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The paper presents an application of the Rigid Finite Element Method to
modelling of flexible links of a manipulator. The equations of motion are
derived assuming that the base motion is not known and thus it depends
on generalised co-ordinates. Numerical calculations are carried out in
order to show not only the influence of the base motion on vibrations of
the flexible links but also the reverse connection.
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1. Introduction

Dynamics of flexible systems has been widely investigated over decades.
The possibility of changing configuration is the feature of flexible systems
causing most problems. Large base motion causes additional centrifugal forces
and vibrations of the flexible links. Most popular approaches to solve the
problem are based on the Finite Element Method (FEM) (Gao et al., 1989;
Bircout et al., 1990; Du et al., 1996). In order to reduce the number of degrees
of freedom and thus the dimension of the non-linear differential equations the
modal method is used by Kane et al. (1987), Du et al. (1992).

A different approach used for discretisation of flexible links is based on
the Rigid Finite Element Method (RFEM) described by Kruszewski et al.
(1975). The method has been successfully applied to dynamic analysis of both
planar (Wojciech, 1984; Adamiec and Wojciech, 1993) and spatial systems
with changing configuration (Wojciech, 1990; Adamiec, 1992; Wittbrodt and
Wojciech, 1995). Not only the flexibility of links but also friction in joints
(Wojciech, 1995) as well as the flexibility of connecting elements (Wojciech,
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1996) have been investigated. The results obtained using the RFEM have
been compared with those obtained using the FEM (Wojciech, 1996; Plosa
and Wojciech, 2000) as well as with experiments (Adamiec, 1992; Plosa and
Wojciech, 2000). This comparison shows that the RFEM gives reliable results
despite its simplicity and can be used to simulate the dynamics of systems
with changing configuration.

In the above papers the base motion is assumed to be known. However,
in such systems not only the base motion influences the vibrations of flexible
links but there is also an opposite effect — the base motion can be influenced
by the vibrations of the flexible links. In the present paper the RFEM is
applied in order to derive the equations of motion for flexible systems with
changing configurations assuming that the base motion is not known. In this
way it will be possible to investigate the influence of flexible vibrations on
the base motion. Since the link after discretisation is treated as a system
of rigid bodies connected by joints, the conventional kinematic description
widely employed for rigid manipulators can be used in a straightforward way
for flexible mechanisms (Wojciech, 1996). The RFEM enables us to obtain
the equations of motion of a system with changing configuration by merely
a slight modification of the equations of motion of a system with all rigid
links. Moreover, the equations of motion of a rigid system can be obtained
as a special case of generalised equations of motion. Thus, using the same
equations of motion, both vibrations of the flexible link caused by known
motion of the base and the influence of vibrations on the base motion in the
case of force input will be analysed in the paper.

2. Rigid finite element method and description of the model

The RFEM is based upon discretisation of continuous systems into un-
deformable bodies called rigid finite elements. These elements are connected
with spring-damping elements, the characteristics of which are linear. In order
to describe the motion of the system a local co-ordinate system is connected
with each rfe (rigid finite element). The beginning of the system is placed in
the mass centre and the axes coincide with the principal inertial axes before
deformation of the link.

The co-ordinate system {r} is connected with the base (Fig.1) and the
vibrations of the system of rfe’s caused by the base motion are taken into
consideration.
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Fig. 1. Co-ordinate systems: {0} — inertial system, {r} — system connected with the
moving base, {i'} — local system connected with the rfe; before deformation of the
link

It is assumed that the base motion is not known and it depends on ge-
neralised co-ordinates defined by the vector g, = [ng),...,qg’)]T. Then the
base motion can be described using a transformation matrix dependent on the

vector @ in the following form
Bo(g,) = T(q,) = B{"By.. B} (2.1)

The matrices BZ(-b) are the transformation matrices which are used in the de-
scription of rigid systems by Craig (1988).

The flexible system is divided into n+1 rfes, and the rfe, is the last link
of the base (Fig.2).

The vector of generalised co-ordinates of each rfe takes the following form

qu’ = [mi1, a2, Taz, 0i1, P2, is] | (2.2)
where
Zi1, %2, %3 — co-ordinates of the mass centre of the rfe;
Vi1, Yio, i3 — generalised co-ordinates describing bending and

torsion of the rfe;.

Thus, the generalised co-ordinates of the whole flexible system form the
vector

g =1g"7 ¢ g TT (2.3)

The position of any rfe before deformation can be defined if the matrices
of transformation from the system connected with rfe; to the system of the
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Fig. 2. System of rfes and sdes

rfeq T = const, ¢ = 1,2,...,n are known. The matrix corresponding to the
transformation from the co-ordinate system after deformation to that before
the deformation can be written as follows

Ci2Ci3 —Ci2543 Si2 T41
p §i18i2Ci3 + Ci1Si3  —Si18i28i3 + Ci1Ci3 —Si1Ci2 Ti2
—Ci18i2Ci3 + Si18i3  Ci15i28i3 + Si1Ci3 Ci1Ci2 X3

0 0 0 1

where: 1, 2, 23, i1, Pi2, @i are the generalised co-ordinates of the rfe,,
and s;; = sin;j, ¢;j =cosq;j for i =1,...,n; 7 =1,2,3.
The matrix of transformation from the system connected with the rfe; to
the inertial system can be determined from the formula
BY) = T T IT = Bo(@)iT i T(a)”) = Bo(a)B " (a”)  (25)
where By is the matrix of transformation from the rfe, system to the inertial
system defined by the formula (2.1), and

B, (q,") =T {T(a”))

3. Equations of motion

In order to derive the equations of motion the Lagrange equations of the
second order are used
dor or ov

i T A =1, ... 6 3.1
dt 0q; 5QI+5QI @ pe A on (381)
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where
T,V — Kkinetic and potential energy of the system, respectively
Q — generalised forces,
q — generalised coordinate which is a component of the following
vector
O (b) T
qs = [ql y ey /s T11, L12, 135 P11 P12, P13 -5 Tnls Tn2y Tn3y Pnls Pn2, (10”3]

(3.2)

The equations of motion require a definition of the kinetic and potential
energies of the system.

The kinetic energy includes the energies of both parts, the base and the

flexible part
T="1T,+ Tf (3.3)

Having used the transformation matrices the following vectors describing the
position of any point of the system can be defined
0 —B\"BY..B" ir,

iT=T1; = for any point of the base

9 =r; = Bo(q,) T IT(q (f)) r; = ByB, i for any point of the rfe;

(2

(3.4)
Thus, the kinetic energy of the base is equal to
m 1 & b b
=Y T =35> o (B8 H,8"") (3.5)
i=1 i=1

where BZ(-b) and Hy; are the transformation and inertial matrices, respectively,
defined according to the rules for rigid systems.

The kinetic energy of the flexible part is a sum of the energies of all rfes,
and the energy of each rfe can be calculated as follows

1 1
Tty = 3 /’i“];r’i“k dmy, = 3 / tr (’i“k’i“];r) dmy, =

my

k
:%/tr(B,(f) bl BT dmy, = (3.6)

1 .
:—tr(Bg)/krk vl dmy, BY) ) = 5t LB H,B0T)

mg

\)

where
R Tk, k. k
Hy = /[!Em, Tro, wr3, 1] ["r, ko, "Trs, 1] dmy

my
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If the local system is a system of inertial principal axes, then
Hji, = diag [hy;] (3.7)
where

b= [ ek dme =123 s = [ dmic =

mp mp

Eventually, the kinetic energy of the whole system is calculated as follows

1 & 2(0)y, u®T ) nT
= 3 kz tr(Bk H,.B;, )+ = Z tr ( Bk kaB )
=1

k 1
(3.8)
(b) m (b) m
() dBy oB;” ) (b) .(b)
Br =g =2 Y CI A 2_Biid;
i=1 i 1=1
and
) _ 0By
By ®
Jq;
dt dt dt dt '
m (b) B (f m (b
i=1 =1 z i=1

Having calculated the necessary derivative and after necessary transforma-

tions, the Lagrange equation component dependent on the kinetic energy for
the rigid part can be written in the following form (for j =1,...,m)

(b) dor®  or®
€

= o = i+ Sl

j k=11:=1
’ ’ (3.10)

m m m n 6
Y bd ) +2 300 b

where

b - b bT = / /
al) = > tr(BHuBL) ) + > tr (BB H . (BuiB "))
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’ T
affy = tr(Bo;B H B )

]zl - Z tr Bl(fl; kuBkll Z (BOJ ka?(BOZlB( )) )
k=1 k=1
bﬁi’i? = tr (BOjBk(f)ka(Boz'Bk(lf))T)

And the component for the flexible part equals (for k=1,...,n; j =1,...,6)

) d or)  orh m
i T TN zqz + a zq
kj dt aq.](f“};) ) I(C“};) ; kj Z kj

(3.11)

m m
+ Z Z bkjllql ql + 2 Z Z b](fl‘)]{l 4; qkl

i=11=1 i=11=1

where

af); = tr (B H(By;BY)T)

af) =t (B,(j; H (BB ) T)

byl = tr (B H i (BouBY)T )
b ’
1) = e (8 M BB
The potential energy of the system consists of the energy of spring defor-
mation of the sdes and the energy of gravity forces. When the sde. connects

the elements [ and p (Fig.3), then the elastic energy of this element can be
formulated as follows

1 1
= o Dl — )+ 5 YK — o) (312)
j=1 7j=1
where
¢ — coefficients of longitudinal stiffness (Kruszewski et al., 1975)
kS —  coefficients of rotational stiffness (Kruszewski et al., 1975)

and xfj, xgj, cpfj, cpgj are the co-ordinates with respect to the base system.
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Fig. 3. sde element connecting two rfes

The potential energy of the whole system is a sum of the elastic strain

energies of all sdes
TNest

Vi=> Ve (3.13)
e=1

In order to differentiate the expression for spring deformation energy it is
assumed that the co-ordinates of the sde. with respect to the co-ordinate
systems connected with rfe; and rfe, are defined by the following vectors,
respectively

re = [nn,m2,ms)"  in the {I} system
(3.14)

Pre = [1p1,Mp2,Mp3] | in the {p} system

The elastic energy of the sde. is defined with respect to the co-ordinate system
{r} connected with the moving base. Thus, the following holds

g =TT e, Tep =, T DT Pre (3.15)
where
vV, yT — matrices with constant coefficients
flT, ng — matrices with coefficients dependent on the gene-

ralised co-ordinates of rfe; and rfe,, respectively.

The matrices !T for i € {I,p} are defined in (2.4).
After necessary calculations we obtain the following formulae for the co-
ordinates

T = CaCi3Nil — Ci28i3Ni2 + SiaNi3 + Ti1 + Ui
(3.16)

e
x5y = (Si18i2¢i3 + ci15i3)Ni1 + (Ci1Ci3 — Si1528i3)Mi2 — Si1Ci2Ni3 + Tiz + Wi2

e
xi3 = (8i18i3 — Ci18i2¢i3)Ni1 + (Ci1Si28i3 + Si1€i3)Mi2 + CinCianiz + iz + i3
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where u; = [Ui17ui27ui3]—r is the position vector of the co-ordinate system
connected with the ith rfe with respect to the co-ordinate system {r}.

Having used (3.12) the derivatives of the elastic energy with respect to the
generalised co-ordinates can be written as follows

a‘/e e e e
Dy ¢j(@p; — @)
Ve . > 8$§k
Aoni = k5 — ol) + D chlag; — =) e
pJj k=1
(3.17)
8‘/; € e e
D, = —cj(ap; — i)
v, > E?x
ke Ik
Do (ep; = 13) ~ g 3‘Plej
The potential energy of the gravity forces can be calculated as follows
V, = 90§ (3 m" B s + > m;iBiOy) (3.18)
i=1 i=1
where
my; — mass of the ith link of the base system
my; — mass of the ith rfe of the flexible link
and
©,=1[0,0,0,1]" ©J] =1[0,0,1,0]
The respective derivatives are calculated as follows
oV, .
W = g®3 (Zmb,B Tpei + ZlmszOJB (-')4) j=1..m
’ (3.19)
8V ) 17 ,
oq0) =903 msBy; O j=1,..6

Substituting equations (3.11), (3.17) and (3.19) into the Lagrange equ-
ations (3.1), the equations of motion, which form a set of m + 6n non-linear
differential equations of the second order, are obtained. Various methods can
be used for integrating those equations.
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4. Example of calculations

The derived equations of motion can be very easily adapted for dynamic
analysis of a system when the base motion is known. Numerical calculations ha-
ve been carried out for a manipulator described by Kane et al. (1987) (Fig. 4).

Fig. 4. Model of the manipulator

Kane et al. (1987) considered an example of base motion called a deploy-
ment process, which is characterised by a smooth change of the angles

T 2nt
ﬂ—zai(t——sini) for 0<t<T

Gty =4 2 S (4.1)
5 for t>1T

where i =1,2,3, oy =1/2, ag =3/4, ag=1and T = 15.

Wittbrodt and Wojciech (1995) as well as Plosa and Wojciech (2000) pre-
sented a comparison of results obtained using the RFEM with those obtained
using the FEM and presented by Kane et al. (1987) and Du et al. (1992).
A very good correspondence of the results has been achieved when the base
motion was known.

For the purpose of this paper it is assumed that the base motion is not
known and the case when each rfe has only three degrees of freedom in relative



INTERACTIONS BETWEEN VIBRATIONS OF... 459

motion (z;; = mjp = x;3 = 0) is considered. The motion of the system is
realised by application of external forces, and the following procedure has
been applied:

1. Mass parameters are attributed to links 1 and 2 of the manipulator.
It is assumed that E = 6.895 - 10! Nm=2, G = 2.6519 - 10'° Nm—2,
p = 2766.67 kgm ™ and both links have a square box cross-section where
h, = 0.05m and h,, = 0.0475m are external and internal dimensions,
respectively. The third link has the same parameters as in the above
mentioned papers and consists of two segments. The first segment By
is 2.667 m long and has a symmetric box cross section, while the second
segment Bs is a 5.333m long channel. Both segments are made of a
material for which £ = 6.895 - 10! Nm~—2, G = 2.6519 - 10'° Nm~—2,
p = 2766.67kgm~3. The section parameters for B are: cross-section
area A = 3.84-107*m?, cross-sectional moments of inertia Iy,=1,,=
1.5-10~7" m?, the torsional one about the axis J = 2.2-10~" m?, sectional
mass centre offset x4, = 0, while the corresponding parameters of By
are: A=73-10"5m? I, =82181-10%m?, I,, = 4.8746 - 10 % m?,
J=2433-10""m*, x4 = 0.01875m.

2. Torques necessary for realisation of the motion described by (4.1) are cal-
culated assuming that all three links are rigid. The equations of motion
of the rigid system can be obtained as a particular case of the general
equations of motion assuming that the number of rfes=0.

3. The torques calculated in 2 have been applied to the joints assuming that
the third link is flexible and is divided into 6 rfes. Having integrated
the equations of motion the angles v;, ¢ = 1,2, 3, their velocities and
accelerations as well as deflections and rotation of the tip of the flexible
link have been calculated.

In the rest of the paper the kinematic input means the case of motion
realised by a change in the angles described by (4.1), and the force input
means the torques, calculated according to the above procedure, applied to
the joints.

Figure 5 shows a comparison of the deflections and rotation of the tip of
the flexible link obtained for the kinematic and force input. The denotations
by Kane et al. (1987) are used and the following holds

1 1
w = —q] — 543 ws = —q3 — 540l 0= dng
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Fig. 5. Deflections u;, us and rotation 6 of the end of the third link; 1 — kinematic
input, 2 — force input
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Fig. 6. Torque in the third joint required for realisation of motion; 1 — rigid link,
2 — flexible link
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where qﬁlf 27 i =1,...,6 are the generalised co-ordinates of the rfe,, and [, is

its length.

The torque which should be applied to joint 3 in order to ensure the motion
as in (4.1) is presented in Fig. 6. One course is calculated assuming that the
third link is rigid and the other one when the link is flexible.

It can be seen that the difference is quite large, which means that the torque
calculated for a rigid system can be applied to a flexible system only when
small deflections are considered. However, the procedure presented enables us
to estimate whether the influence of the flexible vibrations on the base motion
is significant.

Flexibility also affects the velocities and accelerations of the joint variables.
The influence of vibrations of the third link on the first and second joints is
not as large as on the third one.
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Fig. 7. Velocity in the third joint; 1 — kinematic input, 2 — force input
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Fig. 8. Accelerations in the first and second joint, respectively; 1 — kinematic input,
2 — force input
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Figure 7 presents the velocity in the third joint for both kinematic and
force inputs, while Fig. 8 shows the accelerations in the first and second joints
for the same inputs.

5. Final remarks

The paper presents the rigid finite element method applied to dynamic
analysis of systems with flexible links when the base motion is not known. An
essential feature of the method is that the equations of motion are derived
only once, and they allow us to analyse both rigid and flexible systems, the
base motion is known or unknown. This means that not only the influence of
the base motion on the vibrations of a flexible link can be analysed but also
the effect which flexibility has on the base motion.

The method can be easily generalised to consider more complex problems
when the flexible links are found between chains of rigid links.

The aim of the paper is to show that in certain cases it is necessary to
take into account the influence of flexible vibrations on the base motion. This
influence depends on the parameters of links realising the base motion as well
as on the drive input.
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Wzajemne oddzialywanie ruchu bazowego i drgan czlonéw podatnych

manipulatoréw

Streszczenie

W artykule przedstawiono zastosowanie metody Sztywnych Elementéow Skornczo-
nych do modelowania cztonéw podatnych manipulatora. Réwnania ruchu wyprowa-
dzono zakladajac, ze ruch bazowy nie jest znany, czyli, ze zalezy od pewnych wspél-
rzednych uogdlnionych. Przeprowadzone obliczenia numeryczne pokazuja wzajemne
oddziatywanie drgan cztonu podatnego oraz ruchu bazowego.
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