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Abstract: In t his paper is proposed a ontrol structure integrating fuzzy a daptive
and fuzzy r obust position md force control, in a explicit position based f orce
control strategy, to compensate for modeling uncertainties of the manipulator and
environment. The fuzzy robust controller is a position controller in the inner control
loop, to compensate for uncertainties in t he robot manipulator model. The control
surfaces in the boundary layers are designed, so that the region near the origin of
the state space can be eached faster. The fuzzy a daptive controller in t he outer
loop adjusts the ma nipulator tip psition t o ¢ ompensate for uncertainties in t he
environment (stiffness and gometric location) with t he purpose of reducing the
error force. It uses a fuzzy inverse model and a 1 earning me chanisno tadapt the
membership functions of the fuzzy 1 ogic controller. To s howet performance on
tracking force/position trajectories and to validate the proposed control structure
scheme, simulations results are presented with a three degree of freedom manipulator.
Copyright ©2002 IFAC
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1. INTRODUCTION

The classical force control strategies like impedance
control (Hogan 1985), hybrid impedance control
(Anderson and Spong 1988), parallel force/position
control ( Chiaverini et al 1998), are not s uf-
fice to bring robots executing t asks with inter-
action with t he environment, like grinding, de-
burring and polishing. This is due to ariable
payloads, torque disturbances, parameter varia-
tions, unmodeled d ynamics and uncertainties in

the environment parameters. Robust control (Liu
and Goldenberg 1991), classical adaptive control
(Colbaugh et al. 1993), neural network compen-
sation (Jung and Hsial995) and fuzzy adaptive
control (Hsu and K 1996) has been a solution
proposed to deal some of those problems. Even
S0 a great research a ctivity in force control has
been registered in the last decade, however, only
a few d these results has been i mplemented in
industrial robots. Therefore, more sophisticated



control structures are required to cope with over-
all uncertainties in the force control problem. In
(Marques and S4 da Costa 1999) it was proposed
a Fuzzy Sliding mode Controller, ’FSMC”, in the
realm of implicit force control, to compensate for
uncertainties in the manipulator dynamic model.
In another work, (Marques et al. 1997), it was
proposed a position based explicit Fuzzy Adaptive
Controller, "FAC”, to compensate for uncertain-
ties in the environment parameters. Both of these
control strategies reveled a good performance in
compensation of uncertainties they were designed
to. In this paper it is proposed an integration
of these two control strategies, in order to com-
pensate for the overall uncertainties in the force
control problem. So, this paper is organized as
follows: Section 2 presents a brief description of
the manipulator dynamics in the constraint co-
ordinate frame and the environment model. Sec-
tion 3 presents the overall control structure, with
a brief description of the two control approach.
Simulation results are presented in Section 4, and
finally in Section 5 conclusions are drawn.

2. THE ROBOT DYNAMICS AND
ENVIRONMENT

Consider the equation of a manipulator in con-
strained environment:

H(q)i+h(g,q) =7-J"f, 1)

The vectors g, 7 and f, € ™ (nx 1) represent
the internal coordinates, the torque at the joints,
and the force exerted by the manipulator against
the environment, respectively. The term b is com-
posed by: h(q,q) = C(q,4)4+9g(q)+d(¢), H and
C are the matrices of inertia and Coriolis, respec-
tively, g and d are the vectors of torques due to the
gravity and friction, respectively and J is the Ja-
cobian matrix. Generally, a task frame attached to
the constrained surface is selected, when the robot
manipulator tip moves in a force control task, so as
to easily describe position trajectories and desired
force profile f;. The internal coordinates q, ¢ and
g4 must be transformed in external ones , & and
&, by means of the direct kinematics, where x is
the position of the tip manipulator in the task
frame coordinates. Regarding the external forces,
let decompose the force vector f,, given by the
force sensor in all of it components and already
transformed in the task frame: a normal com-
ponent f, in the perpendicular direction to the
surface environment and a tangential component
f+, in the velocity tip manipulator direction. On
the other hand, let assume the friction coefficient
1+ between the manipulator tip and the environ-
ment is well known. In this way, it is possible to
know exactly the perpendicular direction 7 to the
environment surface, implicitly given by the force
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adaptive N - robust
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Fig. 1. Schema of the overall control structure.

sensor. So, without lost of generality, considering
only three elements in position and force, the force
f. and position @, defined in its components as:
f. = [fn, £+,0]7 and & = [21, 22, x3)" respectively.
In this way, the force control is done along the first
component and the position control is done on
the other last two components. In what concerns
to the environment characteristics, several mod-
els are proposed, based on elementary mechanic
components (spring, dump and mass), with one or
two degree of freedom (Epping and Seering 1987).
In this article, the environment is modeling like a
spring element with stiffness coeflicient k..

3. THE OVERALL CONTROL STRUCTURE

A schema of the global control structure is rep-
resented in the Fig. 1. This control structure is a
position based explicit force control. In the inner
position controller is the FSMC to compensate for
uncertainties in the dynamic model of the manip-
ulator. The FAC adjusts the position of the tip
manipulator z; in the perpendicular direction to
the surface environment, based in the error force.

3.1 The Fuzzy sliding mode controller

The fuzzy robust controller here proposed, is a
counterpart of the Sliding Mode Controller with
Boundary Layer, SMCw/BL which is the so called
Fuzzy Sliding Mode Controller, FSMC.

The Sliding Mode Control, SMC requires a control
law such that, for a second order system, the state
vector (e, é)T; e = z — x4, remains in the first
order sliding line s = é+ Ae = 0. The introduction
of a Boundary Layer BL, near the sliding line
s = 0 smoothes out the dynamics of the con-
trol input, avoids the chattering phenomena, and
ensures the system states remain within the BL.
Inside this BL, the linear transfer characteristics
states a null control signal along with it, and an
increasing in the absolute value of the control
signal as the states are far away from the switching
line. This behavior is similar to a fuzzy system
with a diagonal form. So, changing the output
of the control signal given by the linear transfer
characteristic of the sliding mode controller inside
the BL, now given by a fuzzy system, we have the
so called FSMC. We take back to the advantages



of the FSMC. Lets first consider a vector cartesian
acceleration control u;, based on a decentralized
concept for each degree of freedom:

um:G(fi'd—Aé—Kufz), (2)

where G e K are diagonal matrices based on
the bounds of the unknowns and uncertainties,
determined by the sliding condition of the sliding
lines vector s = 0 to be a domain of attraction,
A is a diagonal matrix with frequency values A;,
&4 is the desired acceleration, &€ = & — &4 and
Ups = [Ufzy Ufsy - Ugps, ]! is the output vector
of each fuzzy system. The difference between the
SMCw/BL and the FSMC, lies on the term ug,
(Palm et al. 1997), so that, in the former that
control term u, is given by:

u. = sat (87 's), (3)

where the matrix ® is of diagonal form, with
elements ¢;. The torque control 7 is obtained with
the dynamic inverse control law:

T=H(q)u, +h(q,q), (4)

where the joint acceleration u, is achieved from
the cartesian acceleration u,, by means of the
Jacobian J:

ug=J" (uw - Jq) (5)

Lets concentrate on the fuzzy term u .. The pur-
pose of the FSMC is working inside the boundary
layer, in such away that, the states in it, are
faster attracted to the switching line components
of s=¢é&+ Ae, with e = [e1e3 -+ e,]T and & =
[é1é2 -+ €,)T, than in the simple SMCw/BL. Lets
consider the normalized phase plane such that
sy —en+ Anen, with ey = [eN1 eNy """ eNn]T
eN = [é]\]1 éNny * " éNn]T with ey = G.e and
én = G;é, where G, and G are diagonal matri-
ces with the scaling factors. Chosen G, and Gg,
the normalized slopes given in Ay with diagonal
elements Ay,, are given by:

AN =G;'G:A (6)

?

Also, the boundary layer ® is normalized in ¥y
and given by:

by =G;'P (7)

In this away, the normalized phase plane (en;, én;),
each component can be represented in the Fig 2.

In the SMCw/BL, the control u increases mono-
tonically with the distance |s|, independently of
the distance d; in Fig 2 measured along of a
parallel direction to the switching line. So, the
errors along this parallel direction are interpreted
in the same way. So, introducing an additional
degree of freedom, distance d; in Fig 2, the region
near the state space can be reached faster. This
is one concept of the FSMC given by (Palm et
al. 1997). Regarding the two following rules:
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Fig. 2. Normalized phase plane.

R1: IF |sp| increase THEN |u| increase
R2 : IF dincrease THEN |u] increase (8)

a rule base given at Table 1 can be designed
to reflect this behavior. The suffix L, M and H

Table 1. Rule base s,-d

d/sp, NH NM NL ZN 7P PL PM PH
H PH PH PH PH NH NH NH NH
M PH PH PH PM NM NH NH NH
L PH PH PM PL NL NM NH NH
Z PH PM PL 7P ZN NL NM NH

stands for Low Medium and High respectively, the
prefix N and P stands for Negative and Positive
respectively, and Z for near Zero. The control
surface generated by the fuzzy system of the
FSMC, with a Takagi Sugeno system, a fuzzy
partition in the antecedents and singleton values
at the consequents, is represented in the Fig. 3a.
In contrast, in the SMCw/BL, as that distance d;
is not considered, an equivalent flat control surface
is generated, Fig. 3b. So it can be stated that
SMCw/BL, is a particular case of the FSMC. In
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Fig. 3. Control surfaces.

this way, each fuzzy system of the FSMC has two
inputs: the distances s,, and d;, and one output
Ugz; - The maximum value to sp, is achieved by:

- Q

SPimas =
A1+,

By the other hand, the maximum value allowed
to d; is the product of the parameter A;, Fig. 3a,
by a factor §;. Being A; given by:



)\Ni ¢Ni

V1+A%,

it can be defined the diagonal matrices G4, and

A= (10)

. 1+A2, A/ 1HAZ
G4 which elements are: e wd gxas

respectively, such that the normalized values s,
and dp are:

SpN = Gsp Sp; dN = Gd d (11)

The output uy,, is in the interval [—1, 1], such
that the maximum absolute value of the term
Ki X Ufpz; be Kz
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Fig. 4. Control schema of the FAC.

3.2 The Fuzzy adaptive controller

The FAC is a fuzzy adaptive controller, based on
the Fuzzy Model Reference Learning Controller
(Layne and Passino 1996). The FAC is mainly
based on the Fuzzy Logic Controller FLC, and
the learning mechanism. The FLC is adapted in
the membership functions of its consequents by
the learning mechanism. The inputs of the FLC
are the error force e¢(kT') = fq(kT) — fr(kT) and
its finite difference A, (kT) = e;(kT) — ey (KT —
T) or by the trapezoidal area of the error force
dey(kT) = WMT. The learning mech-
anism is composed by the fuzzy inverse model
and the knowledge-base modifier. The fuzzy in-
verse model attempts to characterize in an ap-
proximate away the representation of the inverse
dynamics of the environment and so, it is called
the fuzzy inverse model. The fuzzy inverse model,
accordingly (Layne and Passino 1996), maps the
error in the output variables and possibly other
parameters such as the functions of the error and
the process operating conditions, to the necessary
changes in the input process. Here, the fuzzy in-
verse model is designed how to adjust the position
tip manipulator, in the perpendicular direction
to the environment surface, to compel the force
fn(kT) exerted on it, to be as close as possible
to f4(kT). The knowledge base modifier performs
the function of modifying the fuzzy controller so

that better performance is achieved. Based on the
necessary changes given by the output of fuzzy
inverse model p(kT'), the knowledge base modifier
changes the membership functions of the FLC
consequents, only for those whose activation level
d;; are > 0 at the instant (kT — T). All others
remain unchanged. This can be formulated as:

Cij (kT) = Cij (kT - T) +p(kT)
if 61’]’ (kT - T) > 0; (12)
and
Ci;(kT) = Ci; (kT - T)
if S,;(kT—T)=0 (13)

It is shown in (Layne and Passino 1996), the FAC
output that would have been desired, is expressed
by:

Az*(kT — T) = Az(kT — T) + p(kT)  (14)

In the inner position controller - the FSMC - fol-
lows the commanded positions, velocities given by
the planner in the positions controlled direction.
In the force controlled direction those commanded
position and velocity are given by the FAC. So,
in this last controlled direction, representing the
position and velocity as a two component vector
z. = [z, |7, the element =z, is given by:

Te =T+ UFAC, (15)

where z is the tip position manipulator and urpac
is the output of the FAC. To determine the sliding
variable along this direction, the vector [e, é;]T
is given by:

T

[ez éz)" =& — x. = —[urac trac]’  (16)

4. SIMULATION RESULTS

The overall control structure described in Sec-
tion 3 is now applied, by simulation, to the first
three links of the PUMA 560 robot, tracking a
trajectory in and against the plane located at
ze = 0.3m as shown in Figure 5. The simula-
tion environment incorporates the model of the
robot, as in (Corke 1996), including the non-linear
arm dynamics and joint friction, providing the
basis for a realistic evaluation of the controller
performance. The control scheme applied to the
dynamic model of the robot used in the study,
was implemented in the MATLAB/SIMULINK
environment, using the Runge-Kutta fourth order
integration method. The control laws applied to
the manipulator model where implemented with
a sampling frequency of 1 kHz. The dynamic
inverse control law of the manipulator only con-
sidered the main diagonal of the inertial matrix
and the gravitational terms:
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Fig. 5. trajectory of the 3-DOF manipulator

T1 ﬁl,l AO 0 g1
2| =| 0 Hep 0 |+ ]9 (17)
73 0 0 H3,3 g3

For robustness studies, the inertial parameters,
like link masses and moments of inertia are dis-
turbed from its nominal value in a percentage
between 10% and 30%. The desired force profile is
presented in Fig. 4 and the environment assumes
an irregularity along the z axis as in Fig. 7a and
its stiffness coeflicient varies accordingly Fig. 7b.
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Fig. 6. Force profile.
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Fig. 7. Real environment characteristics.

Table 2. Rule base of the fuzzy inverse

model.

¢s\Aey [ NH NM NL Z PL PM PH
PH Z Z PL PL PM PH PH
PM NL Z PL PL PM PM PH
PL NM NL Z PL PL PH PH
Z NH NM NL Z PL PM PH
NL NH NM NL NL Z PL PM
NM NH NM NM NL NL Z PL

NH NH NH NM NL NL Z Z

It is assumed that the manipulator is already
in contact with the surface and the end-effector

Table 3. Rule base of the FLC.
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Fig. 8. Simulation results. Torque and errors

always maintains contact with the environment
during the task execution. The values for the
three parameters \; was chosen to be \; = 50s7!;
i = 1,2,3 assuming that the unmodeled frequen-
cies are around 200s~!. The parameters of the
matrices G and K given in (2) were assumed as:
G = diag(G1,G2,G3) = diag(0.485,0.439,0.389)
and K = diag(K1,Ks, K3) = diag(20,20, 25).
The boundary layer thickness for the three sub-
systems was setting as ® = diag(¢1, 2, ¢3) =
diag(0.06,0.025,0.1) for the three orthogonal di-
rections. The scaling factors of the FSMC fuzzy
systems are, G, = diag(200,200,200) and G; =
diag(4,4,4).

The rule base of the fuzzy inverse model is pre-
sented on Table 2 and the rule base of the FLC
has nine rules, accordingly to Table 3. The centers
C; are those adapted by the learning mechanism.
It was assumed the inputs of the fuzzy inverse
model and the FLC are the same: the force error
es and its difference Aes. The scaling factors
to the fuzzy inverse model are [8 6;.002] and
[8 8;.001] for the FLC. All the fuzzy systems are
Takagi Sugeno type, with a fuzzy partition at the
antecedents, trapezoidal shape and singletons Cj;
at the consequents. The simulation results can
be observed in Figs 8, 9 and 10. In Fig 8 the
torques and the errors in position and force are
presented, where no chattering symptoms, even in
the presence of uncertainties in both environment
and manipulator model. In Fig 9 the results under
the SMCw/BL and under the FSMC can be bring
face to face. It shows the faster attraction of the
states to the origin, when under the FSMC. Fi-
nally, the action of the FAC in the perpendicular
direction of the environment surface, direction z,
adapting the membership functions of the FLC
consequents shows a very efective compensation
for uncertainties in the environment.



SMCw/BL acc. x SMCw/BL acc.y SMCw/BL acc. z

01

0.08
0.06
004
0.02 o

de/dt

-0.02
-0.04
-0.06

-0.08

-+ 2 0 2 h B 0 5 0 0 5 10 15
e x10 e x10 e x10
FSMC acc. x

01 003

FSMC acc. y

008
006
004 |
002

de/dt

002 |
-0.04
-0.06

-0.08 -0.04 B
-4 2 0 2 -5 ) 5 10 0 5 10 15

e x10 e

Fig. 9. The error in the phase plane under SMC with BL

and FSMC.
C C C
0 11 12 0 13
-05
10.02
-1
10.04
2 c3 5 11 o3 5006 c3 5
-0.4 2 22 0.55 2
0
-0.45 05
w05 /7 c3 5 1 3 045 c3 5
01 31 1 32 2 33
08
0.05 1
06
07 3 504 1 3 5 01 3 5

Fig. 10. The adaptation of the consequents of the FL.C
membership functions.

5. CONCLUSIONS

In this article, an integration of the fuzzy adap-
tive and fuzzy robust force/position control struc-
ture to compensate for overall uncertainties was
presented. This control structure is an explicit
position based force control. The position is ad-
justed by the fuzzy adaptive controller in the
perpendicular direction to surface environment, to
compensate for uncertainties in the environment.
In the inner position controller a fuzzy sliding
mode control compensates for uncertainties in the
dynamic model of the manipulator. The states in
the phase plane are attracted to the origin, intro-
ducing an additional degree of freedom, resulting
an improvement in performance and chattering
free. The interaction between the two controllers is
effective and the overall uncertainties accordingly
the perpendicular direction to the surface environ-
ment are both compensated. This control struc-
ture also behaves with a good performance in the
presence of non rigid materials and considering
noise in the force signal, even thought the results
were not presented here, by the sake of brevity.
An implementation on this control structure is
undergoing on a robot PUMA 560.
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