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SUMMARY

This paper presents a novel approach to the hybrid position/
force control of robot manipulators employed in executing
repetitive tasks that involve contact with the environment.
The constraint surface is assumed to be a plane and its
respective dynamics is modelled by a mass-dashpot-spring
scheme. Time results obtained by simulations are very
encouraging for future research and developments, because
the system’s behaviour is very efficient.
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1. INTRODUCTION

With an increasing computing power at the present rate, one
is faced with the possibility of developing simulation
packages that employ that resource in a reasonable way.
That is, one can use computers to predict the system’s
response even if they are very complex and computationally
demanding. Following this line of thought, once the
modelling and the simulation program are correct, one can
derive important conclusions about the system’s behaviour
and performance without having to build or acquire an
actual physical system.

On the other hand, iterative learning control (ILC) has
been employed in recent years to improve the performance
of robotic systems'? or other general physica structures®”,
In this paper we developed a hybrid position/force ILC of
robot manipulators and with variable structure controllers
(VSCs)*® in the control loops. The first work on hybrid
position/force control of robot manipulators was due to
Raibert and Craig’. Since then severa researchers™®
increased the performance of their algorithm and studied the
stability behaviour over al the workspace, including
singular points neighbourhood.

The force control of robot manipulators can be classified
into two main types. hybrid position/force control and
impedance control. The first category is explained in this
paper and it consists of selecting Cartesian directions that
are position-controlled or force-controlled, since one cannot
control the same direction in position and force at the same
time. Impedance control* is aimed to establish a desired
relationship between the position of the robot end-effector
and the force exerted by the environment in terms of a
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differential equation. In this work the constraint surface is
modelled by a linear model mass-dashpot-spring of lumped
parameters and plane geometry is taken into account.

The paper is organised as follows. Section two introduces
the ILC scheme to create the position/force hybrid algo-
rithm presented in this paper. Section three shows some
simulation results with ILCs and VSCs in terms of time
responses. Finally, section four draws the main conclu-
sions.

2. THE ITERATIVE LEARNING POSITION/FORCE
HYBRID CONTROLLER

The dynamic equation of an ideal rigid-link-rigid-joint robot
with n links interacting with the environment is:

T=H(Q)d+c(q, g)+9(q) — I'(Q)F N

Here 7 is the nx 1 vector of input torques, q is the nx 1
vector of joint coordinates, H(Q) is the nxn inertia matrix,
c(q, q) isanx1 vector of centrifugal/Coriolis terms and
0(q) is the nx 1 vector of gravitational effects. The nxm
matrix J’(q) is the transpose of the Jacobian matrix of the
robot and F is the mx 1 vector of the force that the (m-
dimensional) environment exerts in the robot end-effector.

Inthisstudy it is adopted as prototype manipulator the 2R
robot and a constraint plane determined by the angle 6
depicted in Figure 1, with dynamics given by:
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Fig. 1. Theideal 2R robot and the constraint surface.

where C;=cos(g), C;=cos(g;+q), S,=sin(g) and S§;= The contact of the robot with the constraint surface is

Sin(ql"*‘%)-
The numerical values adopted for the ideal 2R robot are
enumerated in Table|.

Tablel. The 2R robot parameters

modelled through alinear system with amass M, a damping
B and a stiffness K with dynamics:

F=Mx+Bx+Kx 3)

The schematic structure of the iterative learning position/

i m r, i Jg force hybrid control algorithm is depicted in Figure 2. The
(Kg) (m) (Kgm?) (Kgm?) diagonal matrix Sisthe nx n selection matrix with elements
equal to one (zero) in the position(force) controlled
1 0.5 1.0 1.0 4.0 . . . . . . .
> 6.25 0.8 10 40 directionsand | isthe nx n identity matrix. In this paper we
consider the y.(x.) Cartesian coordinates to be position
q
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Fig. 2. Block diagram of the iterative learning position/force hybrid control agorithm.
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Fig. 3. Block diagram of the ILCs employed in this paper.

(force) controlled:

_[o o
s_[o 1} (4a)

- r2C9|2:| (4b)

F2So1

J - —1Cq —1Cop
<@ |: rSo+1Sen
where  Cp=cos(6—¢q;), Cyp=C0(0—¢q,—q), Su=
sin(6— g,) and Sy;,=sIN(0— ¢, — q»).

The block diagram of the ILCs for the position and force
loops is shown in Figure 3. The ILCs are defined in
equations (5-6), and the additional controllers are chosen by
the designer because they are dependent on the controlled
system requirements.

The position ILC is specified by equations (5):

T,0K) = T contri(K) + T pearmi(K) (54)
Tptearni(0) =0 (5b)

e,(0)=0 (5¢)

e,(k)=q.(k) (5d)

Tpleami(k) = Tpleami(k -D+ ,Bpasiepi(k -1 (5€)

where i=1, 2, k is the trial number, 7,y IS the output of
the additional position controller and S, is the position
learning factor.

Theforce ILC is specified by equations (6):
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Tablell. Numerical values of the VSCs
Joint i K K Thmexi Trmaxi
1 10° 100 300
2 10* 100 200
T(k) = Trconrri(K) + Thearni (K) (6a)
Tearni(0) =0 (6b)
e;(0)=0 (6¢)
es(k)=T,,(k) (6d)
Thearni(K) = Thiearni(k — 1) + By,.e5(k — 1) (6e)

where i=1, 2, k is the trial number, 7.,y is the output of
the additional force controller and 3, is the force learning
factor.

The saturation type block is defined in equation (7):

Tonaxi ’ TI,(k) = Tinaxi
Tz(k) = Tz’(k) ’ |T;(k)| < 7-mz/z.!ci (7)

J
- Tmaxi ’ Ti(k) =s- Tmaxi

where i=1, 2 and k is the trial number.

In the next section we present a simulation case study
employing specific numeric values for the controllers
parameters.

3. SSIMULATION RESULTS
In this section we study the system response using V SCs,
both at the position and force control loops and as additional
controllers, with a sampling frequency of f,=1kHz. The
constraint surface parameters are M=0.03 Kg, B=1 Ngm
and K=400 N/m, and the robot operating point is. 6=/2,
q10=4=157136. In this study, the position controller is the
second-order VSC®®, in order to have small steady-state
position errors, depicted in Figure 4. The parameters of the
diding surface are w,,=7.91 rads ' and £=1.74 (i=1, 2).
The force VSC is depicted in Figure 5. The parameters of
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Fig. 4. Block diagram of the second order position VSC with integral action.
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Fig. 5. Block diagram of the force VSC.
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Fig. 6. Time responses of the simulated system (position and force errors).
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Fig. 7. Mean squared errors for the first four trials of the simulated system (position and force errors).

the sliding surface are ¢;;=0.25 s * (i=1, 2).

Table Il shows the numerical values of the control effort
block adopted in this section.

The learning controller has the following parameters:
Byosi=0, Bri=4, 7,,,=300Nm, i=1, 2. Increasing S3,,,; one
obtains worse system responses. Figure 6 shows the time
responses for the input signals F,=2t A7)
—2(—0.5) h(t—0.5) N and y,=y.,+0.01(t — 1) h(z— 1) m,
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where y,, is the Cartesian position of the end-effector at
t=0 s and h(¢) is the unit step. As the force error suggests,
after the fourth trial one obtains more unstable responses,
hence the solution isto stop the process of learning after that
trial. Nevertheless, the system’s performance is acceptable,
because the position and force errors are very small.

The position and force mean squared errors are defined in
expressions (8) and (9), respectively, i=1,2:
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LT,

1 T
T ﬁ To(0) dt 9)

Figure 7 depicts the evolution of the mean squared errorsfor
the first four trials.

In conclusion, the ILC system improves the force
response after the first trial. The position error is negligible
and is maintained nearly constant.

4. CONCLUSION

This paper presented an ILC scheme for the hybrid position/
force algorithm of robot manipulators interacting with the
environment and performing repetitive tasks. This strategy
also employed VSCs in the position and force loops that
were maintained, trial after trial. Time responses obtained
through the system simulations showed the effectiveness of
this learning algorithm, i.e, the position error is nearly
constant and very small and the force error decreases with
the trial number.
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