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Thc paper describes the implemcntation of thc adaplivc force control of an industrial
robot. The implemented algorithm is a position based hybrid control scheme with ad&p-
tation to thc environment stiffness. Control schemc is sensitive to thc changes in envi-
ronment stiffness. VVe solved this problem by thc adaptivc controller. Implementation
problems on thc robot controller are also discussed. The proposcd control method is
easy to irnplement and can be applied to cxisting industrial robots liltcd with a con-
ventional position controller. The performancc of thc force controlied manipulator with
the proppsed control \a\v vvas tested with the computcr simulation and by using the real
robot.

1 Introduction

Many of robot industrial applications, such as au-
tomated assembly, deburring, teleoperation, e tc ,
require exact control of interaction forccs with the
environment. The problern of controlling intor-
action forces has been invcstigated by many au-
tliors. According to Kazerooni [7], active forcc
control strategy can bc classificd into two major
approaches. The first approach forcc or torquc
is commanded along those directions constrained
by the environment, while position or orientation
is commanded in the direction unconstrained by
the environment. The above approach was for-
malized by Mason [9].. Craig and Raibert [12]
introduccd a hybrid force/position controller by
controlling the actuator torquc. Whitney [14] pro-
posed damping control whcrc sensed forcc error
is transformed into the cornmanded velocity of
the actuator. A similar approach was used by
Paul and Shimano [11]. Some advantages can be
obtained if the dccoupling of the manipulator is
done in the task spa.cc, like in tlie operational
space approach introduced by Kathib [6]. Tlie
second approach is based on establishing a rela-

tionship bctvvecn thc position of the manipulator
and intcraction forccs. Error in position, velocity
and forcc generates joint torque commands. Salis-
bury [13] introduced thc stifFness control appfoach
which acts likc a six-dimensional active spring in
tho tool coordinates. Impedance control which
combines stiffness and damping control was in-
troduced by Hogan [5]. Our approach is modified
hybrid/position force controller \vhere force error
is convertcd to the position offset. This method is
easy to implcment and requires no modification at
the servo level of the robot controller. The stabil-
itv and response of the proposed force controller
depend on the sensor and cnvironment stiffness.
For applications on unknown or changing environ-
mcnt stifFness we propose a simple adaptive con-
troller vvhich adapts the gain of the force control
loop to the environment and sensor stifFness.

2 Force control

Tlie problem of compliant control can be broken
do\vn into pure position and pure force control. In
a direction where the robot task is unconstrained
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by the environment, purc position control can be
used, while in the direction constrained by the
environtnent pure forcc control is used. Tho con-
strains imposed by the cnvironment arc callcd
natural constrains. In order to specify the dc-
sired task, artificial constraints are introduced.
Natural and artificial constraints togethcr form
N-dimensional constrained spacc C, wherc N is
the number of thc Cartesian degrees of freedotn.
The task of thc controller is to map thc C spacc
into the manipulator joint movcment. The hy-
brid force control rnethod controls motor torquc
directly. Here, anothcr approach was used duc to
the hardware limitation of the controller of our
robot. The force control is implcmentcd in thc
outer loop of thc existing position/velocity eontrol
1 and generates new N dimensional input vcctor
yd in tool coordinate systcm

yd = Sx/ + (I - S)xp (1)

where xp is the desircd displaccmcnt vcctor of
the robot (translations and orientations), I is the
identity matrix and S is the compliance selection
matrix [12], and x/ is

x , = Kj(Fd - F) (2)

where K/ is the force controller transfer function
and F and F^ are the measured force and thc
desired force, respectively. Thc compliance se-
lection matrix is dcfined as a binary NxN-tuple
which specifies which degrees of freedom iri C are
under force control and which are under position
control. The first term in thc Eq.l corrcspbnds to
the force control loop where thc last term is thc
position (orientation) command vector. Thc posi-
tion (orientation) command vector is transformed
from the tool coordinate system to the robot base
coordinate system and then to the joint coordi-
nates. Joint coordinates q^ are passed to the posi-
tion/velocity controller. This transformation can
be described by the equation

(3)

where 9~l describes the transformation from the
Cartesian space to thc joint angles and A denotes
the transformation from the tool coordinates to
the robot base coordinates.

A simplc PI controllcr with the discrctc trans-
fcr function Kj-f~=r w a s uscd for thc force con-
trollcr transfer function. In order to irnprove the
stability, first ordcr anti alias filter \vas uscd in
thc forco feedback loop.

2.1 Design of the force controller :
Single-joint case

VVc will firsl design the closed loop system for thc
singlc joint case. Stability analyscs \vill be donc
in thc S dornain by a root locus design. A modcl
of thc one-joint robot system with DC (AC) mo-
tors is prcscntcd on Fig. 1. Thc paramctcrs
of tlic transfer functions were cstimated by using
thc tcst signals and LS cstimation procedurc and
comparcd with the known pararneters of thc sys-
tcm to validatc rcsults. For thc third joint of our
robot thc transfer function parameters arc as fol-
lows:

Kj = 0.06 rad/N
( - 0.997
Kp - 1100 1/s
Ku = 15900
Kv = 1000 Vs/rad
Kw\ = 5000 V/rad
K, = 0.031831 V/rad3

K, = 0.23 Nm/A
Kb = 0.101 Vs/rad
11 = 0.91 il
/J5(f = 0.0003 Nms/rad
llcU = 0.00046 Nmsa/rad
/C,,. = 350 N/rad
n = 1/70
a - 50
7'J = 0.01 s

gain of thc force control
damping of the force control
gain of thc position control
gain of thc velocity comp.
gain of the I* velocity control
gain of the I velocity control
tachomcter gain
torque constant
back EMF constant
motor rcsistance
etfectivc damping
efTective incrtia
sensor/cnvironment stiffncss
gear ratio
anti alias filter polc
sampling time

Thc position controller consists of simplc Kv

gain \vith fecd-forward vclocity compcnsation rc-
alizcd by a digital computer. Since thc sarnpling
timc of thc position control loop is much srnaller
than thc sampling time of thc forcc feedback loop,
it is assumcd that thc position controller is real-
ized with an analog feedback. The force control
loop is realizcd by a digital computer, thercforc
wc will assumc zcro-order sample/hold clement at
thc input of the position controller. We assume
simple model environment, described by the Eq.
4, \vherc qc and q is the cnvironment contact po-
sition and mcasurcd position in joint coordinates
respectevely.

F = KSe(q ~ qc) (4)

From Fig. 1 we can computc thc open loop 2 3

Hhis method is referred to as position bascd force
control

2open loop with respcct to the force loop
3\ve will oinit. the subsystem index i in the ccjuations for

tlie siiigle joint case
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Figure 1: Model of one robot joint with velocity and position control

transfer function for the single joint casc in thc
form

q=.Gi(8)qd + G2(s)f . (.5)
where . .

„ , v nKj(Kp + Kus)(Kvi + Kvs)
Gi(s) = — ^ (6)

loop and first order anti alias filter for the sam-
pling time Ts = 0.01 s is thus

<=(*) =
0.02212"' -O.OI8O2-3 - 0 . 0 0 2 9 i " 3 - 0 . 0 0 0 0 7 z ~ 4

1 - 1 . 4 4 8 8 * - ' +0 .4738j~ a - 0 . 0 0 0 S i ~ 3 —.0.00004»-*

G2(s) =
n2Rs
W(s)

(7)

and

W(s) = He}}s
3R+ (8)

{BefjR + K'iKvKt + KiKb)s
2 +

Ki(KviKt + KpKvn)s + K,KpKvin

Discrete PI force control law for the single joint
case is

Kf(e(k) - te(k - 1)) (9)

vvhere e = (fd(k) — f(k)), f and /<* are the mea-
sured and the desired joint forces respectively.
Factor ^ was chosen to meet the desired dynamic
performance of the closed loop system. The over-
all discrete transfer function of the reduced 4 open
loop system with one sample delay in the control

The above model was used to determine suit-
able gain for the force control loop via discrete
root locus analyses. The root locus for the 3rd
joint discretc model of our robot is presented in
Fig.2. The gain K/ vvhere system becomes unsta-
ble is 0.132 rad/N and suitable gain at dominant
damping factor C = 0-5 is 0.06 rad/N.

2.2 Design of the force controller :
Multi-joint case

Robot dynamics is described by using the La-
grangean formulation, with the Eq. 5

q + d(q,q)

4The non-reduced system is of 5th ordet. The system
was reduced by canceling non-dominate poles and non-
dominate zeroes

(10)

where r is the N-dimensional actuator force
(torque) vector, H(q) is the NxN dimensional ma-
nipulator and actuator inertia matrix, d(q, q) is
the N-dimensional vector of Coriolis, centrifugal,
gravity and friction forces, J is the manipulator
Jacobian and F is the compliant force in Carte-
sian coordinates.

f̂ot the sake of simplicity we will omit time dependence
in the equations that follovv
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Fignre 2: Discrclc root locus of thc systom

In a goncral casc Eq.l() describo.s a highly non-
lincar and strongly couplod multivariablc syst.om.
A stability analysi.s \vith thc proposod control law
is vcry difficult, if not iinpossiblo for sudi! a sys-
tcm. Tlio following is assurncd for tlio slabilitv
analysos :

- The gravity is compensated cithcr by rno-
chanical constriiction of thc robot or by on-
line calculation and compcnsation vvitli a
controllcr.

- thc tnanipiilator is operating at low spccd,
ccntrifugal and Coriolis forces ar<: thcrefore
nogligiblc.

- thc deflcctions in thc position around tho dc-
sired force are low, bocauso forco scnsors have
higli stiffncss. This assutnption will allow lin-
carisation of tlio systcm around thcsct point.

Furthermorc ihc majority of cxisting industrial
robots liave a high goar ratio bol\vooii thc drivo
motors and tlic joini. VVilh ilio abovo assump-
tions thc matrix of inortia H(q) can bo approxi-
matcd by a diagonal matrix wH!i consiant tonns
Hj and d(q.q) can bo approximatcd \vit.h ron-
stant daniping Bq.

For a noncornpliant rnotion Eq.l 1 dcscribos a do-
couplcd systcm, wliich is generally not trno in casc
of compliant motion. First wc \vill analvsc thc
open loop transfer fiinction (Eq.o) for miilti joint
casc. Matriccs Gi and G2 aro diagonal inatri-
cos consisting of thc siibsystcni Iransfcr function.s
dcscribcd by l>|.fi aiul Kq.8 rcspcctivclv.

q = G ,q j + G2J7'F = G 2 J r K S e (x - xc)
(12)

wliero x is the position and xc is thc contact posi-
lion in tho Cartosian coordinatos. VVc \vill dcfinc
posilion as position for the dcsircd force plus tho
dofloclion froni that sot. point x = xj + A x . Thcn
Kq.l2 c:an bc rcwrittcn in tho form

q =

(13)

r = ( I I

Matrix J 7 K . , C J is thc joint stiffncss matrix Ksr / .
rFho control law for cartcsian coordinatcs is in the
fortn

A x / = K /K s n (x , / - xf; - x + x c ) = K / K s c A x

( I I )
Nt\\t wc iimhiplv both sidos of Iho E(|. II by
.lacobiaii invorso and assiimo. thal all subsvsUMiis
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are tuned using inncr position and vclocity con-
troller to have cqual close loop dynamic propor-
ties. Thcn, thc rnatrix K/K s e is diagonal matrix
with equal terms and control law (Eq. 14) can bc
rewrittcn into thc forrn

= K/KscAq (15)

Control law for thc inulli-joinl casc is thus idcn-
tical to thc control lavv in singlo-joint casc.

From Eq. 5 and 13, \vc can scc tliat the dy-
namics of thc multi joint časc is thus similar to
thc dynamics of thc singlc-joint caso cxccpt that
the joint compliance K a 7 matrix introduces non-
linearity and cross-coupling bctwcen joints. Joint
stifFness matrix can bc calculatcd and compcn-
satcd on-lihc. This will assurc stability of thc
ovcrall system rcgarding tho assumptions prc-
sented at. the bcginning of this papcr scction. In
our robot with high gear ratio Uic influcncc of thc
last tcrm in the Eq.l3 is almost ncgligiblc and thc
rcsults of the single-joint casc are also valid for tho
multi-joint case.

2.3 Adaptation to the variable sensor
and environment stiffness

Tlic stability of the proposed forcc control loop
is mainly afTccted by the environmcnt; and scnsor
sfcifFness. If the stifFncss is not known in advaticc
or is changing during thc task, thc response of
thc forcc control may be to slowness vvhcn .Ihc cx-
pected stifFncss is lovver than real stifTncss. VVhcn
thc real stifFness is grcater than the cxpccted stifF-
ncss, thc rcsponsc of thc robot can bc vcry oscilla-
tory, bouncing and cvcn unstablc. This problcm
can bc sliglitly rcduccd by diminishing timc dc-
lavs in the forcc control loop (scc thc rcsults of
[1]), but this may bc irnpossiblc with soinc robot
controller architcctures. Tlie abovc problem can
be cfriciontly solvccl by thc adaptivc coutrol loop.
Sensor stiffness can be compulcd from Eq. I. Un-
Fortunatelv, thc contact position xc vcctor is usu-
ally not knovvn in advancc. DifFcrcritiatirig ttio
Eq. 4 poses implcmcntation problcms. Robol |>o-
sition signals arc usually rcad From cncoders and
arc not so afFccted by noisc as forcc signals, whicli
are read as analog values from an A/D convertor.
Differentiating noisv signals gives less useful ro-
sults. In [2] averagiag was proposed to avoid this
problem. Namely, Eq. 4 can be expressed also

as F = K s c x - F o , whcrc Fo is a constant ofFsct
iF contact position rcmaius uiiciiangcd. Hovvcver,
avoraging slovvs tho adaptatiou speed. Wc pro-
posc a stalc variablc filtor to solvc difFcrentiation
probloms. In this casc, Forcc rcadings and posi-
tion vcctors arc lcad to tlic simple, stablc, first
ordor fillcr \vith transfcr function

Gj = (16)

which cati l)o rcalizcd by a computer program or
by a simplc atialog circuil. The realization of the
filtcr is prcscnted on Fig. 3. Filtcred derivatives
F/ and x/ arc llicn uscd Tor thc cstimation of
tlic scnsor and environmcnl stifTness. A

Figure 3: Dcrivativc of an signal obtaincd by fil-
tcring

dircct adaptivc controllcr was used in our con-
trol sclicinc. In ordcr to incrcase thc adapta-
tion spccd and avoid thc computational burden
wc chosc simplc rcfcrencc modcl in the Fortn

F m — (17)

wit.li thc desircd response. Root locus design was
uscd to dctcrminc thc rcquired gain Ko for the
dosircd bchaviour of thc reFerencc model. Note
that scnsor-environmcnt stifFness is included in
K o . Thc aim oF the adaptivc controllcr is to mini-
tnizc tlic outptit error bcUvcen thc rcferencc model
and tlic system with variablo gain K/

= G K f K S P x (18)

II, can casily be verified that thc proposed adap-
tivc control satisfics the critoria for the perfect
linear tnodcl following control [8]. The.gain Kj
(> for thc oach subsystcm is calculatcd using RLS

°wc will omit thc subsvslcni iiulc:x i in the equations
tliat follovv
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Figurc 4: Adaptive control schcmc

estimation procedure in the form

= Kf(k-l) +

P{k -
- l)P(k -

(19)

fmik-l)

(20)

•1) (21)

P(k - 1) = (P(k - 2) - (22)
P(k-2)ip(k- l)il>(k- l)P(k-2)

- l)P(k - 2)i/>k - 1 '

A is the appropriate chosen forgetting factor. Nor-
mally, the forgetting factor is set between A =
0.95 and A = 0.99. Hovvever, a large forgetting
factor slows down the convergence of the estima-
tion, but the algorithm is more resistant to a sud-
den change in the estimated parameters due to
noise . In our case we get the best results with a
forgetting factor of about A = 0.7. In this case thc
behaviour of the RLS estimation will approach
the projection estimation algorithm. With a low
forgetting factor. A, there is a danger of covari-
ance blovvup during the period when the system
is insufficiently excited [3]. In our case we solved
the problem by identifying only during thc period
when filtered derivative of the force was above the
noise limit.

If the contact position remains unchanged dur-
ing the adaptation, the adaptive system is lin-

ear in the unknown parameter and the stabil-
ity of such a system can be easily verified un-
der the assumption of a persistcntly excited sys-
tem [4]. Hovvever, if tho contact position changes
during the adaptation, it is impossiblc to esti-
mate both contact position and stiffness of en-
vironment. Namely, changes in contact position
have thc same efFect as changes in cnvironment
stifTness. To solve this pToblem we propose to
estimate K/ only a few samples after the sen-
sor reaches thc obstacle, i.e. to identify only few
samples after the filtered force derivative changes
from 0 to the e, where e is a suitably chosen con-
stant according to the sensor reading resolution
and noise in the measurement.

The adaptivc control scheme is presented in
Fig.4. Notc that at low speed calculation of the
robot position in the task space can be replaced
by the desired position in the task space. The
closed loop behaviour was simulated by using con-
tinuous time simulation of the DC motor, gears,
velocity controller and sensor, discrete simulation
for the position control and trajectory interpola-
tion at a sampling interval of 0.0016 s and discrete
simulation of the force control loop at a sampling
interval of 0.01 s.

The simulation results for the step response
of the proposed control scheme are presented
in Fig.5 for the non-adaptive and adaptive con-
troller \vith filtered signals respectively. Both, the
adaptive and non-adaptive controller were tuned
for the environment stifiness 1 N/mm, while ac-
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tual environment stifTness was 4 N/mm. From
the simulation results we can see that the non-
adaptive controller starts to bounce when envi-
ronment stifFness increases and goes to a limit cy-
cle. In contrary, the adaptivc controller quickly
adjusts to the new environment stiffness.

The simulation results were comparcd to thc
measurement obtained on thc real robot. Thc
step response of the adaptivc and non adaptive
controller for thc stiff cnvironment arc presentcd
in Fig.6. Thc adaptive controllcr cstimates cor-
rect gain and is stable, but somc oscillation can
be noticed during the impact, which are not ob-
tained in the simulation. This is mainly due to
the nonlinear friction and backlash in the gears,
which were not included in the simulation.

3 Implementation on the robot
controller

The proposed compliancc control schome was im-
plemented on a 6. d.o.f. industrial robot RIKO
106. The architccture of thc control system is
presented in Fig.7. The main CPU of the robot
controller is dedicated to trajectory generation,
kinematic transformation and man-machine intcr-
face. The axis computer is used for the digital
position controller with feed-forward speed com-
pensation and for interfacing with the controller
periphery. Because of hardware limitations, forcc
feedback was realized via thc main CPU. Thc
sampling interval of thc forcc controller, as well
as the sampling interval for thc trajoctory gen-
cration module was set to 0.01 s. The desired
trajectory is passed to the axis CPU by a shared
VME RAM. The axis computcr generates trajec-
tory with sampling timc 0.0016 s by polynornial
interpolation. Due to thc interpolation algorithm
and data exchange betvveen thc main and the axis
CPU a delay of 0.02 s appears in the force feed-
back loop. RRL robot programming language
is implemented on the robot controller [10]. Three
additional commands werc added to RRL for the
compliant motion definition. Natural constrains
are defined with command ForceSELect, FSEL s l
s2 . . s6. Nonzero parameters sl .. s6 corre-
sponds to the pure force control in the direction x
y z roll pitch yaw, vvhile the zero parameter spec-
ifies the pure position control in the tool coordi-
nates. The value of the parameters sl ..s6 selects

the A/D channel where the corresponding force
signal appears. The negativc parameter reverses
the signal input sign. Artificial constraints are
dcfincd with command ForceTRACK, FTRACK cl

c6, wherc cl .. c6 is the desired velocity (an-
gular vclocity) or force (torquc) vector according
to thc artificial constraints definition. The offset
of thc sensor and A/D converter, as well as the
cfFect of gravity on the sensor ahd tool is removed
using command CALIBRATE FS; Of course, during
thc calibration, thc force sensor should not be in
contact with thc environment. Galibration acti-
vates also adaptation procedure.

4 Example

Forcc control was tested ori-the deburring pro-
ccss of an irregulary shaped vvorkpiece. The task
of the robot was to apply constant force 70 N
in thc orthogonal direction of-the free movement
of tho robot and to maintain zero torque at the
tool during movement at constani speed 10 mm/s
along thc X axis of the workpiece. We used a
three-dimensional wrist mountod force sensor, de-
veloped at our institute. The RRL program for
the required task is listed in Fig.8. The response
of the robot is presented in Fig.9 for orthogonal
forco and wrist torques respectively. In the Fig.9
plot between (t=5sec) and (t=9sec) shows the
tracking of thc scnsor when change in the shape
of workpiece occur. We can see that the signals
are rathcr chattering. It was found that this is
caused mainly by poor resolution, cross-coupling
and noise of thc sensor. A higher sampling fre-
quency improves thc transient response, but does
not eliminate chattering from the response.

5 Conclusion

A forcc control algorithm based on a hybrid con-
trol scheme was presented. The main difference
between the original methbd and our approach is
that force is controlled by changing the desired
position. This approach allows implementation
on existing robot controllers with a position and
velocity control loop. The limitations of our ap-
proach are the following:

- position resolution of the robot controller af-
fects the force resolution of the system. In
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1 * RRL sample program for the deburring process
2 *
3 * define maximal, actual speed and toll center point

4 MAXSP = 1000 40

5 SPEED = 50.0

6 TCP 1 = 0 350 0 0 0 0

7 * approach start point of the deburring and calibrate sensor

8 APPRO TO 1 FOR 0 -10 0

9 CALIBRATE FS

10 * natural constraints

11 FSEL 0 1 0 0 2 3

12 * artificial constraints , start deburring, stop on external signal

13 FTRACK 10.0 70.0 0 0 0 0 UNTIL SIG 0

14 DEPART FOR 0 -10 0

15 HOME

"igure 8: RRL piogram for tho dcburring process
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Figure 9: Maintained force of the tool (in the direction normal to the surfacc) and torques during
deburring (in the direction of the movement and orthogonal to thc direction of th,e movement). Notc
that the shape of the object changes (Fig. 8)

other words, the proposed control scheme
will not work with sensors with high stiffness
and robots with poor position resolution.

- the sampling interval of the force control loop
is the same as the sampling frequency of the
trajectory generation module.

Therefore, the proposed method is suitable for
compliant tasks at low speed. In the proposed
control law the environment stifFness is directly
multiplied by the force control gain. Additionally,
time delays introduced by the interpolation al-
gorithms and communications betvveen main and
axis processor afFect the stability of the control
algorithm. To avoid this problem we proposed
simple direct model reference adaptive controller.
A discrete root locus was used for the force con-
troller design. The results were verified with a
simulation and compared with the response of the
actual robot. The paper shows that the root locus
design is also suitable for a multi-joint case in the
case of the high gear robot and low speed robot
movements.
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