Link 3 Ls 0.52 (m)
Mass of Link 2 M, 0.44 (kg)
Mass of Link 3 M 0.16 (kg)
Mass of elbow actuator M. 1.62 (kg)
Mass of lumped tip My, 0.29 (kg)
Stiffness of Link 2 EDL 24.4 (N m?)

Stiffness of Link 3 EL 6.35 (N m?)




J. Cheong et al. | Journal of Sound and Vibration 269 (2004) 489-509 503

180

IR ICS RECI ™ = 10
5 554 %% :“@:;‘ .
0 'ffli;;'lll','zz‘:‘:::: \‘:&3&;«
: s SRS
E? R el
.Q. -5 K y Y ﬂ;’l‘z’
) 10 Ul
NSELLALL ok 150
200 -

-120

-180 : i : i
-135 -90 -45 0 45 90 135

83 [Deg]
(a) Contour plot (b) 3-D plot
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Fig. 5. Modal angular momentum coefficient: the second mode. (a) Contour plot; (b) 3-D plot.

problem using Eqs. (17) and (18). The solutions are plugged into Eq. (13) to obtain system mode
shapes. Then, we compute MAMCs numerically following Eq. (37). Repeat the procedure by
changing configurations of the robot gradually. Figs. 4 and 5 show the MAMC:s of the first and
the second system modes magnified 10 times. They vary from configuration to configuration. One
can notice singular configurations where the MAMCs become zero. At those configurations, one



504 J. Cheong et al. | Journal of Sound and Vibration 269 (2004) 489-509

Fig. 6. POSTECH flexible robot: experimental system.

or all of the vibration modes cannot be accessed by 7. At a glance, as Link 2 is more directed to
ko, the MAMC:s tend to be smaller. The configurations close to singular lines correspond to the
weakly accessible configurations. In the modal feedback control [21,22], the signs of the AICs are
greatly important to the stability. In our terminology, the MAMCs will have the same meaning as
the AICs. At weakly accessible configurations, the signs of the MAMCs might be estimated wrong
in sign due to inexact modelling of kinematic and dynamic parameters, external disturbances, and
measurement errors. The reverse feedback, no matter how small it may be, will cause the
instability. The need for robust control in the weakly accessible configurations stems from these
reasons, so the present control system is a good test plant for verifying the robustness of modal
feedback controllers.

According to Figs. 4 and 5, at (6,,03) = (0°,0°) and (6,,03) = (180°,0°), the first and the
second modes are inaccessible simultaneously. As for the first mode, the maximum magnitude of
the MAMC shows at (05, 03) = (+90°,0°), and as for the second mode, the maximum magnitude
of the MAMC will be at (05, 03) = (+90°, 180°). If we remind the geometric structure of robot in
mind, MAMCs have the following relations:

hi(—0,, —03) = —h;(02,03)
and
hj(TC — 92, —03) = hj(ez, 03),

which are evident from Egs. (37) and (38) without difficulty. According to the definition in
Eq. (37), the modal angular momentum strongly depends on the mass distribution and the link
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Fig. 7. Impulse response at (C1): the first mode is unidentifiable. (a) Joint response; (b) strain gauge response.

configurations of the robot. The position of lumped masses and the addition of the payload mass
will change the modal angular momentum. This implies that the modal angular momentum can be
effectively changed by varying those parameters. Many of the previous researches on the
controllability of the flexible robots and controllability related with flexible payloads may be put
into the same category: the analysis of modal angular momentum.

In the foregoing discussion, the priority of the selection of the arm configuration for horizontal
rotation lies in guaranteeing the satisfactory amount of accessibility. If it is satisfied, the next
consideration would be the minimization of the rotational inertia M,,. This is because the smaller
M,, reduces the total cost of energy and increases the speed of tasks. Since the rigid body inertia
M,, in Eq.(34) depends on the robot’s geometry, we can take optimal configuration that
minimizes M, as well as guarantees the sufficient accessibility for every the significant mode.

5. Experimental results

We performed experiments to justify the theoretical results. The experimental robot is shown in
Fig. 6. Its physical parameters are the same as in Table 1. The angle of joint 1 was measured by
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Fig. 8. Impulse response at (C2): the second mode is unidentifiable. (a) Joint response; (b) strain gauge response.

optical encoder and the elastic vibration was measured by strain gauges at each side of elastic
links. Since the test of the accessibility might be affected by the performance of the applied
controller, we conducted the experiments on the identifiability, rather than on the controllability.
Initially, we excited all the modes of vibration by exerting an impulse at the tip of robot with a
hammer. Then we recorded the responses measured by strain gauges and joint encoder
simultaneously. We checked the identifiability at three different configurations using the maps in
Figs. 4 and 5:

(C1) (0,,03) = (—24°,85°), where h, is zero,

(C2) (0,,03) = (18°,81°), where A, is zero, and

(C3) (0,,03) = (50°,40°), where both & and A, are non-zero.

There are two dominant natural frequencies for those configurations; they are 1.98 and 3.26 Hz
at (C1), 1.95 and 3.38 Hz at (C2), and 1.76 and 4.25 Hz at (C3). At each configuration, the robot
was made to stand still by imposing high servo gains at joints 2 and 3. To exclude the interaction
with the vertical vibration, a modal feedback vibration controller [20] was activated to suppress
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Fig. 9. Impulse response at (C3): the first and second modes are identifiable. (a) Joint response; (b) strain gauge
response.

the vertical vibration, while we tested the identifiability of the horizontal vibration. At joint 1, the
following gains were applied to PD joint feedback in Eq. (42):

K, =350, K,=38.

Since the proportional gain is considerably large, the elastic link extended from the rotary joint
behaves almost like the constrained structure [16,23]. Figs. 7-9 show the test responses of joint 1
and the strain gauge attached at Link 3 at (C1)—~(C3) cases. In order to clarify the frequency
contents of the signal, each plot in time domain is presented together with its FFT plot. At
configuration (C1) as shown in Fig. 7, the joint encoder could not measure the contents of the first
mode (see Fig. 7(a)), even if the elastic links were oscillating dominantly with the first mode (see
Fig. 7(b)). At configuration (C2), the second flexible mode is hardly identifiable by the joint
encoder. Therefore, the joint could not measure the second mode (see Fig. 8(a)), even though the
strain signals contained the second mode as shown in Fig. 8§(b). Finally, Fig. 9 shows the responses
at configuration (C3) where all the modes are identifiable. Both the joint and strain gauge signals
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contain the first and the second modes simultaneously. Conclusively, the theoretical results of
identifiability discussed in the previous section satisfies the experimental results well. Thanks to
the dual relation, the accessibility of those configurations will be readily expected with the test
results of the identifiability; at (C1) and (C2), the first and the second mode would be inaccessible,
respectively, and at (C3), both modes would be accessible.

6. Concluding remarks

For the accessibility and the identifiability of the horizontal vibration in multi-link flexible
robots, we developed the Lagrangian dynamics symbolically associated with the system mode
vibration. Thereby, the meaning of each component of inertia matrix M was understood.
Especially, we realized that

e the off-diagonal inertia M,s (or M) consists of all the modal momentum coefficients,

e these coefficients indicate the amount of energy transfer between joint motion and the
corresponding vibration modes, and

e if any element of the off-diagonal inertia becomes zero, those vibration modes will never be
accessed and never be identified by the joint actuator and by the joint sensor, respectively.

We found that the modal angular momentum coefficients strongly depend on the mass
distribution of robot components as well as the geometric configurations. When selecting a
configuration for horizontal rotation task, we should guarantee the accessibility and the
identifiability up to a sufficient level. In addition, we must consider such issues like minimization
of rigid body inertia, robustness around weakly accessible region, and variation of modal angular
momentum coefficients due to grasping payloads at the same time. To deal with these matters, the
theoretical results addressed in this paper will provide basis knowledge.
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