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Abstract— A fuzzy adaptive force controfler is designed and
integrated with the existing motion control system of a
manipulator, This controlier works in parallel with the
robot controlier by calculating the position corrections
which allow contarct force to be contrelled in the desived
manner. Fuzzy PI control scheme is used in the foree con-
troller design. This infelligent contrel syster features an
adaptive feedforward compensation to cope with the vari-
ations in the contact environment. Practical implementa-
tion has been carried out by integrating a 8D force/torgue
sensor to an ABB IRB2006 indusirial robot. The force
controller itself iz realized in an PC-AT/486 which has
signal interfaces to the robot as well as the force/torgue
gensor, Some stmulation as well as experimental resuits
are presented in this paper.

INTRODUCTION

Most commercially available robots function sclely as position
controlled devices, with no means of directiy controlling the con
tact forces between the manipulator and the environment. In a
targe number of manufacturing applications, contzel of contact
forces is desivable and even in some situations critical. The objec
tive of conirol dnring contact with the environment is to regulate
the force that the manipulator’s end-effector exerts on the envd.
ronnent.

As far as the system struciure of compliant motion iz con-
cerned, there are two main approaches to the problem of control
ling the contact force betwoen the robot's end-effector and wark:
plece. One approach is the hybiid position/fforce control [1}2] . In
this methed, the control problem is divided into a set of position
snd force constraints that depend on the mechanical and geornetri-
cal characteriztics of the task to be performed. Force is controlled
along those directions constrained by the envizonment, while posi.
tion is controlled along those directions in which the manipulator
is unconstrained. In general, this control method performs well
with simple surface geometries, but needs more modifications and
advaneed strategies to bandle complex workpieces, The second ap-
proach is the impedance control {3} 1n this method, a relationship
is designed between the velocity of the masnipulator and the inter-
action forces in order to generate comphiant motion. Impedance
control does not atiemnpt to track the motion or force trajectories
but rather to regulate the relationship between the velocity and
force (i.e. the mechanical impedance). By controliing the ma-
mipulator’s position and specifying its proper relationship to the
interaciion forces, {his method is able to maneuver in a copstrained
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environment while maintaining appropriste contact foreos, How.
ever, under the dynamic interaction between the manipulator and
the environment, the manipuiator can schieve neither accurate po-
sition control nor accurate force control. In addition, the environ
mental stiffness introduced due to contacting might results in an
osciliatory behavior of the end effector. Accordingly, impedance
contral is not applicable to tasks which require a eertain desired
contact force trajectory and is not able to assure global dynamic
stability {4}

Common to these two methods desaribed above, the problems
of stability and robustness with respect to the environmental an-
certainties require further atiention. Moreover, the implementa-
tion of these two methods are based on & previse mathematical
mode! or a physical model ohtained from system identification.
In case of modelling errors and load disturbances, it will be dif
ficult to find suitable gain parameiers. Thus the designed con
trofler might not perform suceessfully if the gain parameters are
not propetly tuned. Recently, control schemes based on artificial
neural networks have been developed to cope with these uncertain
ties. In {5 a neural network was trained to learn the parameters
of the impedance model to obtain the robusiness against the en-
vironment uncertainties. However, the performance is normally
only acceptable for the trajectories which have been trained in the
neural network. Furthermore, torgue servos are usnally required
for each joint to implement these methods. Hence it is difficult to
directly apply these methods to most existing industrial manipy-
lators which are equipped with only position setvos.

I this article, a contro} scheme which includes adaptation to
variations of contact couditions is proposed. A fuzzy PI controller
proposed by MacVicar Whelan [6] is used to develop the force con-
troller in contrast to conventional eontrel design. In order to Lake
advantage of powerful programmming utilities and position control
capability of commercial industrial robots, the external force con-
trol strategy [T} deserves further investigation. This approach is
therefore adopted in the present work for the implementation of
the fuzzy adaptive controller on an industrial robof, The rest of
this paper is organized as follows: In seciion 2, a design of the one
dimensional fuzzy force controller will be described, The computer
sirulation of this control design will be presented in section 3. In
section 4, an adaptive scheme will be described to cope with the
environment uncertainty. Some experimental results of this fuzzy
adaptive controtler will be presented in section 5. Section 6 is the
cenclusion.

FUZZY FPORCE CONTROL DESIGN

The configuration wilh position nner loop and foree cuter loop
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was chosen for this position/ffotee control design. By using this
configuration the complex controf problem can be split into two
manageable subproblems : The internal position control system
takes care of the magipulator dynamics; while the exiernal loops
are responsibie for the interaction with the environment,

A block diagram of an one-dimensionsl foree control of & ma-
nipuiator in contact with it environment is depicted in Fig.l. In
this figure, o{s) and A{s) are the transfer functions of the force
controller and the robot position control system respectively, The
contact force f, is measnred and fedback in an external loop dosed
sround the position control system. The contact stiffness k, is
modelled as the total stiffiness of 1obot and environment measured
at the contact point. By means of the linear analysis, it can be

shown that the force control Iaw ¢(s) has to contain an mtegra.tmg
tactor, {7},
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Fig. | Block disgram of one-dimensional force control system

However, because the robot dysamic mode] 1s a set of non-
Bnear egnations, it would be difficult to directly design a force
contrel iaw without nonfinear feedback. Besides, for force control
systern the following characteristics must be considered in practi
cal situations. Firstly, the force data provided by the force/torque
sensor are geserally distnrbed by noise. In spite of the use of
filters within the semsor processor, the measured forces still have
some uncertainty. Secondly, the defailed mathemaiical model of
the controfled process is difficuit to obtain. Thirdly, if the con-
ventional PI controtier is used to design the force controlier, then
the parameters of the PI controfler must be tuned to satisly some
performance criteria. However, it weuld be difficult to correcily
find these gain parametars, and thus the designed controller would
not give successful performance if the parameters are not properly
taned.

On the other hand, no detailed mathematical model of a pro-
cess is tequired in designing a fuzzy logic controller. Instead, it
is realized by a set of heuristic decision rules, which are normally
derived based on human expert thinking. In addition, the fumy
controlier 15 more robust for the small variation of system param:
eters. Therefors the form of the rules used will not need to change
due to the small variation of system parameters,

Although the applications of fuzry control te mdusirial pro-
cessea have often produced results superior to cassical controtler,
the design procedure appears fo he limited by the acquisition of
the heuristic rules for control. MacVicar- Whelan [6] tries to over
come this limitation by providing some general rules for the strue
ture of fuszy controllers. In the limit as guantization levels of
the eontrol and measurement variables become infinitely fine, the
fuzzy logic controller proposed by MacVicar- Whelan approaches a
deterministic Pl controfler [8]. Based on the design convepls and
the meta rndes proposed by MacVicar-Whelan, we design our force
controlier as a generalized fozzy PI controller.

The structure of the fuzzy Pl force controller is shown in Fig 2.
The normalized force error f, and its incremental change f,, ars
chosen as the fuzzy variables. {i.e. the input variables of the
force controller}. The control action of the force controiler {i.e.
the output variables of the force controller] is then defined as the
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eccommodated position command, AKXy, of the mtemal position
controtler in the force-controlled direction. f, and £, are defined
as foliows:

ft{k} = ft(k};fd
Fuolky = LA RY fu (2}
where f(k} = folk} ~ fa, Je(R) = folk) — fulk — 1} fs is the
{:{esired !cme corumand, and f; is the actual force. By means of
f. and f.., the error and error change are represenied 2s relative

percentage of the desired contact force rather than the absolute
foree difference.
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Fig. 2 Structure of fuzzy Pl force controlier

The seven hnguistic variables used are as follows: PB {Posi-
tive Big), PM (Positive Medinm), P8 {Positive Small), ZO (Zere),
NS (Negative Small), NM (Negative Medium}, and NB {Negative
Big). The heuristic rules for this fuzzy logic controller are bask
<ally derived from the meta-rules proposed by MacVicar Whelan
[6]. To cope with the measurement uncertainties in practical sity-
ations, the fusgy variables are quantized to 13 levels as shown in
Tabie 1. To get better performance, the quantization levels be-
tween levels -2 and 42 are designed to be nonlinear. The discrete
membership functions of the linguistic variables are given in Table
2. Finally, the proposed fuzzy Pl gain matrix & shown in Table
3. As shown in Fig.2, the accommodated position command in
forcecontrolled direction is obtained by muitiplying the controller
output with a scaling factor K.

Table. I Quantization levels of fuzzy variables
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Table. 3 Gain matrix for fuzzy PT force control
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SIMULATION RESULTS

To show the validity of the one- dimensional force contro] schene,
computer simmulations have been carried out for a masipuiator with
a wrist forceftorque sensor. The manipulator was simulated to
push against & wall with a constant force fo. The wall is modelled
as an environment with stiffness &,. There are seme assnmplions
concerning this simalation, First, the contral actien is directly im
vlemented in the cariesian frame. Secondly, the resolution of the
position contzolier i3 set to be 0.125mm according to the type of
manipuiator nsed in the laboratory. Therefore, the scalimg factor
K of the force controller in Fig.Z is chosen to be 0,125, Thirdly,
the uncertain region of the force sensor is azsnmed to be 85N ac-
cording to the ineasured data observed during calibration test of
the foree sensor. Fourthly, the closed position.foop transier fnnc
tion A{s} with de gain equal to 1 and the position loop always
reaches steady state for each sample period. Under these assump-
tions, the simulation results are shown in Fig.3. The performance
of the rehot systerm would be averdamped when the end- effector is
commanded to push against a wall of fow stiffness with a constant
force. 1owever, the reaction force may be underdamped and a
respanse with limit cycle will appear when pushing against a wall
of higher stiffness. This shows that it is impossible fo ensure sta-
ble performance of the system for a large range of environmental
stiffness if only a fixed gain matrix of the fuzzy Pi controlier is
applied.
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Fig. 3 Simmiation resuits of varicus environment conditions
using fuszy PI force control

ADAPTIVE SCHEME FOR ENVIRIONMENT
UNCERTAINTIES

In order to overcome the shortcomings of the original external
force control system and to keep the sysiem stable for contact
with both low and high stiffness environmest, an adaptive control
schemne is developed for the force controller. The basic concept
of this design is that an identification module is included in the
control scheine to estimate the contact stiffness k, and adiust the

control action accordingly.

Assurning that the foree f, acting upon the end-effector can
be maodelled as:

fﬁ = ke{zn - me), . (3)

where x,, 15 the actnal position of the end-effector and x. is the
fixed environiaent position. Since this force is measured by a 6D
force/torque senaor. the stiffness of the environment can be esti
mated in the following manner. Let f{k— 1) and f{k} be two
consecutive contact forces delivered from the fores senser in the
same direciion. Let 2{k — 1) and z{k) be the positiona of the
contact points at siep (& — 1) and & respectively. The stiffness of
enviroament can be edtimated as:

ko fa(ly — ok - DR — (R — 1)), (4}

where 2{k) 4% 2{k — 1). Based on the identified stiffness, the
equivalent position 25" corresponding to the desired foree fy at
step k can be determined:

2 = 2(k) - (k) (PR ~ fa) {5)

FThis equivalest position 5 is used as an input to the position

controller in the farce controlled direction. A stable position con-
troller is responsible for realization 24 and accordingly the desired
contact force fi.

However, it is clear that the identification of &5 will not be
very acenrate and therefore the actual contact force may deviaie
from the desired contact force f;. To compensate this deviation,
the external force feedback contral described in the previous sec
tion is still applied. Therefore, the control action in the force
controfled direction iz the combinalion of the accommodated po-
sition command from the fuzzy Pl controller and the feedforward
equivalent position command from the adaptive estimation. Figd
depicts this fuzzy adaptive contrel scheme.
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Fig. 4 Fuzzy adaptive force contro} system

O the other hand, fixed control gains for the fuszy controfler
might not ensure a satisfactory maintaining of the desired con
tact farce for abvious changes of environment stiffness. Therefore,
she coniroi action has to be modified according to the identified
stiffness of the environment. The adaptation rules are as foliows:
H logiok=*{ N/ra} s larger than 4 and smnaller than 5§, then the
accornmodated position command iz degraded to one half of the
original cominand. And if logiehf* is larger than 5, then the ac
corpmodated position command s degraded Lo one forth of the
original command.
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To show the improvement of the one ditmensional adapiive force
control scheme, computer simulations have been done with the
same conditions mentioned in section 3. Figure 5 shows the simu
lation resulis of this fuzzy adaptive controller. It is absarved that
the speed of Lthe response is improved with a small overshoot and
the Hinit cycle disappears in the high-stiffness case,
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Fig. 5 Simulation results of various environment conditions
using fuzzy adaptive force control

EXPERIMENTAL RESULTS

Practical implementation of this contrel schieme has been carnied
oui in the laboratory using an ABB IRB2000 industrial robot
equipped with a JB wrist foreeftorque semsor. The foree con-
trolier itzelf is realized in an 80486 based personal computer with
signal interfacing to the robot controller as well ‘as the sensor sys-
tern. The setup of the experiment is llustrated in Fig. 6. Ac
cording to the sensing information obtained from the {orce sensor,
the accommodated position command is caleulated by the control
taw resident in the personal compuier. 1t is transmitied to the
tobot controller through the computer link. The original robot
controller is responsible for the manipulator meotion controf.
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Fig. € Experimend setup of the fuzzy force control system
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Erperiment of tracking a surface

In this experiment the robot is commanded to move along the sur
face of a warkpiece with & presceibed tangential speed and nonnal
force. The workpiece is made from sponge material and its stiff-
ness is about S0G0N/m. A special made tool is attached al the
whot through the force sensor. [t moves along the surface with
tangential displacernent Ldmm/sample and maintains the noninal
reaction force of 10N.

The experimental resnlt of this precess without adaptation ie
shown in Fig. 7 and the result with adaptation isshown in Fig. 8 It
is observed that the response of the fuzuy adaptive force controller
is faster than that of the fuzzy controfler without adaptasion. The
contact {orees is controlled and the environment estimalor works
as expected.
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Fig. 7 Bxperimental result of fuzzy force tracking along a
surface withont adaptation to the environment
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Fig. 8 Experimental result of fuzzy adaptive {orce tracking

Experiment of fracking a curved surface

o this experiment, the robet is comunanded to move along a
curved contour of & workpiece with a prescribed tangential speed
and pormal force. Here the workpiece is again a sponge. The
recorded contour after execntion is shown in Fig. 9. Figure 18
shows the experimental result of this process when without adap-
tation to the environment. The experimental result with adapta
tion is shown in Fig, 11,
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Fid

foreaiN}
w &

1/
J

2 50 H 150 2

antaphe
Fig. 19 Experimental result of Fig. 9 using fuzzy force control
‘without adapiation to the environment

¥

20
18
16}
s
b
z
¥ m-WWW
4
&
8 . ;
4 J
5h
z
s .
[y P Hhe 156 200

mple
Fig. 11 Experirmental result of Fig. 9 using fussy adaptive
foree coutral :

Discussion on the infinence of the position resofution

‘The influence of the position resolution of the manipulator on the
performanee of the present foree control design has been noticsd.

1t is chserved from experiment that the practical system has Hme
ited position accuracy. This results in limit cycles in foree response
when a constant contact force is to be controlled. Their peak-io-
pesk aroplitude depends on the resolution of the existing position
controller, Az,.,, and the environmental stiffness k. While the
actual position, z, of robot takes any value between m;-"ﬁgﬂ ane
&+ 9«"5;‘*, the position fesdback signal of the robot controlier, z,,,
remains equal to z;, and hence the pogition controller dose not
react, Under this condition, a low frequency cscillation will ap-
pear with amplitnde &, Az.,. To improve this condition, & passive
compliznce may be necessary in order to ohtain a satisfactory force
rasolution and steady state accuracy.

CONCLUSIONS

In this article, a fuzzy force control sirategy is developed for a
manipulator equipped with a wrist force sensor. This eontrol de
#ign cotnbines the advantages of fuery logic control and external
force control scheme. In order fo assure system performance in
various contact conditions, & method for estimation of the contact
stiffness and also adapiation of force control action accerdingly is
propesed. The improvement of the force response on the original
fuzzy Pl controller has been verified. Both simuiation and exper
imental results are presented to show that the proposed control
stratepy has acceptable performance.
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