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Abstract

A sirategy for force/motion control of a manipuiator in contact with iis environment is presented. The
automatical exploration of unknown objects in order to reconstruct their geometzical features rom sensed
information is considered. The hybrid controller employs a computed-toreue sceme in order to realize
force regulation. The design of the velocity loop is approached with 2 varizzie structure technique.

Numerical examples of a planar three link robot meving along consiraint surfzces are presented for

iilustration.

i Introduction

In many robotic applications, incinding grinding, contour following, deburring, se-ibing, assembling,
e¢tc., the manipulator is brought in contact with & consiraint surface. The protiem of deiermining the
input torgues to achieve trajeciory tracking on the surface with specifled consiraint forces, s known as
consirained robot control {CRC). The CRC problem is closely related te researck iz compliant contrel [I-
3] and force feedback control (4-G]. An exampie of CRC is the automatical expioration of unknown objects
by means of a dextrous robotic hand [7-8]. CRC techniques can be distinguisheq in impedance control
methods [1-2] that do not use force sensor feedback information and hybrid tachrigues involving explicit
force control, based on available force sensing at the contact. The hybrid controi method [8-11]is based on
the partition of the control action into a force conirol subspace, usuaily normal *2 the constraint surface,
and into a position control subspace along the tangential direction. A lot of advanced methods have been
presented, such as nonlinear decoupling control [12], zdapiive control {13-16], ccmputed torque conirol
[17], learning technigues [18-19), to cite a few. Other simple and easily impiementable reguiators, with low
sensitivity to external disturbances and parametric variations, are based on siiding mode techniques [20].
However applications of the latter type of controllers in CRC tasks have not been adegquately exploited.

In this paper, a pariicular contour foliowing problem is addressed, that is the 2utomatical exploraiion
of a rigid and unknown surface with friciion in order to recomstiruct iis geome:tic features from sensed
information. To achieve this objective the controller has to continuously teguiate zath the normal contact
force to preserve the coniact with the object and the tangential velocity to gemeraie the motion of the
sensorized fingertip along the object surface. '

The force control loop is realized via a computed torque techmque based on 2 simipie coniact model
Similarly to the works of Eppinger and Goldenberg [21-22] in a one degree of {re=dom model, the contact
mode] is based on a set of “virtual springs” between the robot and the object at the contact pomnt. In the
work of Goldenberg {21], computed torque technique is presented as a particniar =fective state feedback
reducing the steady state force etror to zero.

The design of the velocity loop is approached with a vagjable structure technigue, such that a velocity
error signal is added to the tangential force reference with an autematic hierarchy in this control action:
the velocity loop becomes effective only when the normal contact force approaches the reference value.
In the classical hybrid control scheme proposed by Raibert and Craig {9} such hierarchy was achieved by
assigning different time constants to the force conirol loop and to the velocity control loop.
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The paper is crganized as follows: in Section 2 the dynamical model of the robot exploring an object
is introduced. In Section 3 the synthesis of the force controller is derived and its stability is proved. In
Section 4 the hybrid force/velocity controlier and the variable structure logic controller is developed. In
Section § simulation results are sho n. The conclusions are presented in Section 6.

Consider the system comprised of a robot fie, 2 simple chain of links connected by revelute or prismatic
Joinis), and from agm object to be explored. Suppose that the object is fixed in the “base” frame B. This
system could describe for instance 2 robotjc hand grasping an objéct and exploring its contour by means
of a single finger. We suppose that the end-effector touches the object at point ¢ and that the contact
force and torque exerted on the object at the contact point is t = (pT, m)TeRE. Let q € RY be a
vector of generalized coordinates, completely describing the configuration of the robat and lef ¢ € IR® be
the vector describing the contact point in the base frame.

To incorporaie contact constraint in the model, relative displacements betwsen the object and the
end-effector 2t the contact point must be considered. Therefore, we introduce the reference frames °
fixed with respect to the abject and centered in <, the location of the contact point, and the reference
frames ™' fixed with respect to the last link and centered in c, The differential kinematics is

where

e (méT1m .CE’TJT-
and the matrix J (g IR®*%} is the end-effector Jacobian relating the end-efector velocity ™x with the
Joint velocity ™g. '
Contact consirain: imposes that some components of the relative displacement °x — ™x are influenced
* by reaction forces, depeading upon the type of contact, Amaong the contact models describing the
Interaciion between the robot finger and the object. the hard and the soft finger model [23] are probably
the mosi common. Contact constraint can be expressed in terms of 2 sujtahle selection matrix X ¢ R#*8,

H{"x-* :S} = 0. (2}
For the hard finger contact model, it hoids
H=(I 0;), ' (3)
while for the soft finger contact model we have
Iz O3x3
H= ( nT Oixz /' (4)

where n_ is the unit normal vector at the contact point c.
A set of “wirtual springs” interposed between the links and the object at the contact points zre

introduced to model contzct interactions. The elastic relationship between the relevant components of
the relative displacemenis °x — ™x and the corresponding compenents of contact force can be written as

t = KH({™x ~"x). (5)
where £ € R' is related 0 £R® by B
="t (6)

ques fh.at are relevant iq contact description.
dast_iczty of ihe object and of the robot. As
nom-singular. 4 detafleq and comprehensive
stifiness matrices wity, articulated hands has

The components of t are only those contact forces and tor
The stiffness matrix X g R** incorporates the siructural
@ conseqaence of its physical nature, X can be assumed
study on the evaluation and the realization of desirable

been presented by Cutkosky and Kao [24}
Robot dypamics interacts with the object by means of the vector of forces ang torques { exerted on

the object. Let the vector + € R? be the joint actuator torques, the dynamica} description of the system

can be derived using Lagrange’s equaiions:

Mq)d + Qe @) +3TE=7 = (7)
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Q(q, 9) = C{a, §Ja + via)- (8}
The hand inertia matrix M(q) is symmeiric and positive definite and the Q term include velocity de-
pendent forces and gravity forces. From (6) we obtain,

M(@)d + Qfq, @) + I H t =71 |

M(a)q+Q(q, §) +ITt =7 | ©)

where J 1s defined as _
J = HJ ¢ R**4. (10}

3 Force Control

In this section a computed torque method based on the virtual spring model of the contact interaction is
propose& The following hypothesis are assumed

the overall stiffness of the system K is lumped in the force semsor, while the surface is supposed
rigid. The effect of the object stiffness, joint elasticily and sensor compliance on the stabiiity of the
force control loop for 1 DOF systems have been studied in [21].

o Jis invertible.
« the sensorized fingertip is supposed to have infinite curvature {point-finger).

™ represents the position of the finger end-point as calculated by the ngid kinematics of the roboti.
When contact occurs, ™x is a virtual position of the finger end-point inside the objeci surface.

» °x is the actual position of the contact point, as it is measured by the tactile sensor.

Differentiating the forward kinematics,

g = I Y "x-3q), (11)
by substitutiﬁg {11) into {9) we obtain
Mitmz - MIMIg+ Ca+v+ITt=1 (12)
Choosing a control law in the form:
r=-MI'3q+ Catvt T, {13}
the dynamics (12) becomes _
M3z 3T = (14)

Designing a PD-controller with feed-forward compensation as follows
7a = IT({X, — D)ey + Ka€s + ta) + (15)

where e; = tg — t 1s the force error between the desired foree tg and the measured ane t, while K, and
K; are definite positive matrices, then, premultipling by KH, we get:

KH™% = KHIM 'ITHT(K,e; + Ksef) + KHIM ' (16)
Finally the contiol law 7 is choosen,
n = MI~t°x + M(KHI) 4, (17)

where (KHJ’ )* is the pseudoinverse of the matrix KHJ € R™. In the hypothesis of time invariance of

~ the matrix KH, we have
t = KH{™x - °%)
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and the force error dynamics results,
€5 + KHIM ™' ITH (K e; + Kyej) = 0 _ (18)

Being X > 0 and the jacobian J not singular, HIM~'JTHT is definite positive. Then the dynamic
evolution of force error is given by

e‘}+Béj+Cej=0 (19)
with B, C > 0.
Therefore the total contro] law

7= -MI'Ig+Cq+v + IT((K, — Iey + Kaey + tg) + MI ™ o% + M(KHIT)RE,, (20)

guarantees that the force error tends asymptotically to zero. _
From (18) it can be remarked that the error dynamics depends on the matrices J and M, i.e. on the
manipulator posture. In order to aveid this dependence a compensating controller could be adopted in

the form } _
K, = (HIM~JTHT)x-1K,)’ (21)
K¢ = (HIM-UJTHT)-IK-1K,"

thus the error dynamies results
€ +Ki'ef + Ky'e; = 0 ' (22)
where K,' ¢ X' are suitable time invariant definite positive matrices and the error becomes independent

from the manipulator posture.

-

4 Force/Velocity Control for Sensorial Exploration of Objects

The goal of the sensorial expioration is the extraction of useful surface features: e.g. properties relating
fo the surface geometry, friction coeflicients, material compiiance, stc.. This information can be used
for instance during subsequent phases of the manipulation task. In this paper the problem of geometric
feature exiraction is approached in order to obtain z geomeiric characterization of objects thai can be
applied to the analysis of grasp stability and to manipulation planning. In the following, we assume that
tactile information is available from a sensor providing: .

» the position of the coniact point on the fingertip suriace:
e ihe direcilon of the unit vector normal to the contacting surfaces:

« theintensity and direction of the resuitant contact force {comprised of both compression and friction

components);
e the intensity of the torque generated by friction forces.

Such information is available for instance from sensors as those described in [27). The control technique
is based on two concurrent actions: the first consists in thc_contin'uous control of normal force, the second
1s 2 velocity control generating small motions of the fingertip along the object surfacé. The normal force
control between the fingertip and the object guarantees contact during the sensorial exploration, while
the velocity control allows displacements zlong the tangential direction of the contact point in order to
explore the surface with a suitable policy. The tactile sensor is thus able io process factile data and to
reconsiruct the geometry of the object surface being explored. The hybrid structure of the force/position
controller can be seen with respect to the constraint-frame [25}: the force will be controlled along the
normal direction at the contact point, while the velocity of the end-effector will be controlled along the
tangent direction. :

In this section a technique is considered in order to add a velocity contro] at the force controller
described in the previous section. This task can be realized by means of 2 suitable construction of the
reference ; in (22). . -

A point contact with friction is considered, more precisely we assume that 10 torque is exerted between
the manipulator and the object (this hypothesis is realistic for low friction, low compliance materials).
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Let n, 2nd £, be the normal and the tangent vectors at the contact point, respectively. The foree

ecror €7 can be decomposed along such directions,

€fn = (fdn - frs}nv - (23)
ey = (fa—filts o {24)
where fin and fi. are scalar values corresponding to the given normal force and tangent force reference.

In order to maintain contact with the surface, along the normal direction the set-point fgn is fixed at
a constant value while the force f; = f,t, along the tangential direction measured by the tactile sensor is

compensated adding the compensation torque

T = -371,. (25)

[f a perfect compensation of the {riction {dreeis matched, the measured force along the tangenilal direction
at the exploring surface becomes zero; then if the set-point reference is set to zero, the force error (24)
is zero too. The technique referred to as hybrid force-velocity control uses the tangential component of
the force error in order to correct the velocity error, Le. a reference ry; along the tangential direction is

built in the following way:
' (26)

Tde = ku("c& - vt)tv
where vy is the reference for tangential velocity v.. The new reference ry has to be inserted in (2¢) to

cbtain
e = [sz - ft}tv = {k.,('ugd —_ ”t) - fdt,‘, (2?)

where e, is the hybrid forée/velocity error along the tangential direction. Therefore the global error is

given by
e = (fun — falny +[~fe + (ke{vea — ve}}its- ' {28)
The error e has an hybrid nature, its dynamics are given by {22) and tend asympiotically to zero.

If the friction force f, is exactly compensated by using sensor information, from (28},

- e = [fdn - fn]nu + [kﬂ('”td hus Ug)}t-,, {29)

and the orthogonality of the directions n, and t, guaraniees that asympioticaily -
fn. = fd’.r; (3[})
U = Vgde {31)

while if the friction force is not exactly compensated, from (28} a velocity sieady-state error arises along

the tangential direction .
ka(??zd - "Ut) = fi- (32)

To counteract this effect a high gain proportional controller or the introduction of an integral actien can
-be adopted.

The velocity loop ensures the motion of the fingertip along the object surface during the exploration.
This action is characterized by a lower priority than that of the normal force control. In fact, to maintain
a given force also in the presence of surface asperities, during the exploration, is 2 prioritary task with
respect to a continuous movement, in order to avoid the risk of loosing contact or to crash the object. [n
classical hybrid control schemes (9] this priority is achieved designing the force and the velocity conirol
loop with different time constants. We propose to insert a variable structure controller (VSC), on the
velocity loop. The gain of the controller is given by a variable coefficient depending upor the normal
contact force erzor, its design logic follows the rule:

A} k, tends to zero for high force error,
B) k. is active when the force error approaches the steady-state value.
Analytically, the proposed structure is '

k' '
ky{esm) = ik el (33}

Similar variable structure control have been presented in [26]. By means of the variable structure coefli-
_Cient &, an automatic control hierarchy is established and the velocity loop becomes effective if and only
:’ if the normal contact force exerted by the fingertip on the exploring surface is aear the stationary value.
The complete force/motion contral structure is reported in fig. 1.
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Figure 1: Force/velociiy control

5 Simulations

Simnulations have been executed showing the capabilities of the force/velocity control scheme. The model
of the manipulator we refer to is 2 three link planar finger with three rotoidal Joints. The fingertip is
sensorized by means of 2 tactile sensor. The contact is described by an hard finger model., The sensor
is modelied by two orthogonal springs Linking the sensorized point to the last link {according to the
hypothesis of sensor infinite curvature). Springs are in compression during the coniact with the object
and are not stressed without contact. The vector ®x represents the position of the sensorized end-point
as calculated by the rigid kinematics of the robot and describes a virtual trajectory inside the ohject

surface when the contact oeeurs. In our case,

meo { TF Y _ [ hcos(a:) + Lios(g + g} + lzcos{g) + g2+ gz} (3:)'

Ty lisin(g1) + Lsin{g; + g2) + izsin(g) + g2 + ga}

where g; and [; are the joint coordinate and the length of the #-th link respeciively. The actual position
of the contact point is given by °x obtained in simulation by intersecting the surface wiih the normal
from the point ™x. The equation describing znalytically the surface to be explored is needed to set
up the sensor model and also to compute the normal and the tangential direction. Straight lines and
crcumierences are the curves considered. In the following the expression of the contact point ?x and the

normal and the tangential directions are reported.
In the case of 2 straight line in the plane {z1,z2) with slope a and intersection with z;-axis in (b, 0)

s{zy, 22} = 25— a{z, —b) =0, (35)

the contact point resalts -

o f "z ) _ a—,—‘—f-*_—l-(ab-{-"‘zz-}- :f"') '
'x“.h("xz)—(a( fr{ab+™ 2y + T2y L p) (38)

a3yl

and the normal and tangential directions are,
1 a .
() e
1/
£ = o ( a ) | (38)

When the curve is the circumference with radius R and center {0}
s{z1, 22) = (21 — ¢)? +z3 = R, {35}
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the contact point rasults

' xs ( . ) - ( ;/;2__ (oi‘:%c}z ) | | =)

where -

and the normal and tangential direction are,

R

( /RF (w2 )2 )
t, = 3
L te—c
a

(43}

Let X be a diagonal matrix with diagonal element K(7,1) = k, representing the sensor stiffness matrix
K. The force measured by the sensor is

f=-K{x-"x). (44)

Friction force is supposed exactly compensated. .

In the first simulation the explored surface is a piecewise straight line with slope a; = 1 and a = 2
(fig.3a); the sensor stiffness is supposed to be k, = 10*N/m, and each link is supposed to be of length
L = lm and having mass m: = 1kg. The initial condition of the robot dynamics is characterized by a
null joint velocity and by an initial posture such that the contact with surface occurs with null normal
force. The controller used is that reported in (20) and (21). The matyix K, aand K} are diagonal with

equal diagonal elements k, = 1000 2nd k) = 100 . The variable siructure controller is chosen as follows

(o100 (45)

=
I+ ,’2 e!nfl
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while normal force and tangential velocity set points are fan = 5N and v = 0.1m/s. Sunulation results
are shown in fig.2. At the beginning the controller action Increases the normal force {fig.2a) while the
velocity loop is not yet active (fig-2c) because of the variable siruciure action (in the initial phase k, ~ 0
(fig-2d)). When the force error is near zero, velocity loop becomes effective and the tangential velocity
approaches to the reference value 0.Im/s. The surface asperity (ﬁg Ba) generaies the discontinuity of
the normal force prime derivative (fig.2a}, and the control reaction is an inactivation of the velocity loop
while recovering reference normal force value. Fig.2b shows the evolution of the first joint torque. In
fig-3b, the dashed fine inside the object represents the virtual trajectory of ™x while the continuous lne
is the contact point trajectory and reproduces the explored surface. Finally fig.3c-d zoom virtual and
contact point trajectory in the initial phase and when the finger meets the surface asperity.

In the second simulation the explored surface is 2 circumference of radins R = Im and center in
{Z1es T2c) = (2,0)m. Fig.4 summarize the simulation results: fig.4c-d describe the normal force and the
tangeniial velocity evolution, and it can be remaried that the force loop is faster than the velocity one.
Dashed line in fig.4a is the virtual trajectory of ™x while continuous line is the trajectory reconstructed
by the tactile sensor. Finally fig.4b zooms these trajectory in the initial phase. Numerical simulation are

performed using SIMULINK sofiware.

6§ Conclusions

The problem of controlling force and motion to explore an unknown surface have been investigated. The
task is to automatically explore a rigld and unknown surface, by continuous regulation of normal contact
force and tangential velocity. Force control guarantiees contact stability while velocity loop generates the

motion of the fingertip 2long the object surface. _
A controller based on a tactile sensor information has been proposed. Its peculiarity is that the force

control has been realized by a model-based computed torque technique and 2 variable structure contraller
1s used to reguiate the interaction between force and velocity loops.
Simulations on a three link planar robot, showing the good performance of the force/velocity controiler,

have been presented.
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