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ABSTRACT Most industrial robots are provided by the manufacturer with a controller that cannot be
modified by the user (e.g. a standard PID). This arrangement is commonly referred to as closed control
architecture, since it is not possible to program arbitrary control laws. For the implementation of novel
algorithms, it is on the contrary necessary to employ an open control architecture, which allows programming
any control scheme. For that reason, it is customary to have testbeds that are made up of robot manipulators
specially designed for this goal. Another disadvantage of the closed control architecture is that the controller
provided by the manufacturer usually does not include a force control term since it allows only to program
desired motion trajectories. To overcome these drawbacks without physically modifying the closed control
architecture, this contribution presents a novel approach to simultaneously follow position and force
trajectories by employing only motion planning, i.e. only by choosing the desired position trajectory. The
approach is especially well suited for DC motor actuators with large gear reduction ratios as those of many
industrial robots. The convergence of the manipulator position and applied force depends exclusively on the
performance of the controller provided by the manufacturer. The approach is tested on a dual-arm cooperative
manipulation system made up of two ABB IRB-2400 industrial robots with closed control architecture.

INDEX TERMS Force control, motion control, robot control, robotic assembly, manufacturing automation.

I. INTRODUCTION

Nowadays, as new and more complex tasks are performed
by robots in the industry, they need to interact with human
beings, other robots, or with the environment, and not only
to move objects or tools. Such interaction requires also
force controllers [1], as well as faster input/output interfaces,
fundamental in cooperative manipulation or human/robot
interaction systems [2]. However, most industrial robot man-
ufacturers do not offer this as a standard option nor the
possibility for the user to freely program his/her own con-
trol algorithm. This configuration is known as closed con-
trol architecture since the control law is already programed
(e.g. a regular PID) and it is not meant to be modified at
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all. For the user to implement innovative control schemes
it is necessary to have an open control architecture, which
for industrial robots can usually be achieved by replacing the
manufacturer’s controller either with a higher (more expen-
sive) option provided by the same company or by a “home-
made” control device. This may allow the implementation of
force controllers designed by the user, with external sensors
and algorithms built at a high level [3]. This paper introduces
a proposal to avoid changing the control module provided
by the manufacturer just by cleverly choosing the desired
position trajectory which includes a force control term. It is
worthy to notice that the performance of the overall system is
limited by sampling and bandwidth considerations [4].

A. RELATED WORKS

Force control can be achieved by employing several tech-
niques. There are basically two main categories in which
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force control can be divided namely, indirect and direct force
control [1]. To the first category belong the impedance and
admittance controllers [5]. These approaches are well suited
for nonrigid environments, and they can achieve force control
without the necessity of a force sensor, although the surface
stiffness is still required to be known a priori, or it has to
be estimated online as in [6]. To the second category belong
the hybrid force/motion and the parallel position/force con-
trollers. On one hand, the hybrid force/motion approach is
well suited for rigid environments whose geometry is known
in advance, or it has to be estimated online as well [7].
On the other hand, the parallel position/force approach is
better suited for nonrigid and/or unknown environments.
In this case, the force control is intended to dominate the
motion part, therefore some position error at the constrained
directions must be tolerated [8].

Implementation of direct force controllers requires a
two-loop architecture: one in charge of Cartesian position
tracking, and the other one to deal with the force control at
the end-effector. The output of these two loops is passed to
the low-level joint controller provided by the manufacturer.
Besides these controllers, it is a common practice to have a
supervisory controller to manage the single and coordinated
tasks for the case of a cooperative system [9].

Dual-arm manipulation has become a common task in
industry, either because the desired task cannot be performed
by a single manipulator, or because of the size of the object
to be manipulated, or due to flexibility and dexterity require-
ments. To accomplish a dual-arm manipulation task, coordi-
nated or uncoordinated approaches can be considered [10].
In the former, both robots share the same task with indepen-
dent but coordinated motion, whereas in the latter each robot
moves independently [11]. Often, the number of available
sensors and the type of communication between the robots
determine the approach to follow.

It has been shown that when manipulating an object by
a cooperative multi-robot system, a decomposition of gen-
eralized forces/wrenches is required. Moreover, load distri-
bution is highly desirable among the manipulators. Force
decomposition allows analyzing the repercussions of the
end-effector forces on internal torques, which imposes kine-
matic constraints [12]. In turn, load distribution defines the
object grasping internal stresses [13]. When the robots inter-
act with an object, kinematic constraints at the end-effectors
arise to establish a closed kinematic chain that has to be
kept to ensure object grasping. These constraints define a
Jacobian, which relates forces and torques, but relies on a
pseudoinverse to compute the external/internal force decom-
position. To avoid the Jacobian inversion, [14] proposes an
optimization algorithm that is solved by differential evolu-
tion and tested on a dual-arm KUKA Youbot system. When
decomposing the generalized forces applied to the object,
its geometry and dynamic parameters are assumed to be
available. However, it is often the case that such data is not
available, for which some estimators have been designed,
showing that by using force sensors it is possible to perform
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the intended manipulation task even with a poor knowledge
of the object to be manipulated [15]. The object dynamics is
an important consideration to achieve bounded internal forces
when grasping it and simultaneously interacting with the
environment, as shown in [16]. In the mentioned work, both
impedance-based centralized and decentralized controllers
are proposed and validated through experimental results with
a pair of open control architecture industrial robots.

In [17], a comparison between two impedance con-
trol approaches, namely the Multiple Impedance Con-
troller (MIC) and the Augmented Object Model (AOM),
is presented for a dual-arm manipulation system. The task
consists in inserting an object into a peg, for which the
authors conclude that the MIC has smaller tracking errors and
dissipates more energy than the AOM in presence of impacts
between the manipulated object and the environment.

By taking into account the kinematic constraints imposed
at the end-effectors, it is possible to consider a dual-arm
system as a single kinematic chain through a relative Jaco-
bian, mapping each manipulator joint velocities to the relative
motion of the object and the end-effectors, as shown in [18],
where an impedance controller based on a desired dynamics
of the object is proposed. The authors validate the effective-
ness of the approach by a set of experimental results with two
Faraman robots.

Another approach that considers spatial and tempo-
ral constraints for dual-arm manipulation tasks is the so
called STAAMS (Simultaneous Task Allocations and Motion
Scheduling), which focuses on planning and scheduling a
set of tasks to achieve the manipulating goal. In [19], this
approach is applied to an assembling task with a pair of
industrial KUKA LBR iiwa manipulators.

To achieve high-performance in the control of coopera-
tive robotic systems, it is necessary to take into account the
dynamics of the manipulators themselves in the controller
design. Several works propose adaptive control schemes to
deal with this problem (e.g. [20]). However, as the num-
ber of degrees of freedom grows, these kinds of con-
trollers become more complex and difficult to implement,
for which some alternatives such as multiple-input/multiple-
output fuzzy logic-based controllers [21] have been explored
as well.

Dual-arm manipulation has been also investigated in the
context of robotic teleoperation, with the increased complex-
ity of the control objectives, namely stability in presence of
time-delays and transparency of the teleoperator. Some recent
solutions have been proposed based on second-order sliding
modes [22] and adaptive sliding mode controllers based on
neural networks [23].

To achieve high-performance manipulation by a dual-arm
system, it is highly desirable to have access to the motor
torque/current control, as well as force/torque sensors. How-
ever, most industrial robots have closed control architec-
ture, thus allowing only kinematic control, i.e. only velocity
and/or position references can be commanded, which
in turn are passed to the built-in low-level controller.
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Furthermore, this also limits the sampling time. Nevertheless,
it has been shown that pure kinematic control laws at indus-
trial robots are sufficient to perform most dual-arm manipula-
tion and collaborative human-robot tasks [24]. As pointed out
in this reference, low-level industrial controllers overcome
coupled and nonlinear robot dynamics. Recent efforts have
been made to improve human-robot safe interaction with
closed control architecture by taking advantage of a force and
torque sensor [25].

B. MOTIVATION AND CONTRIBUTIONS

The main motivation of this work is to propose an approach
to introduce a force control term for an industrial robot with
closed control architecture, without needing the implemen-
tation of a specialized force control module and without
changing the original position control law provided by the
manufacturer. The basic idea is therefore to propose the
desired position trajectory which contains all the informa-
tion necessary to achieve this goal and that can be given to
the manufacturer’s standard motion planner. To summarize,
the main contributions are:

o The proposed scheme makes it possible to simultane-
ously follow trajectories in both position and force,
by employing only desired positions and velocities
commanded to the manufacturer’s controller, which is
assumed to be a standard motion planner.

o The proposed approach is supported by a mathematical
analysis that guarantees closed loop convergence of the
contact forces and position trajectories to the desired
references, depending on the precision provided by the
manufacturer’s controller.

o The scheme is valid for both rigid and soft objects/
environments, as well as for a single robot or for
dual-arm cooperative manipulation systems.

C. OUTLINE OF THE PAPER

The remainder of the manuscript is organized as follows:
in Section 2, a mathematical model of a robot interacting
with its environment is presented, as well as some of its
useful properties. In Section 3, the main contribution of the
article is developed, i.e. the proposed control approach with
the corresponding mathematical analysis for the case of rigid
and nonrigid surfaces, as well as an extension to the case
of dual-arm manipulation. In Section 4, some experimental
results are presented to validate the proposed scheme. Finally,
in Section 5 some conclusions and directions for future work
are given.

Il. PRELIMINARIES

A. ROBOT’s DYNAMICS

Consider a n—degrees of freedom rigid robot in contact with
its environment, represented by a m—dimensional constraint.
The dynamics of the system is then given by [26]:

H@§+Cq.9q+Di+glq)=1—J @F., (1)
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where g € R” is the vector of generalized joint coordinates,
H(q) € R™" is the symmetric positive definite inertia
matrix, C(q, §)q € R" is the vector of Coriolis and centrifugal
torques, D € R"*" is a diagonal positive semidefinite matrix
accounting for viscous friction, g(q) € R" is the vector of
gravitational torques, T € R" is the vector of torques acting at
the joints, J(q) € R"*" is the manipulator geometric Jacobian
and F, € R" is the vector of environmental forces. We use the
notation

x =f(q), (@)

to denote the robot direct kinematics, while it is assumed that
the relationship for the inverse kinematics can be denoted as

g=f""), ?3)

where x € R”" is the vector of work—space coordinates.
Its definition is sometimes better suited according to the
following well-known relationship

O.
x=bﬁ}=ﬂm¢ )

where %@, € R” is the angular velocity of the end—effector,
while %p, € R®™) is the end—effector position. Usually
n = 6 and v = 3. Then, x is given in this case by

[ [ OPu
S C AR A B

We can further set!

X = [x Yz dx Py ¢Z]T-

As explained in full detail in [26], O(bn in (5) does not have
any physical meaning. If it is desired to have a vector °¢,, with
a physical meaning, e.g. Euler angles, the analytical Jaco-
bian J A(q) should be used instead. For that case, however,
%Oqﬁn purely represents the derivative of the orientation rep-

resentation given by ’¢,. Whenever the robot is not in a
singularity, the following relationship holds

qg=J '@ (©6)

B. FORCE DESCRIPTION

A key point in force control is the description of the force
interacting with the environment. Assume that the robot gets
in contact with a surface or object, whose undeformed shape
can be described by the following relationship

o(x) =0, @)

where ¢ (x) € R"”. Furthermore, any workspace configuration
satisfying (7) belongs to a set X, i.e. if x € & then (7) holds.
For simplicity, we use the notation x for any x € X.

1Using x as vector and x as scalar (to designate the x—coordinate) should
not cause any confusion.
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1) RIGID SURFACES: PRINCIPLE OF ORTHOGONALIZATION
Assume that the force F¢ arises at the contact with a rigid
object or frictionless surface. For that case the Principle of
Orthogonalization can be employed [27]:

Property 1: The vector X satisfies

x = 0,0)x + Py(x)x = O, (x)x, (8)

A A A
where Qx(x) = (Iyxn — Px(x)), Px(x) = J:;—x‘](px; andJ;_x =
J gx (JoxJ gx)q stands for the Penrose’s pseudoinverse, and
0, € R™" satisfies rank (Qy) = n — m. These two matrices
are orthogonal, i.e. Q. Px = O (and in fact Q,J gx = 0 and
JoxQx = O). Note that the last equality in (8) is due to the
fact that @(x) = J pxX = 0 in view of constraint (7). O

2) DEFORMABLE SURFACES
In case the contact surface is deformable a more proper way
to describe the contact force is given by [1]:

F. = K¢(x — x9), 9

where Ky € R™" is the contact stiffness matrix, which we
assume to be diagonal and positive semidefinite.

C. ACTUATORS’ DYNAMICS

Equation (1) describes the dynamics of a rigid robot manip-
ulator with an external force without taking into account the
actuators’ dynamics, typically hydraulic, pneumatic, or elec-
trical devices. A case of particular interest due to its wide use
in industrial robots are DC motors, for which it is possible to
get the following relationship between the generalized input
torques and the input voltages v € R” applied to the motors’
armature [28]

D;q + D¢q + Dyt = Dyv, (10)

where Dy, D, D¢, Dx € R™" are all diagonal matrices given
by

D, = disg| [t -+ Jug] } (a1

T K1 Kny Ki6Kbs
D¢ = diag [fml + i}eal -+ fme + —‘}3% ] } (12)
D. — di 1 .1 13
P =diagh | 30 (13)

— d; Kal . Kaﬁ ]

Dx = diag [Rali’l Rure } (14)
Fori=1,...,6Jni kg m?] is the rotor inertia, fim; [N m] is

the rotor friction coefficient, K,; [N m/A] is the motor—torque
constant, R,; [€2] is the armature resistance and Ky,; [V s/rad]
is the back emf constant. Finally, r; is the gear reduction
ratio usually chosen so that ; > 1. In this work this case
is assumed.

Substituting (10) in (1) yields

(H@+D7'D;) i+ C@. @i+ (D+D7'Dr)d
+g(q) =D 'Dxv — JT(@F.. (15)
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IlIl. MAIN RESULT

Most industrial robots do not allow the user to program
his/her own control algorithm, but only a desired trajectory
xq € R® containing both the information of position and
orientation of the manipulator end-effector. Once inverse
kinematics is applied, the corresponding desired trajectory
in joint coordinates becomes g4 € R”, where usually it is
assumed that at least its first and second time-derivatives
are bounded. Then, the position tracking error is defined
as

ep=q—4qy, (16)
for joint coordinates, and as
Ax =x — x4, (17)

for workspace coordinates. Probably the most employed con-
trol law in industrial robots is a regular PID [29], defined as

t
Vpid = —Kmpep — Kni / epdt — Kmdépa (18)
0

where Knp, Kini, Kmg € R™*" are diagonal positive definite
matrices.

Assumption 1: The controller gains Ky, K, Kq have been
properly tuned by the robot manufacturer to achieve ey, ~ 0
and é, ~ 0 for time varying trajectories q4(t), and e, =
ey = 0 for a constant qq. Therefore, the PID control law
achieves Ax ~ 0 and Ax =~ 0 for time varying x4(t), and
Ax = Ax = 0 for a constant x4. |

Remark 1: Note that the proposed approach assumes that
the controller gains Kmp, Kmi, and Kmq in (18) are set by
the manufacturer and the user has no way to retune them,
given the closed control architecture considered in this work.
Assumption 1 also implies that the controller has some degree
of robustness to external disturbances. The following analysis
is carried out assuming the motion controller provided by the
manufacturer is a standard PID, but similar analyses can be
derived for PD and PD plus gravity compensation motion
controllers. |

Consider now rewriting (15) as

(D:H(q) + Dj)§ + D:C(q, §)q + (D:D + Dy)q
+D,g(q) = Dxv — D J (@)F..  (19)

By assumption it is 7; 3> 1 V i, so that from (13) it holds
D, = 0, meaning that (19) can be approximated by
Dig + D¢g = Dyv. (20)

By substituting (18) in (20) one gets
¢
qu +Dtg = _Kdmpep _Kdmi/epdt - Kdmdépa 2D
0

where K gmp = DkKmp, Kdmi = DxKmi, Kqmd = DxKmd €
R™" are diagonal positive matrices.
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Remark 2: Equation (21) shows that for large gear
reduction ratios the highly nonlinear dynamics of a robot
manipulator becomes not only approximately linear, but also
decoupled. However, CARE MUST BE TAKEN since in real-
ity the position vector q in (21) is not free, but constrained by
the force Fe, even though it does not explicitly appear. The
usefulness of (21) relies on the fact that it allows implement-
ing a force control action indirectly, just by properly choosing
the desired position trajectories, as it will be done next. [

In the following paragraphs, force tracking error is ana-
lyzed by employing the standard bounded-input bounded-
output (BIBO) stability of linear first-order filters [30] to
establish practical convergence of both position and forces to
the desired references, for both rigid and nonrigid surfaces.

A. RIGID SURFACES

Suppose it is wished that the robot manipulator tracks a
trajectory xo € X for a nondeformable surface so that a force
F. due to the contact with the environment arises. To avoid
damages to the contact surface and to have an appropriate
force performance, consider the following desired trajectory

X4 = x0 + xt, (22)
where
t
xr = Kyep + K; / egdr, (23)
0

with K, K; € R™" positive definite matrices of constant
gains. The force error is defined as

ep = Fq — Fe, 24

where Fq € R”" is a desired (possibly time-varying) con-
tact force. Now, the next proposition is stated regarding the
force/position control over rigid surfaces.

Proposition 1: Let xo € X be the desired position
trajectory satisfying the holonomic constraint (7) and let
F4 € R" be the desired contact force, with the corresponding
force error defined by (24). Let the reference trajectory for
the closed-loop architecture controller be computed by (22).
Then, a combination of gains K, and K can always be found
to drive both position and force errors arbitrarily close to
zero, as long as Assumption 1 holds.

Proof: In what follows, in order to simplify the forth-
coming analysis and without loss of generality, these matrices
are assumed to have the form K, = kpI and K; = kI, where
1 is the n x n identity matrix. According to Assumption 1, itis
Ax = x — xq =~ 0, which means that

x —xo—xf~0. (25)

Note that necessarily x € X, while by definition
xp € X. Fig. 1 depicts the cases for small and large errors.
Assumption 1 guarantees a small error, while Property 1
implies that the force is perpendicular to the surface, i.e.
F. = P(x)F. and for small errors Fy =~ P(x)Fq, so that
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a)

FIGURE 1. Position errors: a) Large error. b) Small error.

also ep ~ P(x)er. However, this is not necessarily true for
t

the integral term f erdt, for which we consider two cases:
0
a) P(x) is constant. For that case it holds

t t
/P(x)epdt =P(x)/3pdt, (26)
0 0

which means that xy = P(x)x;. Since P(x) spans the
space orthogonal to the surface, it does not affect the
robot’s end—effector position. Thus, necessarily x = x
(or x = x for a constant x(). For that reason one gets

t

x¢ = kper + ki / epdr =~ 0, 27
0
or
t
ep ~ —E /epdl. (28)
kp ,

This last equation represents a stable first order

autonomous linear system, so that in the end both ep
t

and [ erdr tend (approximately) to O or exactly for a

0
constant xg. A constant P(x) arises for flat surfaces, but

if xo is chosen constant, all errors, position and force,
will tend to zero even for a non-flat surface.

b) P(x) is not constant and varies depending on x. For that
case the relationship (26) does not hold and instead one
has

xr = Q(x)x¢ + P(x)x¢

t 1
= kper + kQ(x) / epdt + kiP(x) / epdt. (29)
0 0
Thus, instead of (28) it holds
1
ki
ep ~ ——P(x)/epdt. (30)
kp
0
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But it must also hold
x ~ x0 + Q(x)xy. (31

However, according to Fig. 1, Q(x)xf cannot be too large

simply because xp € X and a large Q(x)x; would cause

xo + Q@)xr ¢ X while x € X, which represents a

contradiction. Note that the exception would be a flat

surface, but that is precisely Case a). Therefore, since
t

t

Q)x; ~ 0, then necessarily [epdr ~ P(x) [ erdt.
0 0

This means that in the end the system behavior tends to

be the same as before, i.e. ep ~ 0 and x ~ xg.
O

B. DEFORMABLE SURFACES

Suppose now that the surface is deformable so that the
contact force is described by (9). The following result can
be stated.

Proposition 2: Let xo € X be the desired position tra-
jectory, designed to keep contact with the surface under no
deformation, and let Fq € R" be the desired contact force,
with the corresponding force error defined by (24). Let the ref-
erence trajectory for the closed-loop architecture controller
be computed by (22). Then, a combination of gains K, and K;
can always be found to drive the force error arbitrarily close
to zero while keeping the position error bounded, as long as
Assumption I holds.

Proof: From (23) and (25), one has
t
X —xo & kpeg + ki / erdr. (32)
0
Multiplying both sides of (32) by K one gets
r
F.=K;(x —x0) ~ K¢ kp8F+ki/eFdl . (33
0
Alternatively using Fj it is
t
ep =Fq—F, %Fd—kafeF—kin/eth, (34)
0

or
d + koK p)ér ~ —kiKger + Fy. (35)

Since Ky is diagonal, then one can get n equations of the
form

(1 + kpki)ér; ~ —kikgier: + Fai, (36)

where for i = 1,...,n, ép;, ef; and Fd,' denotes the
i-th element of ég, eg and Fd, respectively, while kg; is the
i-th element of the diagonal of K¢. Note that if kr; = 0, then
both Fy; and F; are zero, and (35) becomes trivially 0 = 0.
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If ks; > 0, we distinguish two cases. If Fy;(¢) is constant, then
Fq; = 0, and one gets

Kiks;
opi A i S 37)

(1 + kpkei

which is a stable autonomous linear filter, meaning that
ep; — 0 approximately. On the other hand, if Fy;() is time
varying and thus Fy; # 0. By applying the Laplace operator
one gets

((1 + kpkei)s + kiksi) EFi(s) & Fqi(s). (38)

Note that in (38) it has been chosen to compute directly
the Laplace transform of the derivative of Fy; as Fdi(s)
instead of using the well-known relationship sFg;(s). For this
reason (38) becomes

1/(1 + kpkfi)

ST ik 1+ ko) 6 69

Egi(s) =~

Clearly, the smaller the magnitude of Fy;(¢) the smaller
the force error will be. Alternatively, the error can be made
smaller by setting k; larger since this makes the filter gain
in (38) smaller. Note that the same result is gotten for a very
large ki, which represents a rigid surface. This is in good
agreement with the result obtained using the Principle of
Orthogonalization. ]

Remark 3: Contrarily to the case of rigid surfaces, both
position and force errors cannot be made arbitrarily close
to zero for nonrigid surfaces by employing the proposed
algorithm. This can be seen by looking at equations (32)
and (39), where the larger the gains k, and k;, the smaller
the force error, but at the expense of making the position
error larger. Therefore, a trade-off between force and position

tracking performance must be made for deformable surfaces.
O

C. EXTENSION TO COOPERATIVE DUAL-ARM
MANIPULATION

The extension of the proposed approach to the case of cooper-
ative dual-arm manipulation is straightforward by employing
the cooperative task space formulation proposed in [31].
In such formulation the desired motion of the object is defined
as an absolute position and orientation given by

1
Xa = 5(¥10 +¥20) (40)
R0 = "Rio' Rkt 921/2), (41)

where x10 and x»o are the desired Cartesian positions for
the end-effectors, Ry is the rotation matrix of one of
the end-effector frames, 'ky; and 9; /2 are the axis/angle
parametrization of the rotation IR,, and -/Rk(jk, ¥) is the
rotation matrix by © over the axis /k. For planar rota-
tions, the absolute rotation angle is simply given by ¢, =
%(191 + 1), where ¥ and ¥, are the rotation angles of the
end-effector frames for the first and second manipulators,
respectively.
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In turn, the desired relative position and orientation of the
end-effectors are given by

Xr0 = X20 — X10 (42)

Roo = "R}y Rao. (43)

For planar rotations the relative orientation is simply ¥y =

¥, — 1. In a similar fashion, the desired absolute linear and
angular velocities are

) 1. .
Xa0 E(xlo + X20) 44)

1
Wy = E(wm + @29), (45)

whereas the desired relative linear and angular velocities are
given by

X1 = X20 — X10 (46)

Wr) = @20 — W10. (47)

The mentioned quantities are shown in Fig. 2. For rigid

objects’ manipulation, the desired relative position and ori-

entation must be constant. Thus, the desired positions and

orientations for both end-effectors are easily computed once

defined the desired absolute position and orientation for the
object.

L0

FIGURE 2. Cooperative task space formulation.

For the desired forces and moments, an analogous defi-
nition as that for the motion part is employed. The desired
absolute forces and moments, F,q and n,q, in terms of the
corresponding end-effectors forces and moments, F;; and
Rigd,i=1,2 are

Fyg=F1qg+Fq (48)
naq = Ny 4 + nog, (49)

80734

and the desired relative forces and moments are given by

1
Fy E(FZd_Fl d) (50)

1
Ry = 5("2 d — n1g). (51D

On the one hand, to obtain a decoupled motion/force
controller as the one proposed in Section III-A, the desired
absolute forces and moments must be zero, i.e. F,q = 0 and
n,q = 0. On the other hand, the relative forces and moments
represent the internal (grasping) forces on the object. There-
fore, given the desired relative forces and torques, the desired
ones for each end-effector are well defined.

IV. EXPERIMENTS

In this section, three experiments are presented to validate the
results given in Section III. The first experiment consists in a
force/motion trajectory tracking over a rigid surface. The sec-
ond experiment is a cooperative manipulation assembling
task, which consists in inserting a rigid part into another rigid
one, for which both external and internal forces are required
to be controlled, as well as the motion of the manipulated
part. The third experiment consists in the manipulation of
a deformable object, i.e. a basketball, using the dual-arm
system of the second experiment.

A. EXPERIMENT 1: FORCE/MOTION CONTROL ON A
RIGID SURFACE

The first experiment consists of a single ABB IRB-2400
manipulator in contact with a rigid surface, as shown in Fig. 3.
The task consists in following a circle over the surface, whose
time-parametrized coordinates are given by

X0 + ro sin 2t /Tp)
xo = | yo + rocos¢gcos 2nt/Tp) |,
z0 + ro sin ¢ cos (2wt /Tp)
where ro = 40 [mm] is the circle radius, 7y = 60 [s] is the
time required to complete one circle and ¢ = 43.5[°] is the
inclination of the surface with respect to the horizontal plane.

At the same time, it is intended to track a desired force signal,
defined by

Fa=1+9 (1 _ 01 ’) [N].

The gains in (23) were chosen as K, = 0.00027 and K; =
0.03I. The sampling frequency for the control loop is 25 [Hz],
constrained by the closed architecture nature of the system.

The position of the end-effector tip in the 3D Carte-
sian space is shown in Fig. 4. The time evolution of each
of the tip Cartesian coordinates is shown in Fig. 5, while
the corresponding position errors are displayed in Fig. 6.
In these figures, a very good tracking can be appreciated,
since the tracking error is maintained around 1 [mm], taking
into account the relatively large sample time for the control
loop, i.e. T = 40 [ms]. The force tracking and force tracking
error time evolution plots are shown in Fig. 7. In this figure,
the effectiveness of the approach in tracking the desired force
can be appreciated.
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FIGURE 3. Setup for Experiment 1.
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FIGURE 4. Experiment 1. Cartesian end-effector position in 3D:
desired (- - -), measured (—).
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FIGURE 5. Experiment 1. Cartesian coordinates time evolution:
desired (- - -), measured (—).

B. EXPERIMENT 2: COOPERATIVE ASSEMBLING TASK

The second experiment consists in a standard assembling
task, where one (mobile) rigid part is manipulated to drive
it near another (fixed) rigid part and push the mobile part
to insert it firmly into the fixed one, as described in Fig. 8.
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FIGURE 6. Experiment 1. Position error.
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FIGURE 7. Experiment 1. Force tracking (up): desired (- - -),
measured (— ).Force error (down).

The experimental setup is shown in Fig. 9. In order to do
the assembling task, the cooperative system must control the
force necessary to grasp the object without damaging it, and
simultaneously the part motion. Finally, grasping, motion,
and interaction force with the fixed part must be controlled to
ensure smooth assembling. To achieve this objective, a decen-
tralized scheme is employed for the cooperative system con-
trol, i.e. the desired absolute position trajectory and relative
forces of the object are designed and then the desired contact
forces and motions for each manipulator are obtained through
the relations explained in Section III-C.

The gains in (23) for this experiment were chosen as K, =
0.015I and K; = I. The sample time of the force/motion
control loop is T = 40 [ms]. The experiment is divided into
three parts:

Stage 1 Grasping without movement, where the desired
relative (grasping) force along the object z-axis is
proposed to follow the profile

Fra = 5+30 (1= e7*%=0) ],
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FIGURE 8. Description of the assembling task for Experiment 2.

FIGURE 9. Setup for Experiment 2.

where 79 = O[s] is the starting time of this phase.
This profile starts with a relatively low force (5 [N])
and grows exponentially to its final value (35 [N]) to
avoid the overshoot from the PI force control.

Stage 2 Mobile part force/motion control. The desired
grasping force is maintained constant, i.e. Fr,qg =
35 [N]in this stage, while the desired position trajec-
tory is computed offline to take out the mobile part
from its initial holder, then to rotate it, and finally
to take it closer to the fixed part. This stage takes
120 [s], i.e. from #; = 20[s] to £, = 140[s].

Stage 3 Insertion. In this stage, the grasping force is still
maintained constant at F;,4 = 35[N]. There is no
explicit desired motion. Instead, a desired relative
force in the object x-axis direction, which is normal
to the fixed part surface, is defined as

Fixa = —4—16(t — 1) /Ty [N],

where T, = 40([s] is the desired assembling task
time. This profile starts with a relatively low inser-
tion force (4 [N]) and then it is linearly increased
to perform the assembly task. After the assembly,
the desired force continues to increase until its max-
imum value of 20 [N].

A visualization of this experiment is provided in the accom-
panying video.

80736

The desired and measured grasping forces for stage 1 are
displayed in Fig. 10. There is a slow settling time, mainly
due to the slow sampling frequency of 25 [Hz], which in
turn is a consequence of the system’s closed architecture.
Nevertheless, the force tracking error in steady state is very
good. For stage 2, the desired grasping force is maintained
at Fr,g = 35[N], while the mobile part is moved over all
three Cartesian axes and rotated over the x-axis. The position
tracking and the position tracking error for the center of the
object are shown in Figs. 11 and 12, respectively. It must be
noticed that the error in all coordinates is maintained below
1 [mm] during all the duration of this stage. Finally, in Fig. 13,
the desired and real insertion force are shown. This stage
starts att = 1, = 140 [s], and the pieces are sufficiently close,
or even in contact, to initiate the assembling task. In Fig. 13,
there are three parts: i) First, for # < 158 [s] the fixed part
opposes the movement of the mobile part, and force tracking
is achieved. ii) A sliding of the mobile part into the fixed
one starts, and the contact force is drastically diminished,
while the motion of the mobile part is permitted. iii) Once
the mobile part has reached its final position, the fixed part
opposes the movement, and force tracking is achieved again.
Notice that force tracking in this component is also very
good, both before and after the insertion of the mobile piece.
Furthermore, the assembling task is successfully carried out
as can be seen in the accompanying video.

10 15 20

o 10+
Z.
—~ 0
& \\/’7
10t
0 5 10 15 20
t[s]

FIGURE 10. Experiment 2, stage 1. Grasping force (up): desired (- - -),
measured (— ). Grasping force error (down).

C. EXPERIMENT 3: SOFT ENVIRONMENT

The third experiment consists in a manipulation of a soft

object, in this case, a basketball, as shown in Figure 14. The

gains in (23) for this experiment were chosen as K, = 0.0151

and K; = I. The sampling time of the force/motion control

loop is T = 40 [ms]. This experiment is also carried out in

three stages:

Stage 1 Grasping without movement, where the desired rela-
tive (grasping) force is proposed to follow the profile

Fupd = 35 (1 _ e*°~5<’*’°>) NI,
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FIGURE 11. Experiment 2, stage 2. Position tracking: desired (- - -),
measured (—) .
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FIGURE 12. Experiment 2, stage 2. Position tracking error.

.5
Z

"
=10

-15

-20 ‘ ‘ :
120 140 160 180

tfs]

FIGURE 13. Experiment 2, stage 3. Insertion force: desired (- - -),
measured (—) .

where tp = 0[s] is the starting time for this phase.
This profile starts with a zero contact force and
grows exponentially to its final value (35[N]) to
avoid the overshoot arising from the PI force con-
trol. This stage takes 42 [s] to complete. The desired
force value remains constant for the rest of the
experiment.
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FIGURE 14. Setup for Experiment 3.

Stage 2 Object rotation. The desired grasping force is kept
constant, i.e. Fr,g = 35[N] in this stage, while
the object is rotated about the xp-axis. The desired
rotation angle is in turn given in two parts:

a) A linear change of the desired angle for
Hh<t=<nth

Vg = —ay,(t — 11). (52)

b) A sinusoidal desired angle forr, <t < 13

g = —ay, + by, (1 — cos(wy, (t — tz))), (53)

where 11 = 42[s], b = 57[s], 3 = 102[s],
ay, = 03[°], ap, = 4.5[°], by, = 6[°], and
wy, = 0.135[rad/s]. This stage takes 80 [s], i.e.
from t; =42 [s] to t3 = 102 [s].

Stage 3 Object motion. In this stage, the grasping force is
maintained constant at F,4 = 35[N], while the
absolute desired position is given by a sinusoidal
over the yp-axis, given by

Ya0 = Yini + dy (1 — cos(wy(r — t4))), (54)

where t4 = 108[s], yini = y(fa), ay = 50 [mm],
and wy = 0.0785 [rad/s]. This stage takes 78 [s],
i.e. from t; = 108 [s] to t3 = 186 [s].
A visualization of this experiment is provided in the accom-
panying video.

The desired and measured grasping force are shown
in Figure 15, as well as the corresponding error. It can be
seen that for the first stage (r < 42[s]), the force tracking
is as good as for rigid surfaces. However, for stages 2 and 3,
the force tracking error grows. This is due to the fact that
for nonrigid surfaces position and force tracking cannot be
achieved independently, as stated in Section I-A. The rota-
tion tracking corresponding to the second stage is displayed
in Figure 16, along with the rotation error. After finishing
the second stage, the object rotation is no longer a control
objective and it remains constant for the rest of the experi-
ment. The position tracking corresponding to the third stage is
displayed in Figure 17 along with the position tracking error.
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FIGURE 15. Experiment 3, stages 1-3. Grasping force (up): desired (- - -),
measured (— ). Force tracking error (down).
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D. PERFORMANCE INDEXES

In this section, a quantitative measurement of the controller
performance is given by employing some well known norms,
listed as follows:

o Root-Mean-Square Error (RMSE), defined as

llex|lrmsE =

where n; is the total number of samples of a signal ey
and ¢, its mean value.
e Mean Absolute Error (MAE), defined as

> lexil
llexllmar = =—.
ng

o Loo-norm, defined as
lexllc., = max{|el}.
l

These indexes are displayed in Table 1 for the error signals
of all three experiments. Moreover, the percentages of the
performance indexes with respect to the maximum change
of the reference signal are given in Table 2. The position
errors are smaller for the experiments with rigid surfaces
(experiments 1 and 2), and larger for the nonrigid
object (experiment 3), which is in good accordance with the
stated in Propositions 1 and 2.

TABLE 1. Performance indexes for the position and force errors.

2 ‘ ‘ ‘ ‘ ‘ ‘
60 80 100 120 140 160 180
t[s]

FIGURE 16. Experiment 3, stage 2. Rotation angle # (up): desired (- - -),
measured (— ). Rotation error (down).

140 160 180

120

120 140 160 180

tfs]
FIGURE 17. Experiment 3, stage 3. Position control along the yg-axis (up):
desired (- - -), measured (— ). Position tracking error (down).

It can be noticed that the tracking error is larger than those
present in the experiments with rigid surfaces, but still under
4 [mm)].
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Experiment Error RMSE MAE Loo Units
1 e 09040 0.9010 1.2708 mm
er, 05855 04789 18679 N
2 e 04540 03978 1.2021 mm
er, 41275 20606 12.1473 N
er, 33133 1.7894 12.5179 N
3 ey, 2.1529 1.9017 3.1248 mm
ey 1.0498 0.9965 1.5648 deg
er, 20499 14998 4.6786 N

TABLE 2. Performance indexes as a percentage of the maximum change

in reference signals.

Experiment Error RMSE MAE Lo Units
1 e 07990 0.7964 1.1233 %
ef, 65215 5.3338 20.8053 %
2 e 0.1948 0.1707 05157 %
er, 137591 6.8690 40.4930 %
er, 165770 8.9524 62.6283 %
3 ey, 17940 1.5847 2.6040 %
ey 8.7481 8.3040 13.0404 %
ey, 5.8570 4.2851 13.3674 %

V. DISCUSSION

As validated through the above experiments, the proposed
approach makes it possible to follow references in both
force and position for industrial robots interacting with rigid
and soft environments. The control objective is reached by
employing only position and velocity references, which are in
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turn managed by the motion planner. Nevertheless, the stan-
dard motion planners are intended for offline designed paths.
This means that although the inner control loop is running at
a fast sample rate, the outer loop runs at a slower rate. In the
present case, the outer loop, in which the force controller is
implemented, is running at 25[Hz]. Such a slow sample rate
limits the motion velocity of the overall system, which results
in the relatively slow motions of the experiments.

The proposed approach assumes that the environment is
completely known, i.e. the geometry of the parts to be
manipulated is well characterized and the kinematics of the
manipulators is well-calibrated. Although the second is a
realistic assumption, the first one limits possible applica-
tions. Online estimation of the environment shape has been
investigated for rigid surfaces [32], [33] by employing force
measurements, and for nonrigid surfaces [6] by estimating
the environment stiffness in an indirect force control scheme.
Computer vision-based solutions have also been explored for
both rigid [34] and nonrigid [35] environments as well. In the
context of the present work, it is not clear if the limitations
of the closed-loop architecture could obviate the implemen-
tation of such solutions and it is left as future research.

It is well known that force overshoots can appear when
interacting with rigid and nonrigid surfaces. For the latter,
the compliance nature of indirect force controllers can be of
help to reduce such overshoots with the aid of force sensor
measurements as in [36]. For rigid surfaces, the problem is
more involved and it is an active topic of research. As a matter
of fact, to avoid unstable behaviors when interacting with
rigid environments, the robot end-effector must contact the
surface with zero velocity [37], which requires a well cali-
brated structured environment. In the experiments presented
in Section IV, force overshoots were avoided because of:
i) good setting of the control gains and good knowledge of
the environment kinematics, ii) slow-motion velocities before
contact, and iii) reference forces are exponential signals start-
ing at low values.

The experimental results of Section IV are in accordance
with the theory presented in Section III. As can be seen in
the graphics as well as in the performance indexes displayed
in Tables 1-2, the best performance in position control is
obtained for rigid surfaces, whereas a trade-off between force
and position performance must be made for deformable sur-
faces. The relatively low performance of force control for all
experiments is not uncommon for these kind of controllers
and it is due to several factors such as sensor dynamics and
delays introduced by the data acquisition, among others.

VI. CONCLUSION

The approach proposed in this work makes it possible to fol-
low trajectories in both position and force for industrial robots
with closed control architecture. It exclusively employs the
standard built-in motion controller, which can help to reduce
costs for tasks requiring force control. The proposed is suit-
able for both single and dual-arm manipulation systems with
rigid and nonrigid surfaces. Furthermore, the convergence of
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the force and position signals to their reference values is guar-
anteed by the mathematical analysis developed in this work,
while its precision depends on that of the controller provided
by the manufacturer. As future work, an online identification
algorithm of the geometry for uncalibrated environments will
be pursued. The attenuation of oscillations and force over-
shoots arising from interaction control will be studied as well.
Finally, a modification of the proposed scheme for the case
of master-slave teleoperation will be proposed.
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