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GRASPING FORCE CONTROL OF ROBOT HAND
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Abstract : In this paper, a grasping force control
of robot hand is presented with consideration of
workpiece dynamics. It is difficult to control a
manipulator without the knowledge of its dy-
namics, because its handling with unknown
workpiece may bring about overshoots and vi-
brations. Then it is necessary to adjust control
gains according to the handling workpieces in
order to achieve good control performances.
The authors propose a new control strategy
which uses adaptive observer and VSS (Variable
Structure System) controller to subdue these
overshoots and vibrations. Some simulations of
the proposed method are carried out for a

grasping system to control the grasping force to

various workpieces, whose dynamics cannot be
known in advance.

1, Introduction

Robot arm perform tasks in two ways : by
moving freely in the work space, and by dy-
namically interacting with the environment un-
der constraints. Position control is appropriate
when motions of robots are unconstrained.
However, when a robot arm comes into contact
with the environment, for example, in assembly
tasks, position control may not results in the
desired performance. If the stiffness of the end
effector or of the environment is high, it may
even not be possible to carry out the task. Force
control is then introduced to provide robot arm
with compliance.

Various force control methods have been
proposed in the literature [1]. Among them are
the stiffness control, the damping control, hy-
brid position and force control, and the explicit
force control. These methods generally based on
kinematic considerations were developed within

the framework of the joint coordinate spaces.
None of these control systems pay attention to
the characteristics of workpieces. Recently, the
necessity of the impedance control has been re-
ported for the force control of robot arm with
interaction to the working environment [2], but
it is inadequate to control actual systems which
have unknown parameters. Thereby, the adapt-
ability and the applicability of robotic system are
still limited.

In order to cope with the above problems,
this paper proposes a new control strategy in
which dynamic characteristics of workpieces
are taken into account by using adaptive ob-
server and VSS controller. Firstly, the unknown
parameters are estimated by using a adaptive
observer, then the control gain of controller is
updated according to the those estimated
workpiece parameters. To obtain the desired
control performances such as no vibrational and

no overshoot, VSS is adopted in the design of
the controller. VSS with sliding mode has
strong robustness on feedback stability against
parametric variations and disturbances. It is
hoped that this method will achieve stable force
control over a wide range of workpiece stiffness.

2 elling of the system h
workpiece dynamicsg

One dimensional grasping problem for real-
izing stable force control is employed as a
model with consideration of the workpiece dy-
namics. The robot arm and gripper are consid-
ered as rigid bodies with no vibrational modes.
However, for force loop of the gripper, it is ob-
served that vibration, depending upon the
characteristics of the workpiece, is exhibited in
dynamics behavior. The robot system, i.e., robot
and gripper with workpiece, is modelled as
shown in Figure 1. Here, both the gripper and
the workpiece are assumed to move sym-
metrically so that the center of the gripper is
always on the center of the workpiece. Thus,
translational motion of the gripper and the
workpiece can be neglected. The gripper of
robot is modelled as a mass with a damper. The
mass, m,, represents the effective moving mass
of the robot arm. The viscous damper, b,, is
chosen to give the appropriate rigid-body mode
to the unattached robot. While structural damp-
ing is very low,b, includes the linearized effects
of all other damping in the robot. The sensor
has stiffness k, and damping coefficient b;. The
workpiece is also considered by introducing a
spring and a damper with parameters k, and b,
respectively. The mass, m,, represents the ef-
fective moving mass.

From this model, the following dynamical
equations are derived.

M) +beR () +bs { e (t)-Xeat) ] s {Xe(D)-x0(D)} = %‘Tl(t) (1)

Mg () +bera(t)+keXw(t)-bs{ Xe(D)-k (1)) -ks{ x:(1)-Xea(t) ] (=2(;

Ty () *e Ti(1)

AN RAN RN

. b
Left Force Force ; Right

Gripper | Sensor] Workpiece | Sensor GripperJ

o 1 | I } 1

Fig. 1 Gripper model including workpiece
dynamics
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The relationship between the actuator and
robot hand is as follows :

Apu(t) = V(t) (3)
Lata(t) + Ryia(t) + keBm(t) = V(1) (4)
Tinlt) = kBm(t) (5)
JmBm(t) + BpBm(t) = Trn(t) - Tl(t). (6)
Bm(t) = Ix,(1) (7)
where

A, ¢ Amplifier gain :

Gp, ¢ Gain of the DC servo motor

Jm : Inertia moment of the servo motor

Bm : Friction coefficient of the motor

R, : Armature resistance of the motor

L. : Armature Inductance of the motor

k. : Constant of the counter electric power

ke : Torque constant of the motor

r : Radius of the pinion gear in robot hand

n Gear reduction rate

u(t) : Input Voltage

V(t) : Motor Input voltage
T : Load Torque

Tm() : Generated torque
i) : Armature current

8m() : Rotational angle of the motor
x.(t) : Moving distance of the robot hand

Then the state equation and output equation
can be expressed as follows :

xp(t) = Apxp(t) + Bpu(t) (8)
yp(0) = Cixglt) (9)

where x,(t) is [x{t) Xoft) 2(0) xaOI7,
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agp= n2y + r2m, a; = -r2k/aq, ag = r2k,/ag,
a3 = -{n%kekp+r2Ra(br+bs) }/(Ra20), a4 = r2by/ap,
as = ky/myg, ag = -(ks+ko)/ My, a7 = by/mg,
ag = -(bs+be)/my, b = Ammky/R,a9,
ci=k,, cp=k, cCc3=bs cqg=-by

In this system, the state variables x.(t) and
X,(t) are the position of the gripper and the po-
sition of the workpiece respectively. The vari-
able x,(t) is unmeasurable and parameters k,,

and b, are usually unknown, but with some
known ranges (Komin < Ko < Komax Bomin < Do < bamax),

In the output equation (9), the output vari-
able y,(t) is the contact force which is the force

F.(t) across the force sensor, and given by

F(t) =k, {x,(t)-x(t) } + b [Re(t)-X(D)} (10)

3. Identification of parameters for
the unknown workpieces

In order to obtain the desired control
performance, it is necessary to observe the un-
known states and identify all the unknown pa-
rameters. The adaptive algorithm used here is
one as described by [3].

Since the system described by equations (8)
and (9) is completely observable and control-
lable, then it can easily be represented in the
following form:
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where A is a 3x3 diagonal matrix with arbitrary
but known constant and negative diagonal ele-
ments -i, 1=2,3,4 (A0, Ady, for izj), and &
and bi (i=1,2,3,4) are unknown parameters to be

identified. :
Now consider a model with a form similar to
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adaptively in order to match those of the system
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where p, (i=2,3,4) are signals which are added
to assure the stability in overall adaptive scheme
and will be defined later in (16).

Subtracting (11) from (13) will give the
equation of the state error e(t)=X(t)-x(t) :

A 111 t
&) : a #©
QO _| 0 * 0 0 jlew| | €O
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where 90 =30 -T0 ang @O =bi®) - b (with =
1,2,3,4) are the parameter errors between the
system (11) and the model (13).

It is now desirable to find adaptive updating

equations for the parameters vectors @(t) and

Bx(t) so that as t— oo, gl(t)—>5l. Ei(t)—>51 and
e(t)=x(t)-x(t)- 0.

Note that, with ¢ ®)and ¢ () given by equation
(20), the auxiliary signalp(t) can be constructed
by using only physically realizable filters and the
signals x,{t) and u(t). If signals vi(t) and w(t)
(with i=2,3,4) are defined as those generated by
first-order filters :

VO AV =xi(), i) +Aiwi) =u(®),  (15)
then p (t)=[p,{t), pslt), p4(1)]T can be rewritten as
following form :

PiD) = BV + GO (16)

Error e(t) can be obtained by substituting
(16) into (14), i.e.,

&) = -Aieit) + i1 (1) + gu(t) + pi(t) (17)
and then integrate equation (17), it gives

&i(0) = S(Ovi(t) + Pi(Owilt) + exp(-Ait)ei(to) (18)

Finally, substituting ey(t) into the first equa-
tion of (14) yields

4
én(t)=-Mex(t)+¢T(t)V(t)+¢T(t)W(t)+Z exp(-Ait)ei(to) (19
i=2 1

where, v(t)=ly(t), valt), va(t), vslt)], wit)=[ult),
wylt), wslt), wylt)l, and e(ty) is the initial error
e(t) at the time t;.

If we choose the adaptive law as follows :

%i(l) = 4;.(0 =-Tyv(De(t), ii(t) = @(t) = -Tyw(ey () (20)

then it gives e,(t})>0 as t—e when control input
u(t) contains at least 4 distinct frequencies.
Therefore, we can get the unmeasurable states
and all the unknown parameters of the system.

im&@) = & lLmb() = b LmR® = x
t— o0 t— oo 1> o0 (21)

4. VSS approach to control
systemn design

The indexes of our control strategy are listed
as follows :
(1) Fast response and no overshoot
(2) No steady state error
(3) Robustness of stability in closed loop
(4) Grasping operation without vibration
(5) Reduce the chattering phenomenon

In the force control system, it is necessary to
perform the desired tasks without any over-
shoots and vibrations. Specially, overshoots
should be avoided when the robot hand comes
in contact with fragile work pieces, such as
electronic chips, light bulbs, glass etc. And since
the robot hand must handle various workpieces,
especially robust performances are required in
the robot force control system.

4.1 Sliding Mode control
Prior to the design of the VSS force con-

troller, this section describes the basic idea of
sliding mode control based on VSS. Sliding
mode control is characterized by discontinuous
control which changes structures on reaching a
set of predetermined switching surfaces in the
state space[4]. Here a general type is consid-
ered, and represented by

R(t) = f(x,1) + B(x,t)u(t) (22)

where x(t), f(x,t}e R, u(t)e R?, Be Rnxn.
The control input has the form of

_ {ux‘(x,t) if si(x)>0
ui(x.0) = u(x,t) if si(x)<0 (23)
where u{t) is the ith component of u{t), and
s,(x)=0 is the ith component of the m switching
hypersurfaces
m

$= ) CiXj, Ci=const, cm=1

g; (24)
in the state space. The above system with
discontinuous control is termed as a variable
structure system, since the feedback control
structure is switched alternatively according to
the state of the system.

Sliding mode occurs on the switching surface
5,(x)=0 when all of trajectories move towards to
the switching surface. Then the state slides and
remains on the surface si(x)=0. The condition

for sliding mode to exist on the ith hypersurface
is
lim s(x)$(t) < O (25)
In the sliding mode, the system satisfies the
equation
=0 and X =0 (26)
Equation (26) yields the motion which is de-
scribed by the switching surface, thus, the
trajectories of the predetermined hypersurface.
The system in the sliding mode is completely
robust, that is, independent of the parameter
variations and external disturbances.

4.2 Switching Surface and Controlter
The VSS force controller is designed by using

the parameters and states estimated by the
adaptive observer. Figure 2 depicts a VSS force
control system of robot hand based on the above
mentioned sliding mode. Here, the following
switching line is selected :

"s = cle,(t)dt + ey(t) (27)
where e, (t)=yq(t)-y(t), yq is the desired refer-
ence force, and ¢>0.

The control input u(t) is of the form, that
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means, estimated value term u.q(t) and sliding
mode term Au(t} are related as follows :

u(t) = ueg(D)+Auit) (28)
where ug4(t} is equivalent control input when
s=0 and ¢=0. From =0,

u(t) = L {ceo®-Fix1(1)-Ra()-R3(0-RaV)}
b; (29)

where 21 and bi are identified parameters by the

adaptive observer, and X)) (i=2,3,4) are esti-
mated state variables.

Sliding mode term Au(t) is chosen as follows:

Au() = i (O+PR(D+ Y3 (1) + WaRa (1) +prseo(t) +sgn(s)
(30)
From above equations, it gives
88 = 518X (+5125%2()+5135X3(0+s 145K (1) 45 1580(1) +516 | 5
(31

where s, {i=1,:-,6) are coefficients which con-
tain the unknown workpiece parameters. From
the existence condition of sliding mode (25),
each coefficient of equation (30) must be chosen
to satisfy following inequalities and then the
force control system will satisfy the existence
condition.

Vi = vt if (>0

. e o
w if s 0 = \yg_ if sX2()>0
1 x1() <0, Y2

if s%,(t) <0

if sR4(1) >0
if s%4() <0

_fyst i s >0 A
Vs = {w if st<0 Y= Lyg

vat o if se,()>0
T ifse(<0 k.50

(32)
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Fig. 2 Block diagram of VSS force control
system using adaptive observer

n r

In order to examine the performance of the
proposed force control system, computer sim-
ulations have been carried out. The varying
range of unknown parameters k, and b, are as-
sumed as follows:

100[{N/m] < k. IN/m] < 10000[N/m]
100{N-m/sec] s b,IN-m/sec] <1000{N-m/sec]

In. this paper, both soft and hard workpieces
are chosen as simulation objects which have the
spring constant 500{N/m] and 5000{N/m] re-
spectively. Figure 3 shows the results of the VSS
force controller without the adaptive observer.
In here, the grasping can be performed without
oscillations and overshoot to both the work-
pleces, but the undesirable chattering phe-
nomenon of control input becomes violent. On

the contrary, figure 4 shows the simulation re-
sults by applying the proposed method. The
grasping operations can be performed without
any oscillations and overshoot and also no chat-
tering phenomenon to both the workpieces.
Therefore it verified that the proposed method
can improve the performance of the force con-
trol of robot manipulator.
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Fig. 3 Stmulation result of force control with
VSS controller without adaptive observer
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Fig. 4 Simulation result of force control with
VSS controller with adaptive observer

6. Conclusion

The force control method using the adaptive
observer and sliding mode is proposed for the
robotic manipulator system with consideration
of characteristics of workpiece dynamics. The

-proposed method was very effective throughout

the simulations of the grasping force. Further-
more, the proposed method can adapt to
changes of the workpiece characteristics and
can improve the adaptability much better than
the conventional force control method.
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