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Dynamic Modeling of Two Cooperating Flexible Manipulators
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In this paper, our aim is to develop a model for two cooperating flexible manipulators
handling a rigid object by using lumped parameters. This model is in turn analyzed on
MATLAB. In order to validate the model, a precise simulation model is developed using
ADAMS™ (Automatic Dynamic Analysis of Mechanical System). Moreover, to clarify the
discussion, the motions of a dual-arm experimental flexible manipulator are considered. Using

the developed model, we control a robotic system with a symmetric hybrid position/force

control scheme. Finally, experiments and simulations are performed, and a comparison of

simulation results with experimental results is given to a rerify the validity of our model.
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1. Introduction

In the past decade, a considerable amount of
research effort has been devoted to single arm
flexible manipulators, especially to their model-
ing, vibration control, inverse kinematics and
inverse dynamics(Book et al., 1975; Judd and
Falkenburg, 1985, Bayo, 1987; Ha and Park,
1993; Ronno and Uchiyama, 1996). On the other
hand, only a few publications discuss the applica-
tion of flexible manipulators in contact tasks.
Recently, some researchers have started studying
the problem of position/force control, and some
experiments have been conducted (Matsuno et al.,
1994; Kim et al., 1997).

Furthermore, for applications beyond the capa-
bility of a single arm, for example the manipula-
tion of bulky objects, coordination between multi-
ple manipulators is necessary. However, publica-
tions on motion and force control of multiple
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cooperating flexible manipulators are shill few in
number. An initial work may be found in Koike,
Shimojima and Yamabe(Koike et al., 1996), in
wich They propose a simple method for control-
ling the motion and grasping forces on a rigid
object by two cooperating flexible manipulators
without calculating the inverse dynamics. Sur and
Murray have studied controllers developed for
dual arm flexible robots in hybrid force/position
control tasks, and have shown the effects of flexi-
bility and its suitability for certain types of
robotic tasks through experiments(Sur and Mur-
ray, 1997). Matsuno and Hatayama have addres-
sed the dynamics of dual flexible manipulators by
using the distributed-parameter model under
quasi-static
Hatayama, 1996). In some multi-link flexible
manipulators, the equations of motion depend

assumptions (Matsuno and

upon the arm’s configuration, and therefore real
time computations are necessary. But these com-
putations are quite difficult and time consuming if
a distributed-parameter model is used. lumped-
parameter models are more efficient for such
purposes because of their simplicity.

Therefore, our aim is to develop a model for
two cooperating flexible manipulators handling a
rigid object by using lumped-parameters. Using
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Fig. 1 Two arms holding an object

this model, we control robots with a symmetric
hybrid position/force control scheme(Uchiyama
and Dauchez, 1988).

2. Workspace Vectors for
Coordination Task

Consider two robots holding a rigid object
cooperatively as presented in Fig. 1. Let 3%, 314
i=1, 2, 3, be the base reference frame, the
frames of the end-effectors, and the frame fixed
relative to the object, Let °F,, °F,, be the forces
and °N,;, °N,. be the moments exerted by hands
1 and 2 respectively. Consider the line between an
end-effector and the object frame’s center O, as a
rigid virtual stick (Uchiyama and Dauchez, 1988).
To express the motion of the end-effector of the
virtual stick, define the coordinate system !,; as
shown in Fig. 2. If the deformation of the object
and the slip between end-effector and the object is
assumed to be small, 3,; equals >,,. The virtual
sticks are represented by the vector [,;. Hence-
forth, we take F=[FT NT|7. The forces/
moments °f,; at the tips of the virtual sticks O,;
can be easily calculated from °f;, :

rI; 070
Ofi: :‘ i:0 io i 1
b _Lhi I3 fh Dh fh ( )
where [,&M?*® is the unit matrix and
O Zhiz - lhiy
Lu.= _Zhiz 0 Iniz
| lniy —lpx O

Fig. 2 Coordination with virtual stick

Applying the principle of virtual work done by
the force of Eq. (1), the velocity relation can be
obtained as
follows:

°s,="DJ °ss (2)
where %, = [vf *wl;]TENS! is a vector denot-
ing the Cartesian velocity at 3., 8= [0l ‘@
T ]Teme! is the vector denoting the Cartesian
velocity at 3,,. The external forces/moments on

the object due to each virtual stick can be present-
ed in the following form:

Ofa:[fe IG] [Ofm Obe]T
=Wq, (3)

where W% 12, which transforms the end-ef-
fector force to the object, possesses a nontrivial
null space. This means that we can define an
internal force/moment vector °f, by using the
properties of the Moore-Penrose inverse such that

'qo=W"* o+ V °Ff; (4)
where

1 1

W+:[716 —2‘Ie:|
is the Moore-Penrose inverse of W, and

V:[Ie —Is] T
Therefore, we can define the workspace force/
moment vector °h by combining the external

force/moment vector °f, and internal force/
moment vector °f, as follows:

Oh: [OfaT OfTT]T
=[Ottt O]

T

)
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The position/orientation vector °z, containing
the absolute position/orientation vector °p, of
the object and the relative position/orientation
vector °p, of the tips of virtual sticks can be
defined as:

z=["p: °p7]”
1 1 T
= [7(opb1+0pb2) T 7(0pb1_0pb2) T:| (6)

where p,; represents the absolute position/orien-
tation vector at the tip of stick ;.

3. Dynamics of System

3.1 Manipulator models

In this section we develop the dynamic equa-
tions of two flexible manipulators holding a
common rigid object. It is assumed that the end-
effectors can furnish a tight grasp so that there is
no relative motion between the end-effectors and
the object. Thus a closed-loop kinematic chain
mechanism is formed.

Using the lumped-parameter model (Konno
and Uchiyorma, 1996), the dynamic model for the
7-th manipulator, which is exerting a generalized
contact force/moment °f,; on the object, is given
by:

[F]-Dona ] [21]

Lot 41406 ) [2]
Pt B ] E O
or in compact form

Lt,=M.(q:) G:+ h:(q: ¢:) +K.q:

+g:(q.) +jf{i(Qi)ofhi )]
where ¢,=[6F e!] are the generalized coordi-
nates, §,=0N" is a vector of the joint angles and e;
&N™ is a vector of the elastic deflections, and
M €NV M €NV, M €EN™" and MinE
MNm*m are submatrices of the inertia matrix. h;
and h,, are vectors of the centrifugal and the
Coriolis forces, g; and g;, are gravity vectors,
K ENM™ ™ is the stiffness matrix, J,,,&N¢*" and
JrieENS*™ are constraint Jacobian matrices, and
7;EN" is the joint torque vector.

From Egs. (1) and (2), the Jacobian can be
computed as:

JhizOD;finﬁ (9)
From Egs. (1) and (9), we can obtain:
JhTi(Q'i)thi: bTi(Qi)Ofbiv (10)

We can rewrite the above dynamics equations as:

LTi:Mi(Qi) iii+hi(11is q;) + K.q:
+gz~(qi) +jgi(‘Ii)0fbi- (11)

3.2 Object dynamics

The dynamics model of the object can be
obtained using the Newton-Euler equation. Ex-
pressed in the object fixed frame O,, these equa-
tions can be written as follows:

Ofa=0f51+0sz

Sialng

0(1)(1
N o
0o X I 0, 0
or in more compact form as
Ofa=waoo§a+ha(8a)+ga (13)

where J,&N®*3 is the inertial matrix of the object
about O,, °w,=["0. "@sy "@a:], heo is the
vector of the centrifugal and the Coriolis forces,
g. is the gravity vector, and °s,=[’v, w,] is the
velocity vector. Eq. (13) can be transformed into
joint space as:

fo= wa-’bz‘((}i) q:+ g{ajbi(q.i) q:t+ ha(sa) + g,
= g‘.ani(Qi) g:+ ha(le (11) +ga (14)

3.3 Kinematic coupling

The system is kinematically coupled because
both the manipulators and object form a closed
chain. Expressing the Cartesian velocity of the
mass center of the object, we have the following
relationship:

[Pvi ‘il =["vi; "wl:]"=T:(q) ¢ (15)

From the above equation, the equations obtained
for /=1, 2 are:

[Fow Todd [ 0] =00 (16)

where
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J:bez [Jbe1 _Jboz]
Jbe:[Jbel _Jb22]

The constraint matrix 4 is defined as:
A((]):[jba jbe]- (17)

Therefore, the kinematic constraint equation
becomes:

A(q) 4=06x1 (18)

where A (g) ERNE*¥*+™ is assumed to have rank
six. The corresponding acceleration constraints
result by differentiating Eq. (18):

A(g) G+ A(q) ¢=06x:- (19)

4. Closed Chain Model in Joint Space

Substituting Eqs. (4), (13) and (15) into Eq.
(11), the dynamics of the closed chain system
consisting of two manipulators and an object is
obtained as:

sl o] L&)
Lia oo ) [C]

SN

where

1':[2'1T ‘l'zT]T 0:[01T 02TJT
e=|ef e’ K,=diag[ K.»)

Ms:diag[M,-er%f;g Wod b
b= [hﬁ%ffwha hzﬁ%f boha]”
ho= [hlz+%f£wha h22+%f522ha17
g1=[gu +_é_jglﬂga g21+%f,,725ga] !
g:= [glz+%ijlega gzﬁ%f{uya]T

s=11, 12, 21, and 22. Equation (20) can be
rewritten in the following more compact form:

Lr=M(q)d+h(q. ¢) +Kq+g(q)+A" °f.
(1)

Equation (21) can be solved for the generalized
acceleration vector ¢, which is then substituted
into Eq. (19) to yield

AM AT °f,=A(q) ¢+ AM {Lt—h
~Kq—g} (22)

Since A4 has rank six, the matrix on the left-hand
side of Eq. (22) is nonsingular and this equation
can be solved for °f,. The closed chain dynamics
is determined by eliminating the vector °f;, in Eq.
(21) using Eq. (22). After rearranging, the result-
ing equation becomes:

Lt—h—Kq—g)=Mi+AT(AM'A") 'Aq

(23)
where 7 (g) ENErrmx2rtm g defined as:
77212<n+m)—AT(AM_1AT)_IAM_I-
5. Experimental Setup
5.1 A manipulator system
The experimental manipulator named

“ADAM" (Aerospace Dual Arm Manipulator)
has two arms (Fig. 3), each of which consists of
2 elastic links and 7 rotary joints (Uchiyama et
al., 1990). The parameters of each link are

Fig. 3 Overview of ADAM

Table 1 ADAM link parameters
Link 3 Link 5
Length 0.5 [m] 0.5 {m]
Elastic part 0.359 [m] 0.394 [m]
Diameter 0.013 [m] 0.01 [m]
Material SUP-6 SUP-6
EI 288.1 [Nm?] 100.8 [Nm?]
GJ 224.32 [Nm?[ 78.54 [Nm?]
Mass 0.7 [kg] 0.5 [kg]
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Fig. 4 Joints, motors, links and link deflections of
Armm2(7=3, 5)

presented in Table 1. Both arms in the coopera-
tive manipulation system have the same parame-
ters. In this paper, the discussion is restricted to
motions of joints 2, 4 and 6 only.

5.2 Modeling of ADAM

Figure 5 shows the lumped-masses (stations)
and massless springs model for the left arm only.
The lumped masses are considered as concen-
trated at the tips of the respective links while the
links themselves are considered as massless
springs with elastic and torsional properties as
Esl, Esls and Gsfs, GsJs, tespectively. The joint
angle vector @ and the link deflection vector e are
respectively:

0:[512 brs s Oz oy (926]T
e:[3y13 Oz13 Oy1s Oz15 Oyzs Ozzs Oyss 8225]T

where §y3, Oyis» Oziz aNd 845 are elastic deflections
along the y and z axes of links 3 and 5 for the
7-th manipulator, respectively.

5.3 Hybrid position/force Control

For a manipulator equipped with velocity feed-
back servo motors, the relationship between the
velocity commands and the produced torques can
be written as

T— GrKsp ( Vref_st 0m)
=A(6.—6) (24)

where @,(=G,0) is the angular velocity vector
of the motors, V,,[V] is the voltage/velocity
command vector for the manipulator, Ky, [Nm/
V], Ks» [Vs/rad] and G, are diagonal matrices
whose diagonal elements are the velocity servo
gains, the voltage/velocity coefficients and the

Fig. 5 Lumped-parameter model of the experimen-
tal manipulator ADAM

gear reduction ratios, respectively. @, is the veloc-
ity command vector, and A (= G,2K,Ks) gives
the velocity feedback gains. The voltage velocity
command vector V,,, is computed by:

Vref - Grst 9(: (25)

and is used in the experiments.

In this paper, we have utilized the symmetric
hybrid control principle proposed by M.
Uchiyama and P. Dauchez (1988). The task
vectors for the hybrid position/force control are
defined as

h:H Oh:[OfaT af’]]T

z=HB:2=["p} “p7]" (26)
where H =diag[I; “R,], B,=diag[I; Bs], the
external workspace vector (°f,, °p,) and internal
workspace vector (“f,, °p,) are represented with
respect to >y and 3, respectively. R,&Ne*6 is a
rotational matrix from 3% to 3, and B,&9°*¢ is
a matrix that transforms the time derivative of the
orientation vector of a frame into its rotational
velocity.

The joint velocity command vector @, is
computed as:

6.= 6.+ 6 27)

where @, is the joint velocity vector for position-
ing and is calculated by

HZ:JEBISszBa(Zd_Z) (28)

and @, is the joint velocity vector for force con-
trol, and is calculated as

6,=A"J5 (Io—S) Kup(ha—h).  (29)
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B, in Eq. (28) is a matrix that transforms the
errors of orientation angles into a rotation vector.
S and (I—S) define the matrices which respec-
tively select position and force control directions.
K, is a proportional gain matrix for positioning
while K, is one for force control. In the hybrid
position/force control with a virtual stick, using
the velocity relationships between joint space and
operational space, the Jacobian matrix Jp, is
computed as

Jpe=HU"Jppes (30)
where Jppe=diag[J,;]-

5.4 Simulation model

Substituting Eq. (24) into Eq. (23) and taking
into account the fact that § =[,7¢, the equations
of motion of the coordinating flexible manipula-
tor system are obtained as:

Mi=—Dq+nLA6.—nKq—7n(h+g)
(31)
where
D=3LAL" + AT(AM~'A")'A.
Equation (31) can be transformed into state
space form as:

Hx I
q I 0 q
MnLA .
S el N PES S RGP
- 7
Equation (32) can be cast into state space form as
follows:

E=Ax+ Bbs (33)

where f..=[6. (g+h)]. In simulations, the
discrete-time state equation corresponding to Eq.
(33) is used in the following form:

x(k+1)=@x (k) +T0s(k), (34)

where f indicates the f-th interval of the sam-
pling process, and @ and I" are the discrete
versions of matrices 4 and B for a zero-order
holder (ZOH).

5.5 A precise simulation model
A precise model of the ADAM robot is con-
structed by ADAMS™. In this simulator, a finite-

element method based on Timosenko beam the-
ory is used as a modeling technique for flexible
structures. We consider our experimental manipu-
lator as having 5 beam elements. A simple model
of Coulomb friction is included in order to obtain
a realistic simulation model reflecting experimen-
tal conditions. When the end-effector velocities
become —0.001 [m/s] and 0.001 [m/s], the fric-
tion forces become —puf, [N] and pf, [N],
respectively, where y is the friction constant. This
friction model is recommended to be used with
ADAMS™,

6. Experiments and Simulations

We present experimental and simulations
results for the case when the end-effector is
moving only in the y direction while applying a
desired internal force of 10 [N] and a desired
moment of 0.5 [Nm]. The responses of task
motion and force/moment at the tip as achieved
from simulations and experiments are shown in
Fig. 7 and Fig. 8. We set K,,=4.0L;[s™!] and K,
=04F.

The sampling time is set as 15 [ms], and for
these simulations K, of Eq. (24) is set to approx-
imate the experimental results. The environmental
stiffness and the friction constants are taken as
10000 [N/m] and 0.2, respectively, in the simula-
tion model. In Fig. 8, “Adams” stands for results
obtained from the ADAMS simulation software,

while “Matlab” stands for the results obtained

Fig. 6 ADAMS™ simulation model
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Fig. 7 Experimental results

from the MATLAB simulation. The reason for
the system unstability of Fig. 6 (e) ~ (h), Fig. 7
(€) ~ (j) is the result of ignoring the effect of slip
between the end-effectors of the manipulators and

the object. Also, it shows the trend of vibration of
one end-effector being transferred to the other
end-effector through the object.
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7. Conclusions

This paper has developed a model for two
cooperating flexible manipulators handling a
rigid object by using lumped-parameters. A sym-
metric hybrid position/force control scheme for
cooperating flexible manipulators has been
presented. The control scheme has been further
studied for an experimental flexible manipulator
system. In order to valid at the lumped mass
parameter modeling method for cooperating con-
trol of multi-manipulators, the MATLAB results
of the model using the lumped mass parameter
method, the ADAMS results of the model using
distributed parameter modeling, and the experi-
mental results were compared. Experimental
results show that the system responses are in good
agreement with simulation results. From these
results, it was verified that the lumped mass
parameter is valid for the cooperating control of
multi-manipulators.
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