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Internal Force Tuning of Cooperative
Object Manipulation Tasks

R. Rastegari! and S.A.A. Moosavian*

To manipulate an object with several cooperating manipulators, the Multiple Impedance Control
(MIC) is a model-based algorithm that enforces designated impedance on all cooperating
manipulators and the manipulated object. For tuning the inner object forces, it is needed to
model the inner forces/torques and include them in the MIC law. In this‘paper; a virtual linkage
model is introduced to determine the inner forces in the MIC law: Also, open loop and a
closed loop controllers are designed for inner forces tuning. The MIC law will be compared to
the relevant algorithms, i.e., Object Impedance Control (OIC) and Augmented Object Control
(AOC). Next, the MIC is used to manipulate an object on a“planned path with desired inner
forces. The grasp condition is considered either solidly (with all cooperating end-effectors), or,
as flexible. Finally, the effects of gain tuning on the variations-of inner forces will be discussed.
The obtained results reveal the merits of the proposed scheme, in terms of system flexibility and
good tracking errors, as well as inner forces tuning, even in the presence of impacts caused by

contact with the environment.

INTRODUCTION

In order to control interaction forces and system
response during contact tasks, force or impedance
control strategies are required. Hybrid position/force
control has been the basic strategy of several proposed
implementations [1,2]. However, because separate force
and position subspaces must be maintained and, as
control mode switching must be made at. many points
during most tasks, hybrid control does not provide an
attractive interface. Unexpected situations make these
switching decisions even more difficult, i.e., the set of
natural constraints may.not be easily recognized.
Taking the dynamics of the object into consider-
ation, the mechanics of coordinative manipulation by
multiple robotic mechanisms have been discussed [3].
Assuming frictional grasp, a computational procedure
is proposed to obtain optimal internal forces. A
closed chain formulation in the dynamic control of
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two cooperative manipulators, with equal degrees of
freedom, has also been presented [4]. Different issues
in the design of a multi-manipulator control system, an
environment for the programming and control of coop-
erative manipulators, have been discussed [5]. Also,
various distributed time-varying feedback control laws
have been presented for coordinating the motions of
multiple robots to capture and manipulate an object [6-
8].

For a single manipulator in dynamic interaction
with its environment, impedance control has been
proposed, which provides the compliant behavior of
the manipulator [9]. Impedance control enforces a
relationship between the external force(s)/torque(s),
acting on the environment, and the position, veloc-
ity and acceleration error of the end-effector. This
strategy has been extended for contact tasks involving
multiple manipulators [10]. A Cartesian impedance
controller has been presented to overcome the main
problems encountered in fine manipulation, i.e., the
effects of friction (and unmodeled dynamics) on robot
performance and the occurrence of singularity con-
ditions [11,12]. The implementation of a combined
impedance and force control has been proposed to
exert a desired force on the environment and, at the
same time, generate a desired relationship between
this force and the relative location of the point of
interaction (contact), with respect to the commanded
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manipulator location [13]. Using an exact model of
the manipulator, an algorithm is developed, based on
feedback and feedforward control theories. Adaptive
schemes have also been presented to make impedance
control capable of tracking a desired contact force,
which has been described as the main shortcoming of
impedance control in an unknown environment [14-16].

Object Impedance Control (OIC), an extension
of impedance control, has been developed for robotic
arms manipulating a common object [17]. The OIC
enforces designated impedance, not of an individual
manipulator endpoint, but of the manipulated object
itself. A combination of feedforward and feedback
controls is employed to make the object behave like
reference impedance. It has been realized that applying
the OIC to a manipulation task of a flexible object
may lead to instability [18]. Based on the analysis
of a representative system, it was suggested that, in
order to solve the instability problem, one should either
increase the desired mass parameters or filter and lower
the frequency content of the estimated contact force.
Internal force control is often applied to compensate
for kinematics errors and dynamic interaction forces,
for multiple arm coordination. In grasping an object,
internal forces must be controlled to satisfy friction
constraints and prevent any slippage. In [19], based
on a physical representation, a model of internal forces
is proposed, which provides a realistic characterization
of these forces.

The Multiple Impedance Control (MIC) has been
developed for several cooperating arms manipulating
an object [20]. The MIC enforces a reference.impedance
on both the manipulator end-points and the manipu-
lated object. This means that both the manipulator
end-effectors and the object are controlled to behave
like designated impedance in reaction to any disturbing
external force on the object.© Hence, an accordant
motion of the manipulators and payload is achieved.
Besides, an object’s inertia effects are compensated
for in the impedance law and, at the same time, the
end-effectors trackingrerrors are controlled. The MIC
algorithm can also be applied to space robotic systems,
in which the manipulators are mounted on a free-
flying base [21] or on wheeled robotic systems [22]. In
these cases, the formulation is adapted to consider the
dynamic coupling between the arms and the base, while
the manipulated object may also include an internal
source of angular momentum. Under the MIC law,
all participating manipulators, the mobile base and
the manipulated object exhibit the same impedance
behavior, as implied by the name “multiple”. A non-
model-based version of this algorithm has recently been
developed [23], which does not need any information
about the system dynamics. Also, the virtual object
grasp linkage has been proposed, in order to control the
inner object forces in case the MIC law is applied [24].
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In this paper, first, the motion equations of a
cooperative robotic system, which includes three arms
to manipulate a common object in two cases of solid
and flexible grasps, are derived. It should be noted
that, in the case of using large gains for reaching good
tracking, flexibility at the grasp point (that is provided
by the Remote Compliance Centre (RCC)) is required,
in order to reduce the amount of contact force. The
virtual object grasp linkage is introduced and is used
to control the inner object forces. To this end, two
open-loop and closed-loop controllers are proposed.
Then, a conceptual comparison between the MIC law
and other relevant algorithms, i.e., Object Impedance
Control (OIC) and Augmented Object Control (AOC),
will be presented. Finally, the MIC law is applied to
three cooperative manipulators, which move a common
object. The various capabilities of this controller, in a
free motion of the object, also dealing with contact,
are examined and the obtained results are discussed.
These results reveal good tracking performance and
system flexibility, as well as inner forces tuning, even
in the presence of impacts due to contact with the
environment.

DYNAMICS MODELING

The dynamics of each participating manipulator can be
obtained and expressed in the joint space as follows:

H) (qu)) G0+ o) (qu‘), q(i)) — 00, (1)

where the superscript ¢ corresponds to the ith manip-
ulator and ¢?) is the vector of generalized coordinates
(consisting of joint angles and displacements). Note
that H( is the ith manipulator mass matrix and C."
contains all the gravity and nonlinear velocity terms.
The vector of generalized forces, Q(*), can be written

as follows:
QY =W + Q.+, @

where QE?M is the effect of the reaction load on the
ith end-effector, Q((;i)st is the effect of disturbance and
ngp)p is the applied controlling force, which is divided

into two parts, motion-concerned and force- concerned
as follows:

QW = QW+, (3)

where Q%) is the applied control force causing the
motion of the end-effector, while Q(fl) is the required
force to compensate the reaction load effects.

Next, two various grasp conditions, i.e., rigid and
flexible, will be discussed.
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Rigid Grasp

Ignoring the constraints, the system Degrees Of Free-
dom (DOF), including n manipulators and the object
is as follows:

L=> dof; +86, (4)

=1

where dof; is the ¢th manipulator DOF. The desired
motion of the object can be tracked, if the closed
chain of robotic arms contains six DOF or more. By
taking the constraints into account, the total DOF,
ie. L, is reduced to (L — m), where m is the
number of grasp constraints that are described as
kinematics equations. Therefore, it is necessary to add
the kinematics constraint equations to the free-motion
equations of the object and the manipulators. To do
this, one needs to multiply each kinematics constraint
with a Lagrange multiplier and, then, add these terms
to the free motion equations [25]. Therefore, the
number of equations becomes L + m, where m is the
number of grasp constraints. Obviously, the number
of variables that must be determined is L + m, i.e.,
L variables plus m Lagrange multipliers. It should
be noted that the number of independent variables is
L — m, which is equal to the DOF of the constrained
system. Therefore, by developing an independent set
of dynamics equations, based on recognizing a set
of independent variables, or by means of methods
like the Natural Orthogonal Complement Method, the
computation cost will be reduced [26]. It is by solving
these equations that the motion characteristics of the
constrained robotic system will be determined.

As shown in Figure 1, the robotic system. that
manipulates an object in planar motion has three DOF,
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Figure 1. Manipulation of an object with three arms,
each with two DOF.
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so the number of dynamics equations can be reduced
to 3, in terms of 3 independent variables. Then, to
determine other variables, one can use the kinematics
equations. As can be seen, three planar robots, each
with two DOF, have grabbed the object under a point
grasp condition. Point grasp means that, at the grasp,
a pivoted joint can be substituted. The grasp positions,
with respect to the object mass center, are shown in
Figure 1 as 7,1, 7,9 and 7,3, where the angles of these
vectors, with respect to the object main direction, are
180°, 0°and 90°, respectively. For each grasp, two
kinematics constraints can be defined as follows:

L. cos(f11) . cos(f11 + 012) _ [mob;
sin(011) sin(911 + 012) Yobj

y, cos(¢)

oL} &
where [;; and #;; represent the length and joint angle
of the jth link of the ith manipulator, ¢ is the object
angle, with respect to the inertial coordinate, and .4,

and y.p; represent the object mass center position.
Similarly, for.thé other two robots, the following can

be obtained:
s va (S} = {)
et (St o {Son T}
(oo} e {2} - (53}
{on e fmn s}

By taking the variation of these six constraints, the
following equation can be obtained:

aip ax 0 0 0 0 a3 au as
a2 a2 0 0 0 0 a3z as as
0 0 by b1 O 0 b3t ba bs1
0 0 b1z b 0 0 b3z bax bs2
0 0 0 0 c1 e21 €31 ca cs;1
L0 0 0 0 c¢12 c2 c32 a2 cs2
6611 )

661-

0021

0022

803, » = 0.

6055 (8)
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The free motion equations of three planar robots are
determined by Equation 1 and the object motion
equations can be described as follows:

mobj/;_}obj = f; + .f;v (9)

Iobj.¢=Fox_ﬁ+ch,ﬁ+ﬁo+ﬁca (10)

where m;; is the object mass, I, is the mass moment of
inertia about the normal axis of the planar plane and
Top; 18 the position vector of the object mass center,
with respect to the inertial coordinate; f; and f; are
the external and the contact forces, respectively, i, is
the external torque and 7i.is the contact torque applied
on the object; 7, is the position vector of the external
force and, finally, 7. is the position vector of the contact
force, with respect to the object center mass. By
multiplying each of these equations with a Lagrange
multiplier and adding the resulting terms to free motion
equations, the constrained motion equations of the
robotic system can be obtained. To this end, the
following parameters are defined:

R e R ek
= ) an
R e A et
Ba= ot ) 12)

Cia = [051 052] )

Ap = [as1 a5z, (13)

Y
h= {Aia‘}’ (9

where X; contains Lagrange multipliers corresponding
to the +th manipulator. Then, the dynamics equations
of the constrained robotic system are derived as follows:

Hi.gi + Cor = Qappt + Eays i, (15a)
Hzfﬁ + Cyo = Qapp2 + F22-X2, (15b)
HBffS + Cy3 = Qapps + G22-X3, (15c)

Meobj-Tobj = fo+ fo+ Asa X1 + Bag Xa 4 Cap.Xg, (15d)
Iobj~¢ = 'Fo X ]E; +77(: X ]?c +ﬁo +ﬁc +A12~X1

+B12.X2 +012.X3. (156)
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Second differentiation of Equations 5 to 7 yields the
acceleration kinematics equations as follows:

Todi = — Jréh 4 Fons +{

oo

sin()

— Tor. {_ Sin(‘p)} B, (16a)

cos(ip)

Jo.Go = — Jo.o + %obj + 7o2. {

ool g

sin(yp)

s {_ Sin(“’)} P, (16b)

cos(p)

Y ) sin(g) | .2
J3.G3 = — J3.q5 + Topj + To2- {—cos(go)} P

= e {COS(@)} B, (16¢)

sin(¢p)

where:

.
q = {91_2} . (16d)

Equations 15 and 16 make a system of 15 equations
with 15 unknown variables, which can be solved to
determine the unknown variables. The constrained
system has three DOF; so we can reduce the fifteen
motion equations to three dynamic motion equations,
in terms of ¢ and ¢ as three independent variables:

I(l 1 I(l 2 ‘jl _ V1
|:IX’21 IX’22:| ’ { (p - V2 ’ (17&)
where:

I(ll :mobj.Jl —A22.E2_21 .H1 —B22.F2_21.H2.J2_1.J1

— Cy9.Goy H3.J; 1,
(17h)

—sing

05 o } — By . Fy,t . Ho Tyt

I(lg = Myobj-Tol- {

—sinp
cos

—sinp| COoS ¢
({2 nn ),

Koy = —A12.Ey) Hi— Bio. Fyy Hy T3 LTy

(ro1 4+ T02). { } — Cy9.Goy H3.J3!

— C19.Goy H3.J3 1, (17d)
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-7 -1 -1 —singp
AQQ = IO Blg.F22 .HQ.J2 .(Tol +’f‘02).{ cos }

_ 1 1 —sinp| COoS ¢
cocsim (o) (2,

The right hand side of Equation 17a is defined as
follows:

_ 4 o cos o - -
‘/i— mob]~<‘]1~q1 T01'{sing0}'<p>+f°+fc

+ A9s. B3 (Cot — Qappt) + Bao . Fiy' (HQ.J;1

. <—J2(jg + J.l.q;l(rol + 1‘02). {COSQD} (p2>

sin

+ Cya — Qappg) + 022.G2_21. (Hg.]z;l. (—ng_%

o cosp| sin ¢ .2
+ Ji.qi (1“01 {Sincp} T03. {_ cosgo}) @ )
+ Cv?: - Qapp?:) 9 (183‘)

Vo = me + o+ (7o X o).k + Ar2.E5' (Cor — Qappt)

+ Blg.F231. <H2.J21. <_J2J2 + jl.(fl(rol - 7’02)

. {COSQD} §02> + Cv2 - Qapp2> + 012-G2_21

sin ¢

. <H3,J31, (—ng_zg == Jltjl — (7‘01 {Z?I?:j}
_ sin ¢ .9 B
T03. {_ COS(P}) - ) + C’US Qapp?:) . (]-Sb)

Form the kinematics Equations 16, one can obtain (j’g
and ¢3 for the other two manipulators as follows:

= _ LN LN COS .
q2:J2 1_ (—J2.Q2+J1.ql — (7’01 +To2). {Slng} -@2

N sin "
+J1~Q1 +(T01 +T02).{COS:99}.@>7 (193‘)
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= ng,(_jg.q-g . ( foose)
— T3 {_Sicléip}) G2+ TG+ (rol {_ciisnf}
o {Zfﬁg}) @) : (19D)

Therefore, Equations 17 will be solved first and,
then, by substituting the results into Equations 19,
the variables of the other two manipulators can be
obtained. Also, the Lagrange multipliers are obtained
from Equations 15. Next, the applied forces exerted by
the end-effectors on'the object are derived as follows:

fis = Oz s, fia =/Bas. X,

foo = Asz Xy (20)

Flexible Grasp

Theexistence of flexibility in the grasp helps to
accomplish a manipulation task securely [27]. Be-
sides;. usually, some flexibility exists in the system,
for instance, at the robot joints, links and in the
object itself. Here, it is assumed that the flexibility
of the system is concentrated at the grasp point, as
provided by the Remote Compliance Centre, RCC.
The motion dynamics of cooperative robots with such
flexible elements that an object can be moved, is to
be derived. To this end, Equation 1 will describe
the motion equations of the cooperative manipulators.
At each grasp point, where a flexible element exists,
the corresponding kinematics equations, described in
Equations 5 to 7, are omitted. Instead, the flexible
element relates the motion of the end-effector and the
manipulated object. In other words, the kinematics
constraints should only be considered at the rigid grasp
points. Therefore, by solving the resulting equations,
the robotic system behavior and the manipulated
object will be determined.

MIC LAW AND INTERNAL FORCE
ADJUSTMENT

In this section, first, a brief description of the MIC law
is introduced. Next, a model of the object internal
forces is developed, which relates the inner object
forces and the end-effectors applied forces. Then, the
developed model is used, by the MIC law, in order to
control the object inner forces and moments. Finally,
two bagic approaches, which consist of open and closed
loop controllers, are proposed, for tuning the inner
forces and moments.
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Multiple Impedance Control Law

The MIC enforces a reference impedance on both the
manipulator end-points and the manipulated object.
This means that both manipulator end-effectors and
the object are controlled to behave like a designated
impedance in reaction to any disturbing external force
on the object. Hence, an accordant motion of the ma-
nipulators and payload is achieved. Besides, an object’s
inertia effects are compensated for by the impedance
law and, at the same time, the end-effector(s) tracking
errors are controlled. The applied force in MIC consists
of virtually two separate parts that are concerned with
the motion of the end-effectors, QE}), and the force to be
exerted on the object, ng). More precisely, the motion
part determines the forces required to make the end-
effectors follow their desired path and the force part
compensates for the manipulated object reaction forces
exerted on the end-effectors. The applied motion forces
are obtained, based on a feedback linearization scheme
as follows [20]:

0 =HON L. [J\Zfdes.:}"ég25+li’d.é(i)+I§’p.é(")+Fc]

), (21)

where Mdes, R’d and R’p are mass, damping and
stiffness gain matrices, respectively. The applied force
commands can be obtained, based on applying an
impedance law to the object motion as follows [20]:

G.Fies = MM (MaesFaes + Kqé + Kpe + Fb)

+F,—(F.+F,), (22)

where Myes, K4 and Kp are mass, damping and
stiffness gain matrices of applied impedance on an
object, respectively, and G i8 the grasp matrix. A
quasi-static model, to determine the object inner forces
and moments, has been proposed in [19]. By combining
this model and the force command in the MIC law,
one can relate the end-effector forces/moments to the
resultant object force/moment, with a non-singular,
full rank matrix, W as follows:

U = W.Fyes, W = {q] , (23)
12%12

W S

where f-; expresses the motion force command, 7, is
the motion torque command, # and 7 are the inner
forces and torques, respectively, and E is defined as
follows:

£ 2 - E3x9 03><9]
L = E.F,, F = , 24a,
{T} |:09><9 loxo (242)
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where E is a left inverse of E as follows:
E=(ET.E)" ET, (24b)
and F, is obtained as follows:
F, = {E'”f’“}. (24c)
my,

By substituting Equation 23 into Equation 9, the force
commands applied on cooperative end-effectors in the
MIC law are obtained as follows:

Fyee =W L (25)

RTINS e

So, the forece part command is determined as fol-
lows [20]:

Qr = {(}Zi} (26)

Internal Force Control in MIC

The object path tracking is accomplished by appropri-
ate determination of the motion force command, f,:,
and the motion torque commands, m,, in the MIC
algorithm. Then, by noting that the grasp matrix, G,
is a non-square matrix, the desired internal force and
motion are used as follows:

R
fr
5

My

Fyes =W™L (27)

tdes
Tdes

As shown in Figure 2, Equation 27 can be used as
an open loop controller to yield the desired force and
torque command to be applied on all the cooperative
end-effecters that manipulate the object. Also, by
considering the advantages of closed-loop controllers,
a closed-loop controller can be designed for tuning the
internal forces and moments. A P-action controller has
been shown in Figure 3.

i

w1

dea '\—.

Figure 2. The open loop control of inner forces/moments.
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Figure 3. A P-action closed loop control for tuning the inner forces/moments.

CONTROL LAW COMPARISONS

In this section, the Multiple Impedance Control (MIC)
is compared structurally with the Object Impedance
Control (OIC) and the Augmented Object Control
(AOC), where an augmented object model is intro-
duced to the impedance law [24]. All of these three
control laws determine the cooperative robots com-
mands to perform an object manipulation task. The
OIC law enforces the impedance control law only on the
manipulated object. To this end, the desired free mo-
tion acceleration of each end-effector is obtained from
reflecting the object desired motion acceleration, Zcmq,
to each end-effecter and the free motion command for
them as obtained separately [17]. On the other hand,
under the MIC law, the impedance control is enforced
on the manipulated object and each participating end-
effector, including the base platform when dealing with
mobile robotic systems [21].

The structural difference between the two meth-
ods appears in the presence of flexibility. In this case,
the object acceleration reflection of OIC on the coop-
erative end-effectors is not accurate and the resulting
errors, due to flexibility, may even make the system
unstable [18]. However, in the MIC law, the free motion
commands of the end-effectors are independent from
the object motion. Therefore, by applying the MIC
law, the system is capable of performing manipulation
tasks, even in the presence of flexibility [20,21].

The AOC has a different structure from the two
described methods. In this method, the dynamics of
a robotic system is projected onto the manipulated
object. By applying the impedance control law on
such an augmented object, the object and the robotic
system have the same behavior, based on the desig-
nated impedance control law. The forces/moments
commands applied by AOC to cooperative actuators
contain both free motions and forces commands. Not-
ing that the forces/moments commands applied to the
end-effectors are obtained from the impedance control
law, it is clear that the AOC considers the dynamics

of the total systems Therefore, in this method, there
is no need to reflect Z.mnq on the end-effectors, as is
the case in the OIC law. /The AOC law enforces a
unique command to all cooperative actuators based on
the grasp matrix. Therefore, the AOC can be expected
to accomplish the task properly, even in the presence
of flexibility, although the existence of flexible elements
at.the grasp points may cause some errors in executing
the desired object tracking task.

The performance of the MIC has been already
compared, to the OIC [20,21], concluding its greater
advantages. Here, the performance of the MIC will be
compared to the AOC.

SIMULATION RESULTS AND
DISCUSSIONS

System Specifications

In this section, first, the simulation conditions and
system parameters are presented. Then, two cases,
consisting of solid and flexible grasp conditions, will
be considered and the results of applying the MIC and
AOC controllers are discussed and compared.

As seen in Figure 1, the cooperative task for
object manipulation is performed using three planar
robots, each with two DOF, where all links are one
meter long. The motions of the manipulators and the
object are considered in the horizontal plane. The
manipulated object is captured at three contact points,
which are located with respect to the object center
mass as follows:

Fos =027, T =030, 7 =—0.3.

The initial velocity of all joints and the object is zero,
while the initial joint variables are obtained accordingly
as given in Table 1. The first robot fixed joint is located
at the inertial coordinate origin and those of the other

robots are located as follows:

R,3 =1.23i+28j, R =1.2i.
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Table 1. The initial joint variables.

011 012 021 022 031 032 Pobj
155° | 125° | 69.1° | 108.6° | 254.8° | -31.4° 5.0°

The dynamics parameters of the object and the ma-
nipulators are determined as given in Table 2. The
saturation limits for actuator torques are given in
Table 3.

The desired path is designed as an S-shaped
profile, with three independent variables, = and y
as translational variables and ¢ as the orientation
variable. It should be mentioned that choosing an
S-shaped path makes the control problem more chal-
lenging, due to the fact that the desired acceleration
direction changes at its inflection point, which works
like exerting an impact to the system at that point.
The desired orientation is defined to maintain a given
direction of the object parallel to the desired velocity
vector. An obstacle is considered along the desired path
to examine the performance of the algorithm dealing
with impacts due to contact. The obstacle stiffness
and damping are considered as follows:

K, = 100000 N/m, K 4. = 5000 N.sec/m.

The controller gains in applying the MIC law in these
simulations are as follows:

Mges = 10, K’p = 3000, K4 = 600.

Next, the MIC law is applied to all three cooperative
robotic arms to manipulate an object,.as well as tuning
the inner forces in the object. As mentioned before,
two cases of solid and flexible grasps are.simulated
separately. These results are, subsequently, compared
to those of the AOC law.

Application of the MIC.Law with Rigid Grasps

First, the object grasp is established rigidly at all
three end-effectors. “Figure 4 represents the object
tracking path. As seen in Figures 4a and 4b, the
object path tracking is properly followed in free motion

Table 2. The dynamics parameters of the object and the

manipulators.
m;1 | Mi2 I; I; Mobj. Tob;.
[kg] | [kg] | [kgm?] | [kgm?] | [kg] | [kgm?]
10 8 1.5 0.8 3 0.5

Table 3. The saturation limits for actuator torques (in

N.m).

T11 T12 T21 T22 T31 T32
100 100 100 100 100 100

101

=
y (num)

y (m)

[ = Desired path 1540
| — Real path e
0.81 1535
0.5 1.0 1.5 1340 1345 1350 1355 1360
r (m) x (mm)
(a) (b)
& 100
j ) | —--Desired orient. ] 1.8
= 80[- —Real orient. |- 1 Iﬁ! e
] ] R i -bp o v
g 60|1c_ \- ; - 1_4; ,'.;/Tf 1
R RERE IS
% 20}- 1.0} ,.YJ/ 1
< L. 0.8 T~ !
= U!-'-- r 1
5 G - 0 0.5 1.0 1.5
z (m) z (m)
(c) (d)

Figure 4. Applying the MIC law to three cooperative
arms with rigid grasps and contact; (a) Desired and real
object path; (b) Desired and real paths at the contact
point; (c) Object orientation trajectory and (d)
End-effectors path.

and, when contact with the environment occurs, it
smoothly reaches its equilibrium situation. Figure 4c
shows the object orientation tracking that follows with
small errors, while after contact, it is observed that
small steady errors remain in the object orientations.
It should be noted that, in free motion, the object
tracking errors become more appropriate, by selecting
a large gain, but the steady state errors in the y-
direction is due to steady state object orientation
error (Figure 5). Also, large variations in velocity
error happen when the desired acceleration direction
changes at the inflection point of the S-shaped path.
As seen in Figure 6, the contact force reaches 240 N,
because of determining the large proportional gain,
Kp = 3000. The tracking errors are reduced, but the
steady state contact force is increased. The steady
state error in object rotation produced y-direction
forces in the second and third end-effectors. So, it can
be observed that the steady state forces are in a y-
direction in the second and third end-effectors. Also,
the force equilibrium is observed in the object between
the environment contact forces and the end-effectors
applied forces.

Application of the MIC Law with Flexible
Grasps

In these simulations, the object is grasped by three
flexible grasp points, which manipulate the object to
track the desired S-shaped path and regulate the inner
forces by applying the MIC law. As mentioned before,
in case of using large gains for reaching good tracking,
flexibility in the grasp condition (that is provided by



102

a Remote Compliance Centre (RCC)) is required, in
order to reduce the amount of contact force. The
stiffness and damping specifications of the RCC are

considered, with low impedance as follows:
Kp. =120 N/m, K 4. = 50 N.sec/m.

Figure 7 shows the object inner forces, besides actuator
torques, which prepare the object contact forces in
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contact. As seen in the inner forces diagram, one can
observe the steady state errors in the inner forces after
contact, because large contact forces are in contact and
the actuators have reached saturation conditions due to
the rigid grasps.

The simulation results, in cases of flexible grasp,
are shown in Figures 8-11. The object and end-effectors
path tracking characteristics are shown in Figure 8.
As can be seen, the impact appears due to contact
with the obstacle, which is deliberately considered in
the desired path, to reveal the merits of the proposed
scheme. The object error in the y-direction is about 8
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mm and the steady state orientation errors are about
3 degrees. The end-effectors tracking errors and their
time rates, before and after contact, are presented in
Figure 9.

As seen in Figure 9, tracking errors become con-
siderable in transient response at the inflection point
of the S-shaped path and, also, at the time of contact
with the obstacle (¢ ~ 25 S) The contact forces and the
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exerted end-effectors forces are shown in Figure 10. As
can be seen, the MIC is able to manage the contact in
a smooth, soft condition. It can be observed that the
contact forces and, also, the end-effector exerted forces
remain adequately low. In Figure 11, the errors of the
object inner forces and the actuator torques are shown.
It can be seen that the object inner forces errors are
negligible, i.e. a maximum of 0.5 N, and the actuator
torques are reasonably within their limits.

Application of the AOC Law with Flexible
Grasps

In this section, the recent simulations are repeated
by applying the AOC law and the results are shown
in Figures 12 to 17. As shown in Figure 12, the
object path tracking is performed properly and the end-
effectors, also, all properly track their desired path.
Figure 13 shows the inner object forces besides the
actuator torques.

As seen in Figure 13, the inner forces approach
their corresponding desired values, after passing a
transient phase at the inflection point of the object
path. The maximum variation appears at the inflection
point of the path and the errors of the inner forces
are much larger (about ten times more) than those
obtained by applying the MIC law (Figure 11). Also,
at the inflection point, larger actuator torques are
demanded, compared to those required by the MIC.

The object tracking errors of applying the AOC
law, when a contact with an obstacle has been planned
in the desired trajectory, are shown in Figure 14. It can
be seen that the object path tracking is obtained, but
the behavior of the three end-effectors are out of the
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ordinary. Due to flexibility, to yield the desired forces,
the end-effectors go far away from the object center as
shown in Figure 14d.

Tracking and the time rate errors of end-effectors,
before and after contact, are presented in Figure 15.
Comparing these results to those obtained by applying
the MIC (Figure 9), it can be seen that the errors of
the AOC are much larger (more than twenty times).
Undoubtedly, the reasons for such a difference are in
the structural differences between the MIC and AOC
laws, as discussed in the previous section. In Figure 16,
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it can be seen that the object contact forces are more
than five times greater than those obtained by applying
the MIC law (Figure 10) and, consequently, so are
the applied forces exerted on the object by the end-
effectors.

As seen in Figure 17, the object inner forces
obtained by applying the AOC law are more than five
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contact; (a) Object inner forces error; (b) Actuator
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times greater than those corresponding to the MIC
(Figure 11). In fact, the flexibility causes deterioration
in the AOC performance, which is, in turn, due to
errors in projecting the manipulator dynamics on the
augmented object model.

These results reveal the merits of the MIC scheme,
in terms of system flexibility and good tracking errors,
as well as inner forces tuning, even in the presence of
impacts, due to contact with the environment. Next,
the effects of controller gains tuning on the performance
of this algorithm will be briefly detailed.
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Study of the Effects of Controller Gains
Tuning on the Performance of the MIC

Several cases, such as solid grasp, one flexible grasp
and three flexible grasps of three manipulators,
have been simulated, to investigate the object inner
forces/moments variations along an S-shaped path.

In these simulations, the stiffness controller gain,
K,, is reduced from 3000 to 30, which reflects the
various virtual stiffness of cooperative end-effectors and
the object in reaction to the environment. As expected,
based on physical intuition, all tracking errors are
increased, while the behavior of object tracking at
the inflection point and at the contact time become
smoother. Also, the applied forces from the object
to the environment and, consequently, from the end-
effectors to the'object, are reduced.

Next, the desired ‘mass controller gain, Mges,
which represents the inertia property of the cooperative
robotic.manipulators and the object, is increased from
10 to 100. It is observed, by this increase, that
the system robustness is increased and the tracking
errors at the inflection point and the contact point are
reduced.

Finally, the damping controller gain, Ky, is de-
creased from 600 to 60, in order to observe the inner
forces variations. As expected, the effects of contact at
its'starting time are reduced; therefore, the inner forces
in the object are decreased and the overall behavior of
the robotic system becomes smoother.

CONCLUSIONS

The inner forces/torques in a manipulated object were
modeled using a virtual linkage approach. This ap-
proach was used to determine the relationship between
the inner forces/torques in the object and the applied
forces/ torques, by cooperative end-effectors, under the
MIC law. Also, open and closed loop controllers were
designed for inner forces tuning. Both the MIC and the
AOC laws were implemented to manipulate an object,
based on a planned path and desired inner forces.
An obstacle was considered along the desired path,
to examine the performance of the algorithm dealing
with the impacts due to contact. The object was
grasped with three cooperating end-effectors, either
under solid or flexible conditions. It should be noted
that in cases of using large gains for reaching good
tracking, that flexibility in the grasp condition (that
is provided by a Remote Compliance Centre (RCC))
is required to reduce the amount of contact force.
Structural differences between the two methods, MIC
and AOC, were discussed. In the AOC method, the
commands are projected to any end-effectors by the
grasp matrix and, then, to the robotic system actua-
tors. If the flexibility is considerable, the reflection of
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the robotic system dynamics on the augmented object
may be corrupted. In the MIC law, the desired force
commands are applied to the manipulators through
a grasp matrix and the free motion commands are
determined, by applying the impedance law on each
end-effector. Therefore, this algorithm has a good
tracking behavior, even in the presence of system
flexibility. The other advantage of the MIC law is
that it can be applied to mobile robotic systems with
a massive base and large accelerations. This is due to
this fact that free motion commands are independent
from the grasp matrix, but the AOC can only be
used for fixed base robots. The simulation results
reveal large flexibility at all grasp points and a good
tracking performance of the MIC law, as well as inner
forces tuning, even in the presence of impact due to
contact.
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