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Abstract

This paper deals with the system mode analysis of horizontal vibration for 3-D two-link flexible
manipulators. For the analysis, we formulate and solve a set of partial differential equations which
represent vibration mixed with bending and torsional moment. The inclusion of torsional vibration
complicates the analysis, but the results are more precise and realistic. We obtain a number of geometrical
and dynamical boundary conditions depending on manipulator configuration. There are two possible
boundary conditions at the rotary joint: clamped and pinned with spring condition. We perform a
examination and comparison between the two joint conditions. Numerical and experimental tests show the
validity and effectiveness of the proposed analysis and modelling.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Precise modelling of vibration in a flexible structure is the fundamental step toward
sophisticated vibration control. So far, the vibrations of links in most of the flexible robots
have been modelled by the assumed mode solutions of each flexible link (i.e., component mode of
each link). They need a large number of mode solutions and many degrees of freedoms so that the
modellings are accurate enough. The component modes of vibration, which originally contain the
local nature of each link, are combined together to yield system mode of vibration. Oakley [1]
stated that a larger dimension of component modes is needed to obtain a certain dimension of
system modes. Consequently, a greater dimensional eigenvalue decomposition has to be solved,
but it is too time-consuming to compute on-line. In addition, the resulting system mode shapes
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after eigenvalue decomposition may be erroneous due to inexact boundary conditions. A few
papers deal with the analysis of system mode vibration of two connected flexible members. The
exact system mode of L-shaped flexible structure was studied by Bang [2]. Milford and
Asokanthan [3] discussed the analysis of system mode vibration of planar two-link flexible robot,
directly solving partial differential equations. For simplicity, they assumed each rotary joint as the
clamped boundary. More detailed and completed work was done by Cheong et al. [4]. In their
work, four possible sets of joint boundary conditions were investigated. To model the boundary
condition of each joint, the spring-hinged condition was included in parallel with clamped
condition. This enables us to observe the effect of joint servo gain, similarly done by Garcia and
Inman [5], and Cetinkunt and Yu [6].

Until now, the analysis of system mode vibration of 3-D flexible robots shown in Fig. 1 has not
been studied. Apparently, the geometric joint workspace may be decomposed into horizontal and
vertical planes at the instant as shown in Ref. [7]. The 3-D vibration of the robot is also
decomposed in a similar way. We define the vertical vibration to be the vibration that occurred by
the rotation of joint 2 and/or joint 3, while the horizontal vibration occurred solely by the rotation
of joint 1. For system mode analysis of the vertical vibration, one can directly apply the results of
two-link flexible robots moving in a plane in Refs. [3,4]. Hence, if the analysis of horizontal
vibration has been performed, we will have completed the analysis for the system mode vibration
of 3-D vibration. An interesting feature of the horizontal vibration is that it incorporates torsional
vibration. This is caused by the geometric asymmetry about the longitudinal axis of the upper

Joint 1

Fig. 1. Schematic of 3-D flexible manipulator.
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link. Research works related with coupled bending-torsional problems can be found in Ref. [§],
where the torsional moment due to the asymmetry of the lumped mass at the tip was treated in a
single link flexible robot, and in Ref. [9], where the estimation of 3-D vibration including torsion
in a multi-link robot was studied using the component mode analysis. Practical examples of
horizontal motion with horizontal vibration can be found in other applications like the tower
crane and the pump car. The slender booms or pipes of those machines produce vibrations when
they undergo horizontal motions. If we have accurate knowledge about the characteristics of the
horizontal vibration, we can speed up tasks and increase productivity by a proper control of the
vibration.

In this paper, we will solve the horizontal vibration of a 3-D two-link robot; we will use the
extended Hamilton’s principle to derive the governing equations and the corresponding boundary
conditions. After setting up the equations, the system mode analysis will be carried out. The
coupling effect between bending and torsion is also fully studied. The outline of this paper is as
follows: Modelling and notation necessary for subsequent development are described in Section 2.
Section 3 is devoted to the analysis of the system mode of horizontal vibration. Numerical and
experimental results are given in Sections 4 and 5, respectively. Finally, conclusions are presented
in Section 6.

2. Modelling

Consider a 3-D manipulator with two flexible links as shown in Fig. 1, where e denotes shoulder
offset. As defined in the previous section, the decomposition of the 3-D vibration into vertical and
horizontal vibration makes the analysis easy. Note that the horizontal vibration may have vertical
components of displacement in Cartesian space due to the torsional motion. However, since the
torsional motion always combined with horizontal rotation, we conveniently consider the
vibration from the horizontal rotation as the horizontal vibration. On the other hand, the vertical
vibration remains only in the vertical motion plane.

In conventional modelling, the horizontal and vertical vibrations of each link are
mathematically described by the summation of assumed component modes such that

m;

yi(xi: t) = ZI lpi,k(xi)ri,k(t)a i= 2: 3> U,’(X,‘, [) = Z (bi,k(xi)si,k([)a = 21 33 (1)
k=1 k=1

where y; and v; are the horizontal and vertical vibrations, respectively, and i and k denote link
number and mode number, respectively. m; is the number of vibration modes in the ith link. The
first link is rigid, so the two flexible links are numbered as the second and the third links. v; (x;)
and ¢;,(x;) are mode shape functions of horizontal and vertical vibration, r;x(¢) and s;x(¢) are
their corresponding time functions, and Xx; is the domain of the ith link such that 0<x; < L;, where
L; is the length of the ith link. From the structure of the flexible robot in Fig. 1, it can be written as

0,201, 0,2[0, 01", w21, w2[n ul,
where /4 and v represent variables related with horizontal and vertical subspaces. According to a

physical observation, the natural frequencies and mode shapes of both subsystems are changing
mainly according to the variation of the elbow joint 05.
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In an accurate modelling, the assumed mode expansion up to finite numbers may fail to
describe a real vibration in wide range of configurations due to inexact boundary conditions and
discontinuity at the interconnection of flexible links. Also, we have no systematic way to
determine how many modes are included to describe actual vibration accurately. The use of the
system mode description will eliminate these problems. In this paper, our major concern will be
the analysis of the horizontal vibration in a completely analytic way.

3. Horizontal system mode analysis

Fig. 2 illustrates the definitions of horizontal vibration using the component mode description
and the system mode description; in the component mode description, the vibration of each link is
defined only along the side of each link, but in the system mode description, the vibration is
defined over the whole body. The advantage of the component modes is that they can be solved
easily or simply obtained from engineering handbooks. The disadvantage is that they are liable to
give inaccurate composite modes when they are fused together by the eigenvalue decomposition.
Moreover, the eigenvalue decomposition takes large computation time; as the dimension
increases, the eigenvalue problem takes much more time. We cannot avoided the eigenvalue
decomposition procedures if the component mode description is applied at the modelling step.
The system mode description is much better in obtaining more accurate vibration modes even if it
is a little complicated to formulate and solve. Also, using the system mode description, we can
approximate the vibration precisely with a lower number of modes without the eigenvalue
decomposition.

In general 3-D robot systems, the horizontal and vertical motions appear simultaneously in 3-D
space. This makes it difficult for us to simply decompose 3-D motion into pure vertical and
horizontal motions; they are coupled with each other. However, fortunately, the only coupling
terms between the two plane motions are velocity terms. When we linearize the system about an
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Fig. 2. Definitions of horizontal vibration.
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operating point where all the velocity terms are zero, two motions can be decoupled. Actually, the
coupling force do not contribute the natural modes of vibration, and it can be definitely
interpreted as the non-linear forcing terms acting on each linear vibration system. Another thing
to note is that the effect of torsional vibration appears during the horizontal rotation. The torsion
does not arise during the pure vertical motion. Since it is combined with the horizontal bending
deflection, this makes the deflection more severe. The effect of the torsional vibration increases
when the relative angle 03 between two links are large. Fig. 3 depicts the effect of torsion to the
horizontal vibration. Due to the torsion, the bending deflection of the lower link becomes larger.

3.1. Derivation of equations of motion

The governing equations and the corresponding boundary conditions of the system in Fig. 2(b)
can be obtained using the extended Hamilton’s principle [10]. According to the Hamilton’s
principle, the Lagrangian and non-conservative work have the following relation for arbitrary
time #; and t,:

/ [2(53 W ) dt, (2)

where ¥ = 4 — & and # ", are the Lagrangian and work done by external forces, and ¢ and &£
are the kinetic energy and the potential energy, respectively. For developing the governing
equations, we make assumptions:

e the joint variables are fixed at a given configuration,

e the effect of should offset is neglected since it is small, and

e the torsional vibration in the lower flexible link is neglected since the majority of the torsional
vibration arises in the upper link.

Horizontal rotation axis

T
/7— :

Link 2

Fig. 3. Effect of torsional deflection.
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First we consider the clamped joint case; thus, joint 1 is fixed without motion. The kinetic energy
of the horizontal vibration " is

H =Ko+ A1, (3)

where 'y and 2| are the portions of kinetic energies by lumped elements and elastic links,
respectively, and they are defined as

Ho =AM (72(L2))* + 1 Myyp(93(Ls))* + L L(Y(L2))
+ 11, GA(L3))” + 3 T(Ta(Lo)), (4)

Ly 1 Ls 1 Ly .
Hy=5 / P25 doxs + 3 / P33 doxs + 3 by T5 dxs, (5)
0 0 0
where y, and y; are the horizontal bending deflection of links 2 and 3, and 75 is the torsional
deflection of link 2; M. and M,;, are the center mass and tip mass, /. an I, are the moment of
inertia of the center mass and tip mass in the direction of bending moment, and J. is the moment
of inertia of the total outer body from the center in the direction of the torsional moment—J,
depends on the elbow angle 03; p, and p; are the density of links 2 and 3, and b, is the unit polar
moment of inertia of link 2. The dot and prime mean the time derivative and spatial derivative,

respectively.
For the potential energy £, we consider the elastic potential energy only such that
1 L 1 Ls 1 L
P =_EL N2 dx, + = EL N2 dxs 4+ =Gl | (Th)* dxa, (6)
2 0 2 0 2 0

where EI; is the flexural rigidity of the ith link, and GI, is the torsional rigidity of link 2. If we
rewrite the Lagrangian as

L =%y + 2, (7)
where ¥y = Ao and ¥ = A"} — 2, the Lagrangian density functions for .#; can be defined:
L» Ly L»
L= hy dx, + / hsy dxs + / g2 dx,, (8)
0 0 0

where
hy =3p275 — SEL(Y),
hy =13p373 — SEL(S),
g2 =10, T3 — LGI(T3)’,

are the Lagrangian density functions. As for the non-conservative work #,., we do not have to
consider it because there is no external force when we assume the joint boundary to be
clamped.The variation of Lagrangian %; becomes

0 =0%y + 0%,

Ly Ls Ly
=0%y + / ohy dx;p + / ohs dxs + / 0gs dxa, 9)
0 0 0
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where
oh oh
Shy :a—yzéyz—i—a —— Oy,
oh oh
Shs 26—35)/3 % ,3/5)/
ag2 agz /
5g2 6T2 5T2 aTé 5T2

Performing the integration by parts, 0. can be rewritten as follows:
L2190 (oh oh
o= (5 (58) Jomes
L31o (oh oh
- 5 - (57) Jove
-GG }m

oh oh oh
2y ( 2) Oyaly 57 0%

a // aylzl a //
6h3 L 6g2 "
- <8y’3’> 5y3|03+6T§ 5T2|€‘- (10)

In the above, terms inside of each bracket in the first three lines determine the equations of
motions, and the other lines determine the boundary conditions in conjunction with 6.% which is

written as
0 (0% 0 (0% 0 (0%
0Ly = — = - = - = L
0 3 <8y > oy2(Lo) <8y > 0y3(L3) 8[(6 ) 3y5(L»)

- 25 - 557 omsceo (i

See Ref. [10] for the derivation of Eq. (11). If we put kinetic and potential energies in Egs. (4)—(6)
into 0.% and §.%, we can get the equations of motions and corresponding boundary conditions
after a consider a considerable amount of mathematical manipulation. The equations of motions
and boundary conditions are so determined to satisfy Eq. (2) always for arbitrary variations of
variables at all boundaries.

From Eq. (10), the equations of motions are

ELYY + pyjn =0, (12)
ELyS" + p3j3 = 0, (13)

GILT) + b1, =0, (14)
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where the first two equations represent the bending vibrations of two flexible links, and the last
equation represents the torsional vibration of link 2. The boundary conditions are obtained not
only from the natural conditions but also from geometric constraints [1]. The natural boundary
conditions can be determined by gathering variations at boundaries and making them zero
without regard to those variations, while the geometric boundary conditions are given in the
kinematic level initially.

(a) At x, = 0: Since the rotary joint 1 is assumed clamped, there are three geometric constraints
as follows:

12(0) =5(0) =0 and T75(0) = 0. (15)

(b) At x, = L, or x3 = 0: The center mass is located in between two successive links so that the
continuity of geometry and various force balance should be met.

y2(L2) = y3(0), (16)

V5(La) — To(L) sin 03 = y5(0), (17)
ED)5(Lo) = ELy5(0) — I.y5(Lo), (18)
EDLYyy (L) = ELyy (0) + Mcja(La), (19)
GILTy(Ly) = J. T2(Ly), (20)

where the first two equations come from the geometric continuity of displacement and rotation,
and the last three come from the natural boundary conditions, i.c., the bending moment, shear
force, and torsional moment balances.

(¢c) At x3 = Ls:

ELYS(Ly) = —Lipiy(Ls), (21)

ELyY (L) = Mypis(Ls), (22)

where the first equation is the moment balance, and the second is the shear force balance at
the tip.

Next we will derive the governing equations and boundary conditions when the joint boundary
is assumed to be pinned—spring. The big difference is that we should include the effect of the
rotation of joint 1 to "y such that

Ao =307 + 1M .(2(Lo))* + Moy (3(L3))* + L.(5(La))
+ 1Ly (4(L3))* + 3(To(Lo)), (23)

where J) is the rotary inertia of joint 1. The angular rotation of joint 1 is assumed to be small, and
this assumption is reasonable when the robot’s joint is controlled by stable controller. Under the
assumption, we have the following trigonometric relation:

01 sin 02 = y’z(O) (24)
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The kinetic energy from elastic links #"; and the potential energy £ are the same as before in
Egs. (5) and (6). However, the non-conservative work is no longer zero; it should be

5Wnc =T] 591 =T 5y’2(0)/s1n 02, (25)

where 7; is the torque at joint 1. Suppose that the proportional control is the dominant servo
action. Then, we can set 7 = —K;0;, where K; is the proportional gain. It is interesting to
investigate the effect of this gain, which will be shown later. We call this kind of boundary the
pinned with spring condition [5] even though the spring is artificially given. Putting the kinetic
energy in Eq. (23) and the non-conservative work in Eq. (25) into Eq. (2), we can obtain the
governing equations and boundary conditions. Simply, the governing equations are the same as in
Egs. (12)—(14), whereas the boundary conditions at y, = 0 are different as follows:

yz(O) = 0, TQ(O) = 0,
ELY(0)sin? 0, = K;5(0) + J1375(0). (26)

The underlying meaning of Eq. (26) is that the slope »4(0) at the joint is being constrained by the
spring while the elastic moment is acting on. If Kj is large, the slope at the joint will remain very
small as if it were clamped at the joint. On the contrary, if K; is small, then the slope of link will
not be regulated well; it rather looks like a pinned boundary. The change of 6, also affects joint
boundary condition. As sin” 0, is fairly decreased, joint 1 becomes a heavier inertia and a larger
servo gain actuator. Extremely, if 6, becomes zero, the bending moment at joint boundary cannot
be exerted on the joint. If 0, is 7/2, the bending moment is transferred directly to joint 1. Thus, K
and 0, are key parameters for the characteristics of pinned—spring boundary condition at joint 1.
The other boundary conditions are the same as the previous development in Egs. (16)—(22).

3.2. System mode analysis

In Egs. (12)—(14), the governing equations of bending and torsion are decoupled from each
other. However, those boundary conditions are mixed complicatedly, which makes bending and
torsional vibrations depending on each other. In the system mode analysis, every vibration mode
is solved together by combining all the conditions. This implies that each of the modal time
functions is the common solution of all the participating bending and torsional vibrations.
Consider m number of series solution of the bending vibration y(x,?) that covers the entire
domain:

N t) = {J/z(XZ, =30 $i(x2)qi(), 0<x = x2< Lo, @7

y3(x3a t) = Z;il lp](x3)q](t)a 0<x - LZ = x3 <L37

where ¢; and ; are the jth system mode shapes of bending vibration for links 2 and 3,
respectively, and ¢; is the time function for the jth system mode. The bending vibration y(x, ?) is
made by just patching y» and y3, using the common time function ¢;. This is because g; represents
the system mode of the whole system. It prevails in the whole domain of the horizontal vibration
system. On the other hand, in the conventional component mode analysis, time functions should
be defined differently in y, and y3. Similarly, the series solution of torsional deflection in system
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modes can be written as

Tr(x2,t) =S n:i(x2)qi(1), 0<x = xy< Lo,
T 1) — 2(x2, 1) = 30 i(x2)g;(2) <Ly 28)
T3(x39l),:07 0<X_L3 :x3<L3,

where 7, is the jth system mode shape for torsional vibration of link 2. Again, we use the same
time function g;(f) because we are to solve the system modes mixed with every bending and
torsional vibrations coupled with along the entire system. The torsional deflection at link 3 is set
to identically zero as assumed in the beginning of this section. According to vibration theory,
normal mode time solution can be written as

q,(1) = exp(w;?), (29)

where w; is the natural frequency of the jth system mode.
Substituting Eqgs. (27)—(29) into Eqgs. (12)—(14), the spatial solutions of bending vibration can be
determined by the ordinary differential equations (ODEs) such that

¢} (x2) = A}p;(x2) = 0,

P (xs) — () = 0, (30)
and that of torsional vibration can be obtained by the second order ODE as
7} (x2) + 171(x2) = 0. (31
In the above, we defined that }u —pz(l)z/EI2, ! —p3co2/E13, and K bzw}/GJz, so it is satisfied
that
1/4 1/2
= @Z Zj) /zj and ;= <§Z 1;2) /zj. (32)

The general forms of the solutions of Egs. (30) and (31) can be given by

$;(x2) = Aj sin(4;x2) + By sinh(4;x2) + Cy cos(4;x2) + Dy cosh(4;x2),

Y(x3) = Az sin(u;x3) + B sinh(y;x3) + C; cos(u;x3) + Da cosh(;x3),

nj(x2) = Az sin(k;x2) + Bs cos(k;x2). (33)
Introducing Egs. (27)—-(29) into boundary conditions, we can rewrite them in terms of spatial
functions, i.e., ¢;(x2),¥;(x3), and n,(x2). Furthermore, if the spatial solutions in Eq. (33) are

substituted, we Wlll get a set of linear homogeneous equations which are written in a linear matrix
equation as

H(O)v = 0, (34)

where v =1[4, By C, D| A> B, C, D> A3 B3] is a vector of undetermined constant. Element by
element expression of H(4) is not provided due to space limitation, but it is straightforward to
determine H(/) without difficulty. The eigenvalues (or natural frequencies) of whole system can be
determined from the frequency equation given by

det(H(1)) = 0 (35)
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at the non-trivial solutions A’s. The closed form of det(H(4)) is complex, so a symbolic package
will be useful. The Macsyma' package was utilized in this paper to get H(/) and its determinant in
symbolic way. For determined solutions either symbolically or numerically, non-trivial v’s, which
are called eigenvectors, will be obtained in the null space of H(4). These vectors determine the
system mode shapes of the horizontal subsystem.

3.3. Orthogonal relations

By imposing all the boundary conditions on the governing equations, the orthogonal relations
between mode shapes are obtained for both cases where joint 1 is modelled to be clamped and
pinned—spring. These orthogonal relations will be useful in extracting mode shapes from the
displacement data. We can also confirm the validity of the boundary conditions by deriving these
relations.

(a) Clamped at joint 1: If joint 1 is clamped, the orthogonal relation is

L L

L
/0 Pz¢i(x2)¢j(xz)dxz+/o paWi(x3);(x3) dxs + A bani(x2)n;(x2) dx,

+ M (La)p,(La) + L (La)i(La) + Myl (L3 (Ls)
+ Lipp (LW (Ls) + Jen(Lony(La) = 0 if i#). (36)

For the proof, see Appendix A.
(b) Pinned-spring at joint 1: If joint 1 is spring-hinged, the orthogonal relation is
L3 Ly

Ly
/0 p2i(x2)(x2) s + /0 pabie ) v+ [ b ) d,

+ sn;]Tloz $0)¢(0) + Mehp(La)p;(L2) + I.P{(L2)dH(La) + Mupl (L3 ,(Ls)

+ Lipi(LaWi(L3) + Jen(Lo)ny(La) = 0 if ij. (37)

For the proof, see Appendix A.

4. Numerical examples

The numerical examples illustrate how we can obtain the solutions of the system modes and
what the results look like. The calculated natural frequencies and mode shapes will be compared
according to the boundary condition at joint 1. The numerical values applied to a robot model are
summarized in Table 1.

Modal frequencies: Assuming that joint 1 is clamped, the first three natural frequencies of
horizontal vibration are summarized in Table 2 at various configurations. Roughly, the first mode
is ranging from 1.7 to 2 Hz, while the second mode is ranging from 5 to 3 Hz as 65 varies from 0°
to 90°. These two modes move reversely as 03 increases, and they are expected to be the same value
when two links are folded exactly. To ascertain the effect of torsional coupling, we also investigate

' All rights reserved to Macsyma Inc.
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Table 1

Physical parameters

Parameters Symbol Value

Length of link 2 L, 0.52 (m)

Length of link 3 Ls 0.52 (m)

Mass of link 2 my 0.44 (kg)

Mass of link 3 m; 0.16 (kg)

Center mass M, 1.58 (kg)

Mass of lumped tip M, 0.29 (kg)

Inertia of joint 1 Ji 0.00932 (kg m?)

Inertia of center mass 1. 0.00365 (kg m?)

Inertia of end tip mass Lip 0.0000293 (kg m?)

Flexural rigidity of link 2 EL 24.4 (N m?)

Flexural rigidity of link 3 ELL 6.35 (N m?)

Shear rigidity of link 2 GJ 17.23 (N m?)

Table 2

Clamped joint

Elbow angle (0;) (deg) f1 (Hz) f>» (Hz) f3 (Hz)
0 1.7089 5.0604 16.9262
10 1.7152 4.9907 17.1548

20 1.7244 4.8009 17.6484

30 1.7420 4.5451 18.4020

40 1.7625 4.2581 19.2849

50 1.8299 3.9878 20.1884

60 1.8334 3.7478 20.8585

70 1.8848 3.5431 21.4025

80 1.9904 3.3306 21.7633

90 2.0271 3.2036 21.9361

the case where the torsional moment is neglected. The natural frequencies for this case are
summarized in Table 3. If we compare these results, we can find out that torsional moment lowers
the natural frequencies of the system. The effect of torsional moment becomes clear around
03 = 90°. We can conjecture the reason from the physical sense that the eccentricity by link 3
about the longitudinal axis of link 2 is maximized at 03 = 90°.

As another comparative work, the pinned—spring boundary condition at joint 1 is investigated.
Table 4 shows its first three natural frequencies for different proportional gains and for different
03, while 0, is fixed to 90°. As the proportional gain K; becomes larger, the corresponding natural
frequencies are increasing, and they approach to those of the ideal clamped natural frequencies.
This result definitely supports the previous works from Refs. [5,6]. The effect of shoulder angle 0,
on the natural mode is shown in Table 5. The values of K| and 05 are kept constant to 100 and 0°,
and 0, is varied. As 0, becomes smaller, the first two natural modes are increased, but the third
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Table 3
Clamped joint without torsion
Elbow angle (6;) (deg) 11 (Hz) /> (Hz) f3 (Hz)
0 1.7123 5.0637 33.3751
10 1.7211 5.0513 33.3880
20 1.7469 5.0139 33.4521
30 1.7906 4.9480 33.5462
40 1.8520 4.8562 33.6835
50 1.9309 4.7347 33.8339
60 2.0271 4.5807 33.9781
70 2.1375 4.4012 34.0817
80 2.2626 4.1973 34.1011
90 2.3952 3.9782 34.0191
Table 4
Pinned—spring joint: (6, = 90°)
Elbow angle (03) (deg) K; =50 K; =100 K; =300
fHzy  fHz) f3(Hz) fi(Hz) f,(Hz) fs(Hz) fi(Hz) f,(Hz) f;(H2)
0 0.9970 4.0546  10.1475 1.2249 42670 11.0931 1.4997 4.6402  14.4143
10 0.9988 4.0063  10.1204 1.2257 42125 11.0773 1.5020 4.5791  14.3891
20 1.0080 3.8655  10.0441 1.2390 4.0471 11.0036  1.5119  4.4043  14.3316
30 1.0230 3.6624  9.9622 1.2556  3.8415 109179 1.5302 4.1648 14.2771
40 1.0433 3.4360  9.8807 1.2805 3.5990 10.8630 1.5577 3.8997  14.2282
50 1.0702 3.2102  9.8145 1.3142  3.3577  10.8143  1.5921  3.6398  14.2142
60 1.10101  3.0532  9.7648 1.3527  3.1378  10.7778 1.6372  3.4018  14.2000
70 1.1402 2.8256  9.7359 1.4004 29443  10.7536 1.6921  3.1924  14.1864
80 1.1821 2.679 9.7302 1.4565  2.7817  10.7354 1.7601  3.0126  14.1780
90 1.2257 2.5729  9.7013 1.5210  2.6536  10.7293 1.8410 2.8643  14.1752

mode is decreased. Considering the overall results, we are sure that the characteristics of the
natural mode depend strongly on the boundary condition at joint 1. If it is clamped, the natural
modes vary only according to the relative shape of two flexible links. If it is the pinned—spring, the
natural modes are affected by the shoulder and elbow angles as well as controller gain.

Mode shapes: The mode shapes of horizontal vibration are very important in vibration
suppression control since they provide the stable direction of controlled modes. Depending upon
the joint boundary conditions and arm configurations, the mode shapes change considerably.
Figs. 4 and 5 show the noticeable differences of mode shapes between clamped and pinned—spring
joint conditions. To illustrate effectively, two links are depicted to lie on the horizontal plane in
these figures. In the clamped joint case, the third mode is nearly stationary at the lumped mass
positions, which is not the case in the pinned—spring condition. On the whole, every node in the
mode shapes of the pinned—spring joint case appears in the middle of the flexible link.
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Table 5

Effect of shoulder joint angle: (K; = 100, 03 = 0°)

Shoulder angle (6,) (deg) fi (Hz) f>» (Hz) f3 (Hz)
10 1.6890 4.9479 7.0895

20 1.6180 4.7605 7.6310

30 1.5485 4.6000 8.3520

40 1.4445 4.4588 9.0500

50 1.3916 4.4100 9.7070

60 1.3220 4.3424 10.3511
70 1.2680 4.2880 10.7110
80 1.2308 4.2700 11.0030
90 1.2249 4.2670 11.0930
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Fig. 4. Mode shapes of horizontal vibration: clamped.
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Fig. 5. Mode shapes of horizontal vibration: pinned-spring (K; = 100, 0, = 90°).

5. Experimental verification

To verify the system mode analysis, we performed modal tests to the POSTECH flexible robot
shown in Fig. 6. The robot has three joints and two flexible links. Each flexible link has circular
cross-section and it is made of steel with high elasticity. The vibrations are measured by strain
gauges attached at the sides of links. The physical parameters of the robot system is the same as
Table 1. The natural frequencies of both clamped and pinned—spring boundary conditions were
collected at various configurations using FFT technique. Then, they were compared with the
numerically calculated results. For obtaining the natural frequencies of the clamped joint
condition, we tightly locked joint 1 and exerted impact at the tip of robot. Table 6 illustrates the
corresponding natural frequencies according to the variation of 0;. As one can notice, the first two
measured frequencies are very close to the numerical results in Table 2. FFT plots at four
configurations are shown in Fig. 7. Due to the narrow bandwidth and low pass characteristic of
our sensor system, high-frequency modes over the second mode were not visible. Table 7 shows
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il

Fig. 6. Experimental system: POSTECH flexible robot.

Table 6
Clamped joint: experiment
Elbow angle (0;) (deg) /1 (Hz) f>» (Hz)
0 1.7090 5.1269
10 1.7090 5.1269
20 1.7090 4.8828
30 1.7090 4.6386
40 1.7090 4.3945
50 1.7090 4.0283
60 1.7090 3.7841
70 1.8310 3.5400
80 1.8310 3.4179
90 1.9531 3.2959

the first three natural frequencies for the pinned-spring boundary condition at joint 1 with
different proportional gains. To implement the pinned—spring condition, the nonlinear friction in
the joint was compensated dynamically. The compensated friction torque is mathematically
modelled as

17 = 1o sgn(0) + Ky, (38)

where 7y is Coulomb’s friction, K is the viscous friction coefficient, and sgn(-) is the signum
function. Thus, the control torque in joint 1 was given by

71 = —K,»5(0) + 17, (39)
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Table 7
Pinned—spring joint (0, = 90°): experiment
Elbow angle (0>) (deg) K,1 =50 K, =100 K, =300
fiHz)  fr(Hz) fs(Hz) fi(Hz) f,(Hz) f3Hz) fi(Hz f(Hz) f;(Hz)
0 1.0071 3.8452  7.8735 1.2817  4.2419  8.6975 1.4648  4.6692 11.3220
10 1.0376 ~ 3.7537  7.8430 1.2512  4.0894  8.4534 1.4648  4.5471 11.1694
20 1.0376  3.6011 7.7515 1.2817  3.9673  8.4534 1.4954  4.3945 11.1694
30 1.0681 3.4485  7.6599 1.3123  3.7537  8.3923 1.5258  4.1504 11.2000
40 1.0986  3.2959  7.5989 1.3428  3.5400  8.3618 1.5564  3.8757 11.1694
50 1.0986  3.1128  7.5378 1.3733  3.3264  8.3008 1.5869  3.6316 11.1694
60 1.1597  2.9297  7.5073 1.3733  3.3264  8.3008 1.6479  3.4180 11.3831
70 1.1902  2.7771 7.4768 1.4648  2.9297  8.2397 1.7090  3.2043 11.4746
80 1.2207  2.6245  7.4158 1.5259  2.777 8.2092 1.7700  3.0518 11.3831
90 1.2817  2.5330  7.3853 1.5869  2.6550  8.2092 1.8616  2.8992 11.3525

where the first term on the right hand side is the proportional servo action. While keeping the
system closed, we applied an impulsive torque at joint 1 to initiate the vibration. Technically, a
small amount of active damping was added to reduce chattering caused by friction compensation
in Eq. (38). The recorded values in Table 7 are close to numerically calculated results in Table 4.
As shown, larger proportional gain makes the natural frequencies larger. They will ultimately
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approach to those of the clamped boundary condition for infinite gain. The FFT plot in Fig. 8
illustrates how the proportional gain affect the natural frequencies. Finally, in the pinned-spring
joint, we verified the effect of the angle of the shoulder joint 0, to the natural frequencies. For
different 0,’s, modal tests were performed, while K; and 03 were fixed to 100° and 0°. Fig. 9 shows
the results after smoothing spikes of data. As 6, was increased, the first two natural frequencies
were reduced. Meanwhile, the third mode was increased little by little, which matches well with the

numerical results.

FFT Value [Deflection]

FFT Value [Deflection]

1E-34 jea4 Kp1 =100 Kpi=50 Kp1 =300
1E-47 'g' 1644
k=
1E5 9 2
é 1E-6
= @
1= = €6
=
1E7 T ——Kp1 =50
s Kol = 100 & erd | ———Kp1=100
1esd | ——Kp1 =300 —Kp1=300
T 10 1E-6 T T
1
Frequency [Hz] Frequency [Hz]
(a) B;=0° (b) 8y =30°
1E33 Kp1 = 50 Kp1=100 Kp1 =300 E-33-Kpl=50— Kp1=100-Kp1=2300
fi iy i i
1E-44 j\ | 5 i
Nk 8
1664 v ‘g:
At §
1Es i s
Kp1 =50 =
1E74| —— Kp1 =100 i
——Kp1 =300
1E-8 T ‘0
Frequency [Hz) Frequency [Hz]
(©) 6;=60° @ 0;=90°
Fig. 8. FFT plots: pinned—spring (6, = 90°).
1 1
1E34 0, increase 92 increase 9, increase
=
S 1E473
O
2
©
% 1E-5 4=
= ——6,=10[deg] ’
i """" 0, = 20[deg] g
b 1E-6 5 —0,=30[deg] ¥
-~ - -6,=60[deg] i
6, = 90[deg]
1E-73
T T
1 10
Fig. 9. Effect of the shoulder angle (K; = 100, 03 = 0°).



J. Cheong, Y. Youm | Journal of Sound and Vibration 268 (2003) 49-70 67
6. Concluding remarks

The system mode analysis of horizontal vibration of a 3-D two-link flexible manipulator was
investigated. To predict real systems more accurately, the mixed bending-torsional problem was
formulated and analyzed using the extended Hamilton’s principle. Without torsion modelling, the
results would fail to precisely anticipate the actual horizontal vibration. The associated complex
boundary conditions were derived, and their validity was confirmed. Depending on the modelling
of boundary condition at joint 1, the modal frequencies and mode shapes underwent large change.
In the pinned—spring joint model, the proportional gain and configurations were the key
parameters for determining the natural frequencies. On the other hand, in the clamped joint
model, the natural frequencies were affected only by the relative configuration of two flexible
links. Through numerical and experimental studies, we verified the validity of our analysis. The
analysis results can be applied to flexible structures in combination with bending and torsional
vibration.

Appendix A
Proof of Eq. (36). From Egs. (30) and (31), it can be written that

L, L; L,
/ EDL 7} (x2)e;(x2) dxs + / ELyihp (x3);(x3) doxs + GJoicin(x2)n;(x2) doxs
0 0 0

L L; L,
= [ Engag v+ [ ER G av - [ GG e (A

Applying the integration by part and putting condition in Eq. (15), the right hand side of
Eq. (A.1) becomes

L Ls L,
| Ergleasydn + [ ERplGanen s+ [ Gl d,
0 0 0
+ EL¢ (L) d(La) — EL¢] (Lo)di(La) + ELy (La)(Ls) — EL" (0),(0)
— EL} (La)(Ls) + ELY; (0W(0) — Glani(Layn,(La).
Imposing the boundary conditions in Egs. (16)—(22), we can get

L, L Ly
/0 EDLJ} ¢(x2);(x2) dxy + /0 EL () (x3) doxs + /0 G211 (x2)n(x2) dox
L, L L,
- /0 EDLg(x:))(x2) dxs + /0 ELy// ()W (x3) dxs + /0 G (62 (x2)

— O} M (L2)$)(La) + EL (0)$(La) — cosOs ELs; (0 La) — F Ly U La)p(Lo)

— Mo (La;(Ls) — ELy" (00(0) — Lipoo] yi(La)ri(Ls)

+ ELY/ (0)//(0) + sin 03 ELy (0)n,(Ls) — @ Le.n(La)n,(Lo). (A2)
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Especially, introducing ¢(L,) — sin 031;(Ly) = ¥(0) and ¢;(L2) = ,(0) in Egs. (16) and (17) into
the above equation, it becomes ‘ '

L,
w?/() Pzd’i(xz)(ﬁ,-(xz) dx, + a)?/o

Ls

L
pabi e ds + 0 [ baneo e
L, Ly L,
- /0 EDL//(x))(x2) dxs + /O ELy/ ()W (x3) dxs + /0 G2 (x2) v
— 0} (Mo p{(L2)p(L2) + Loy (L) Pi(L2) + MWy (La);(L3)
+ L (L)W (L3) + L. La)n,(La)). (A.3)
Similarly, if we exchange i and j, it becomes
L, L3 L
wjz/o P29;(x2)P;(x2) dxz + 0)]2/0 p3Y(x3)(x3) dxs + 60/2 ; by (x2)n;(x2) dxz
Ly Ls Ly
- /0 EDLg)/(x)!(x2) dxa + /O ELy/ ()W (x3) dxs + /0 G (o (x2) v
— 07 (M (L) p(Lo) + Loy i La) (L) + MWy (L3)r,(Ls)
+ Itlp‘pjl(L3)lp:(L3) + Ic,x’/lj(L2)77[(L2))- (A4)
By subtracting Eq. (A.4) from Eq. (A.3), we have

—@ =) [ ot dn £ [ oo dx
0 0 0

Ly

+ ; ban(x2)n;(x2) dxa Mep(La)p{(Lo) + Loy bi( La)i(L2)

+ My (L) (L3) + Lip(La)i(Ls) + Ic,xm(Lz)’?j(Lz)> : (A.5)

Since, w?;ﬁwf for i#j, the second parenthesized term must be zero, which concludes the
proof. [

Proof of Eq. (37). Similar to clamped case, from Eqgs. (30) and (31), it can be written that
Ly

Ly L3
/0 EL 73,62, (x2) dxs + /0 ELyiy () (x3) dxs + /0 G2 (e (xa) s

Ly

L, L
:/0 EL!" (x2)b(x2) docs +/O ELy!" (s (xcs) docs —/0 Gl (e () dxs. (A.6)

Applying the integration by part and introducing condition that ¢,(0) = 0, the right hand side of
the Eq. (A.6) becomes

Ly Ly
| Ergleasydn + [ Rl dn [ Gl d,
0 0 0

+ EL ] (La)d,(La) — EL$] (L) P{(Lo) + EL(0)9(0) + EL(L3)r,(Ls)
— EL[ (0 (0) — ELY; (L)Y i(Ls) + ELY; 0)W(0) — GJani(La)n(Lo).

Ls
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Imposing the boundary conditions in Egs. (16)—(22), and (26), we can get
L, L; L
/ EDL 7} (x2)¢;(x2) dxz + / ELyi(xa)y(x3) doxs + / G ok (x2);(x2) dox
0 0 0

Ly

Lz L2
- /0 EDLg//(x))(x2) dxs + / E13w2’<x3>w’~’(x3)dx3+ / GJzn;(xzm;(mdxz

— 0} ML), (L) + ELY (0)d,(Lo) to g ¢> (0)$;(0) — . <l5 (0)$;(0)

— cos O3 ELY] (0)p(Lo) — w%lc,y@(Lz)@(Lz) — %M,,-pwf(Lg)w,(Ls) — Elsw;”(O)w_,(O)
o} Lipy (L)W (L3) + ELY] (0)5(0) + sin 03 EL] (0)n; — @} Lexn(La)n(Lo). (A7)

Further, introducing d)j’.(Lz) —sin O3n,(L2) = %’.(O) and ¢,(L2) = ¢,(0) into the above equation, it
becomes ' '

Lz L3 L2
o} / padi i)y (x) A + 0 / PG es) s + 02 [ b ey (ea) doxs
0 0 0

Ly L,

Ly
- /0 EDg//(x2)¢)(x2) dxs + /0 EL/ oW () dxa + [ G () dx,
. (Sl R OO+ ML (L) + LB LIL) + M LWL

+Lip(La)(L3) + Lo (Lz)n,(Lz)) n ¢ (0)$;(0). (A.8)

In the above, different from the proof of Eq. (A.3), a term related with servo gain is appeared,
though it will be cancelled and dropped out. If we exchange i and j, it becomes

Lz L3 L2
wjz/o P2$;(x2)@;(x2) dxa + 6012/0 P3Y;(x3)(x3) dxs + 60/2 ; ban;(x2)n(x2) dx2

Ly L L,
= [ Erjepsen dn+ [ Emeawien dn + [ Gy dx
- W OULPL2) + Mg (L)L)
LWL + LoanLan(La)) + 5 410)0/0). (A9)

By subtracting Eq. (A.9) from Eq. (A.8), we have

L,

—@ - [ st [ ey v+ [ bt dx;
0 0 0 0

ey PiL2)Pi(La)

+ M (L) (L3) + LipW(L3)Yi(L3) + Ic,xm(Lz)nj(Lz)>- (A.10)
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Since, w?;«éwf for i#j, the second parenthesized term must be zero, which concludes the
proof. [
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