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Abstract: In this paper it is studied the implementation of a variable structure algorithm
in the position/force hybrid control of robotic manipulators. The frequency response of the
system is calculated and it is found to have good performances. An introduction to
describing function analysis of the system is also included and effect of the controller

sampling frequency is analysed.
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1. INTRODUCTION

As the demand for high quality and low cost
products increases, the need for process automation
grows rapidly. Therefore, the introduction of robotic
systems in the manufacturing of goods is a major
interest in the production system. In this perspective,
this paper presents a study on position/force control
of robot manipulators required in automated
processes that involve contact between the end-
-effector of the arm and the environment. Such tasks
are, for example, deburring, assembly, grinding and
spot welding, because they need control of both the
position and the force of the robot tool.

In the early eighties Raibert and Craig (1981)
introduced the concept of force control based on the
hybrid algorithm. Since then, several researchers
(Mason, 1981; Khatib, 1987; Whitney, 1987; Hogan,
1985; Zhang and Paul, 1985) developed these ideas
and proposed new algorithms such as the impedance
controller. Problems with position/force control are
further investigated in An and Hollerbach (1987)
and Fisher and Mujtaba (1992), while more
advanced, and recent, studies of this algorithm can
be found in Siciliano and Villani (1996) and Volpe

and Khosla (1994). Nevertheless, this area of
research is only beginning to emerge from the sea of
unexplored problems of sustained contact between
the robot and the workpiece. In this line of thought,
this paper presents a robust algorithm for this type of
robot control that only needs a force sensor in the
wrist of the arm in addition to velocity and position
measurements of the joint coordinates.

The article is organised as follows. Section two
introduces the position/force control algorithm.
Section three shows some results with variable
structure controllers (VSCs) in the position and force
control loops. Section four presents the frequency
response of the closed-loop system, while section
five studies the stability of the system through a
linearization. Finally, section six outlines the main
conclusions.

2. THE POSITION/FORCE HYBRID
CONTROLLER

The dynamic equation of an ideal rigid-link-rigid-
-joint robot with » links interacting with the
environment is:
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t=H(@j+c@qd+g@-J (@QF D

Here t is the n x 1 vector of actuator torques. q is the
n x 1 vector of joint coordinates, H(q) is the n x n
inertia matrix, c¢(q,q) is a nx1 vector of

centrifugal/Coriolis terms and g(q) is the nx 1
vector of gravitational effects. The » x n matrix
JT(q) is the transpose of the Jacobian matrix of the
robot and F is the » x 1 vector of the force that the
environment exerts in the robot end-effector.

In this study we shall adopt as prototype manipulator
the 2R robot with dynamics given by:

(m +m)r® +mp’+ mp +mnnC,
H(q) = +2rn2’ir2c2 +Jlm +Jlg
m1’ +myrrC, myr; + S+,
o(a,4) = ["’"2"’232‘?21 ) 2"?2"’252‘7'42} @
mynr,S,q,
_ g(mrC, +m,r,C, +m,r,C,;)
g(q) =
gm,n,C,,
Jr(q) =[_rlsl —rZSlZ rICl +r2C12jl
"rlez rzCﬂ
where C = cos(q,-), C, = cos(q,. +qj)"

S, = sin(q,.), S, = sin(qi +qj) and a constraint

plane determined by the angle 6 as depicted in
Fig. 1. The numerical values adopted for the ideal
2R robot are enumerated in Table 1.

Table 1 The 2R robot parameters.

i m; 4] Jim Jig
Kg) (m) (Kgm’) (Kgm’

1 0.5 1.0 1.0 4.0

2 6.25 0.8 1.0 4.0

As usual, the contact of the robot with the constraint
surface is modelled through a linear system with a
mass M, a damping coefficient B and a stiffness XK.
The adoption of the alternative model of a dashpot
with two springs (Azenha and Machado, 1997) was
also investigated leading to the same kind of
conclusions. The schematic structure of the
position/force hybrid control algorithm is depicted in
Fig. 2. The matrix I is the n x n identity matrix and
the diagonal matrix S is the n x n selection matrix
with elements equal to one in the position controlled
directions and zero in the force controlled directions.
In this paper we consider the x Cartesian coordinate
to be force controlled and y- Cartesian coordinate to
be position controlled (3).

Constraint Surface

Fig. 1 The ideal 2R robot and the constraint
surface. _
9
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Fig. 2 Block diagram of the position/force
hybrid control algorithm.
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i {xc =N"Se +8,
c:
Ve =1Cq +1Cy,
where G =cos(®-¢q,). G, =cos(B-q,-q,)-

Soy =sin(@~¢,) and S, =sin(6-¢g,~-q,).
3. SOME SIMULATION RESULTS

In this section we study the system response using
VSCs, both at the position and force control loops
(with a sampling frequency of f. = 10 kHz), instead
of the standard PID algorithms. The constraint
surface parameters are M =0Kg, B=1Ns/m and
K =100 N/m.

In a first case study, the position controller is the
first-order VSC (Azenha and Machado, 1996;
Machado and de Carvalho, 1988; Utkin, 1977;
Young, 1978) with sliding surface (cp;=2.5s",
i = 1,2) and control effort given by the equations (4).
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q” = JEIS(ch - Yc) (43)
O-i = qe:i + CPiqe:: (4b)
thaxi ’Gi 2 tha.xi / KPI'

Tusei =1Kp0, (4c)

6, < T pma ! K,

_thﬂﬂ ’Gi £-T Pmaxi / KP!

The force controller is the VSC (crm=025s",
i=12):

t,, = JL(1-S)(F, - F) (5)
c,=1,, +cF,.J"cmdt (5b)

Trmai 0 2 Trman | K
Tuse =9KeS, 5|04 < Trman ! K (59

’Gi < “Tchui /KFi

-tFma.xi

Table 2 shows the numerical values of the control
effort block adopted in this section.

Table 2 Numerical values of the VSCs.

Joint i KPi KFi TPmaxi TEmaxi
1 10,000 100 1,000 1,000
2 10,000 100 500 500

In Fig. 3 we present the time response for a position
step input of 0.1 m (dyc) established at =3 (to
damp out the initial conditions), 6 =n/2 and the
initial operating point q)¢= g =12, where g
stands for gt =0), i = 1,2.

In Fig. 4 an alternative experiment, shows the time
response for a force step input of 1 N (8F,) at =3,
6=m/2 and the same initial operating point
G10 = G20 = /2.

In a second case study we introduce an integral term
in the sliding surface of the position-VSC as
described in equations (6). The parameters of the
sliding surface are w,;=7.91rads” and & =174
(i=1,2). By this way, the dominant eigenvalue of
the sliding surface remains unchanged. This
controller enables us to have small position errors,
because of the integral action in the second order
sliding surface. In this line of thought, Figs. 5 and 6
present the system time responses for the same two
test input signals.

qu = JE‘IS(ch - Yc) (63)
Gi = q-esi + 2(‘0 m‘éiqai + m:lI qe-ﬂ'd[ (6b)

TPma.xi ’Gi 2 thaxi / KPi
— 6C
Tysei = 1 KpiO; ’Icil < pmari | K (6c)
“Temasi 20i = " Tpmani /KP.'
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Fig. 3 Time responses of the position/force
hybrid control system for a step
position (dycs) input: Force; Position;

Torque at joint 1; Torque at joint 2.

As can be seen in Figs. 3-4 and Figs. 5-6, the
second-order VSC in the position control loop leads
to much smaller steady-state position errors, while
the transient remains approximately the same.

4. FREQUENCY RESPONSE OF THE SYSTEM

In this section we start by choosing a second system
operating point, because it is important to study the
controller performance under different conditions. In
this line of thought, the initial parameters are
6= TI/Z, qio =g = 151[/36, K =100 N/m,
B =1Ns/m and M = 0 Kg (case study 3).
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Fig. § Time responses of the position/force hybrid control system for a step position (8yc,) input: Force;
Position; Torque at joint 1; Torque at joint 2.
1.6 l 1.00005
1.4 ] g%v
1.2
1 e 0.99995 /
F(N) z‘: I yC (m) 0.9999 /
0.4 0.99985 I
0.2 0.9998
0 s o
0.2 0.99975 -
' 0 2 4 time {s) 6 0 2 4 time (s) ¢
Fig. 6 Time responses of the position/force hybrid control system for a step force (8F,) input: Force;

Position.

Fig. 7 shows the frequency response (fr.) of the
system for the position first order VSC presented
previously, and two different amplitude input signals
8yc4= 0.03m or Sy(:d: 0.1m and 8F;=1N or
0F;=4 N. The f.r. of the system for the case study 1
is nearly the same and, therefore, it is not presented.
On the other hand, for the f.r. of case study 2 (Fig. 8)
we get a slightly different fir. Nevertheless, the
overall characteristics remain almost unchanged
revealing that the VSC-hybrid controller is robust
against operating point variations. Moreover. from

Figs. 7-8 we conclude that the f.r. has low sensitivity
to the amplitude of the reference signal, meaning
that the system has a behaviour such as a linear one.
The low-pass responses of {Y/Yc4 and |F/F,4 have a
cut-off frequency that depends on the environment
parameters. In particular, the resonance peak f; of
\FIF, is very sensitive while |Yo/Ycd has a much
smaller sensitivity. In |Yo/F, and |F/Yc we have
bandpass f.r.s with resonance peaks also at f;.

350



o TR

|¥,.| 100800 i
LT
—0.1m !

100601
1.00E-02 Al Al l

0.001 0.01 0.1 1 10 100
f (Hz)

===

——0.03m

1.00E-03

AL

—— 1N
I Yc| 1.00E-04 4N

Ao LI AN

1.00€-05

/ﬂ
1.00£-06 | f
0.001 0.01 0'1f (Hz) 1 10 100

Fig. 7

1.00E+01 m
| Y, | 1.00E+00 =
& |||

1.00E-01 —0.03m

e .1 Y

+oosoz L L LI LU

0.001 0.01 0.1 1 10 100
f (Hz)

1.00&-03

T
|_Ycl 1.006:04 T“NI “ FK\

1.00E-06 m
1

— |
—>

q

1.00&-07 ¢
0.001 0.01

0'1f(Hz) 10 100

Fig. 8

Another important system characteristic to study is
the effect of the controller sampling frequency upon
the system performances. The experiments showed
that /= 10 kHz is a controller frequency that leads
to good results. Nevertheless, for operating points
with an high damping coefficient B it is found that
frequencies down to f, = 500 Hz are acceptable being
the f.r.s nearly the same.

5. STABILITY ANALYSIS THROUGH
LINEARIZATION

In this section it is presented an analysis of the
system stability through its linearization.
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Frequency responses of the position/force hybrid VSC (case study 3, qio = g20 = 157/36).
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Frequency responses of the position/force hybrid VSC (case study 2, gi0 = g20 = /2).

Notice that, for analysing the system stability with
large amplitude signals, we must employ, in general,
the describing function (Atherton, 1975) instead of
the linearization. Nevertheless, the observed limit
cycles revealed small amplitudes and, therefore, the
linearization method is sufficient.

The system equations can be simplified resulting the
MIMO system equations:

{QI = Nqu + N21Q2

@)
Qz = NIZQI + szQz

where O, stands for the Laplace transform of ¢;

351



(/= 1.2). Then we can apply Nyquist multivariable
criterion which leads to the characteristic equation:

Nnsz“Nn —NZ’.’—NI’.:NZI +1=0 (8

We found a limit cycle with an oscillation of 5 Hz
for ©6=m2, qo=qyp=157/36, K=100N/m,
B =0.03 Ns/m and M =0 Kg. The frequency of the
limit cycle is the same, both in the analytical and
experimental results.

The Nyquist diagram of the system for several
controller frequencies is shown in Fig. 9. The results
agree with the simulation. In fact, for f. = 10 kHz the
limit cycle is stable while decreasing f, the system
becomes unstable.

7

-4
controller
frequency
10kHz
SkHz
—-———2kHz

f=10Hz .40

Fig. 9 Nyquist diagram of the system for several

controller frequencies.
6. CONCLUSIONS

This paper presented the design and implementation
of position/force hybrid VSC of robot manipulators.
Several controllers and operating conditions were
studied and the second order VSC was shown to be
superior, because it reduced the steady-state position
error. Frequency response techniques were also
employed in the characterisation of system behaviour
and good linearity properties were found. The
stability and accuracy of the system are shown to be
satisfactory and some practical and real time
considerations are made, by studying the influence of
sampling frequency.
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