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Abstract: This paper deals with the modeling and ex-
periment of a robot system for force/impact control per-
formance. The basic model is composed of a direct drive
motor, servo amplifier, link, force sensor and environ-
ments. Based on the developed model, the stability of the
whole system was analyzed via root locus method. For
the force control, integral force compensation with veloc-
ity feedback method shows the best performance of all
the explicit force control strategies. In dealing with im-
pact, PID position control and the explicit {orce control
method were implemented. Instead of add more damping
to the robot system by velocity fecdback, we developed
a new passive damping method and it was also applied

to enhance the damping characteristic of the system.

1 Introduction

As the tasks of robol arms expand to jobs which require
contact with environment, the capability to cope with a
situation involving force and impact becomes necessary.
The force control strategies developed so far are based on
the assumption that the robot maintains stable contact
tnitially. In real situation, however, the contact period is
inevitable to do some tasks aud stable contact during the
transient period determine the success of the force con-
trol thereafter. The impact will affect the performance of
the developed force controller seriously and thus the force
and impact control issues should be handled simultane-
ously to perform the desired task successfully. T'he sim-
ple idea to resolve the impact problem is to give damping
characteristic to the system to reduce the rehounce after
the initial collision [5] and to ensure the stable contact
like the human knee joint.

The force control issue has been studied widely and
can be categorized as the impedance control and the ex-
plicit force control. In the impedance countrol [1], a rela-

“ tion between force and position is given in terms of the
target dyuamics to perform a task. The switching of the
control modes belween position and force is nol neces
sary. llowever it requires exact model of the robhet and
knowledge of environment position and thus it is diffi-

cult to specify the desired force. In contrast with the
impedance control, the explicit force control method re-
quires the switching of control modes but the desired
force can be easily specilied. Among the various force
control melhods, the integral force control method shows
better performance with respect to the contact disconti-
nuity and steady state error {6, 1, 2]. For the impact con-
trol problem, some of researchers studied the modeling
of force controlled system[7] and the effects of collision|[§]
recently. In dealing with impact, however, many re-
searchers hiave used the software damping ethod to pre-
vent the rebounding and improve the system stability.
But, when one tries to implement the velocity feedback!
during the impact, the noise signal usually deteriorates
and restricts the performance of the controller.

In this paper, we propose a passive hardware damp-
ing method originated from the hminan kuee joint where
the meniscus and the synovial fluid between the articu-
lar cartilage provide inherent damping to the knee joint
when there is an impact from the foot. The main goal
of this study is to make stable contact as fast as possible
without rebounding and to track the desired force After
the contact based on the stabilily analysis of the whole
system. In section 2, we will derive the dynamic model
of our system including the passive damper and the sim-
ulations and analyses are conducted in section3 for the
model. Ixperimental results for force/impact control are
addressed in section4 and the conclusions will be made
in the final section.

2 DModeling of the Systemn

The system we are dealing with is composed of 1-DOF
direct drive robolic arm, passive damper and environ
ment. ig. 1 shows the schematic diagram of the systein.
To analyze the stability of the systein, and to understand
the effect of passive damper on the system performance,
the dynamic model of the system is required. The pro-
posed linearized modecl of the system is shown in Fig. 2,
where f; denotes the applied input force at the tip of atn

T ” ) .
ilereafler velocity feedback aund active damping will be used
interchangeal)ly,
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and it is expressed as:
fa =3 (1)

where [, is the arin length and 7, is the applied joint
torque. The X, can be approximated by the following:

Xi =~ 10, (2)

where 8, is the joint position. I, is the stiffness of the
environment and C. is the damping coefficient of the en-
vironment. Cpyy denotes the equivalent passive damp-
ing/active damping value at the tip of arm. The subscript
‘s’ denotes the parameters of force scnsor. The values of
basic dynamic parameters of the system were obtained
from simulations and preliminary experiments [9].

2.1 Force Sensor/Amplifier and Con-
tact Force

A strain-gauge type of force sensor with maximum capa-
bility of 100kgf and its amplifier were used to measure
the compression force at the tip of the arm. When the
arm contacts with environment, the reaction force fr is
considered as [ollows by neglecting the inertial force:

In = [K.(X2— X))+ Co(Xa = X)) x
1K, (Xs — X))+ C(Xa~ X)), (3)

where X3 is the tip position of the arm and X, is the posi-
tion of the environment. To consider contact/noncontact
condition the unit-step funclion 1(-) is used. In contact
casc, the measured force [, is assumed as follows:

f"l = ]"3(4\.2_Xe)1 (4)

The sensor amplifier has time-delay characteristic and
thus it is modeled as a time-delay system. To construct
the linear model, the amplifier model is linearized by the
bilinear approximation as follows:

Gump(s) = C—T" ~ -‘——'—1 — Td/2

where Ty is delay time, Wwhich was identified from simu-
lations.

The fesulting combined dynamic model of the force
sensor/amplifier can be represented as follows:

Jm(s) 1~I;s) K,
Cos+ K,

In(s) 14 Ly

(6)

2.2 Driving Systemn, Arin and Environ-
ments

An amplifier of the motor produces a output current. for
a given input voltage. In reality, the current amplifier
and motor have a finite bandwidth and thus the driving
system can be modecled as [ollows:

= (7

where V,(s) is commanded voltage, 7,(s) is motor torque
generated actually. In computing 7,, the following rela-
tion was used

Ta=la X [, (8)

where f,, is the measured force at the tip of the arm.
In Eqn. (7), I is the constant which is product of servo
amplifier DC gain and motor torque constant. T, is time
constant of the servo amplifier, which was computed from
the manual.

In force control mode, the arm can not be treated as
a rigid-body, especially when it contacts with a very stifl
enviromnent. We consider the link itself as a kinematic
constraint which has no mass property. The arm is then
assuined to has a concentrated lumped-mass at the end-
point of the arm and it is partioned into the collocated
mass (M, )} and noncollocated mass (A3) to consider the

‘structural dynamics of the arm. Stiffness (K,) and damp-

ing coeflicient (C,) are inserted between M, and Af,.

We use two diflerent environments: a steel ingot and
a rubber plate. The steel ingot can be considered as
the rigid-body. The rubber plate is assumed as the first
order impedance model-that is i, and C, and thesé can
be expressed as follows:

fr=CX. + K. X, . (9)

2.3 Passive Damper

To add more damping to the system, we developed a
new passive damper. The passive damper [10] is com-
posed of a solenoid valve and a rotary vane and it is
attached to the joint axis of the motor. The schematics
of the passive damper is shown in Fig.3(a). The damp-
ing coefficient can be changed by varying the clearance
between the vane and cylinder. The switching of On/Of
control mode is made depending on the magnitude of
the measured force at the tip of the arm. If the magni-
tude of measured force is below the threshold value, the
solenoid valve is in ‘Of" state. In this case, the rotary
vane can rotale at both directions about the joint axis
{reely. When the measured force is above the threshold
value, the valve is ‘On’ state which means that only the
unidirectional flow is allowed through the valve. The ro-
tary vane can only move to one direction and if the joint
tries to move backward, it expericnces extremely large
damping characteristic due to the solenoid valve. For
simplicity, we model the damper as coulomb and viscous
frictions. Ideal characteristic of the passive damper can
be depicted in Fig. 3(b) and we will use this characteristic
in impact control to reduce the rebounce when the robot

collides with the environment.

3 Controller Design and Analy-
sis

Assuming that the model is accurate, the stability analy-

sis and simulations were performed for force /impact con-

— 173 —



trol for both cases i.e, with/without passive damper us-
ing a commercial package of MATRIX (3] to discuss
the effect of passive damper on system stability.

3.1 Force Control

One of the simple methods to determine the system sta-
bility is the root locus plot. For the simple proportional
force controller, small values of Ky, were observed for
both environments{9]. Large value of I;, above the
marginal value can destabilize the system, so the Iy,
should be small to guarantee stable contact. As a result,
the system response may be sluggish. We use the integral
force compensation method to improve the force control
performance. The ZOI? effect modifies the open-loop
dynamics as [ollows:

Copl2) = KpGo(2)Gy(2), (10 -

where G,p(2) = open-loop system dynamics in z-domain,

G.(z) = T (z+1)

2 (z—1)

= discrete integral controller with unit gain,

Gy(z) = =tz {2y

= discretized plant dynamics.

Fig. 4 shows the root locus plots for the both environ-
ments based on Eqn. (10) when the passive damper is not
considered and the sampling rate is assumed as 700.01z.
The marginally stable gain values of Kj; were about 123.0
for rubber plate and 785.0 for the steel ingot. These
values are very larger than those for proportional force
control. Those, however, have nothing to do with the
passive damper because the analyses was confined to get
the marginal gains for both environments without pas-
sive damper. Although it is not as rigorous as the above
analyses, the eflect of passive damper will be discussed
in the next section for impact control where the passive
damper is required seriously.

" Before we go into further analysis of passive damper,
it is worthwhile to point out the limitations of active
damping method for force and tmpact control. One of
the interesting facls is that the use of active damping
can not redice the-contact force level for high stifl envi-
ronment and can not stabilize the system. In onr case,
the teason can be explained as follows when the steel in-
got is considered as the environment. The total system
stiffness is
. K,

( , =
Ko K, + K,

~ 0.846 MN/m , (i)

and the minimum resolution of joint position can be sensed
from the joint position sensor is

ks
~ 4 - 9
65536 = 96.0prad . (12)

Omin =

Considering the arm length is 0.25m, the minimum force
level which can change the joint position is above about
20.0N. If the force is below this value, Lhe measured joint
position does not change essentially because of the high

370H means the zero order hold

stillness of the environment. As a result, the computrd
joint velocity is zero and the active damping gain has
no cffect on the system response. This is the typical
phenomenon when the arm is to exert desired force to
the high stifl environment. This is the limitations on fine
force control when the environment is highly stifl as steel
ingot. To control fine force for those stiff environment,
one need expensive position sensor with high resolution

to resolve this problem.

3.2 Impact Control

We use the impact controller as a combination of PID
position controller and the explicit force controller. The
switching of control modes between position/force is de-
termined by measuring the force. The block diagram of
the impact controller is shown in Fig. 5, where the switch-
ing variable S is set to 1 for the position control mode. As
soon as the measured force is over a prescribed threshold
force value, then it is set to 0. When the passive damper
is attached, then the solenoid valve will be opcrated at
the same time. IMig. 6 is the simulation result of the im-
pact control to show the effect of the passive damper to
the system stability. Fig.6(a) is the result when the use
of passive damper is not considered and Fig. 6(b) is ob-
tained when the passive damper is used. As the force
control law, the PI force compensation method with ve-
locity feedback is assumed. The control parameters are
given by the same values for both cases. The K, is 0.15,
the Ky; is 20.0 and the Ky, is 20.0. The environment is
assunied as the rigid body and the desired contact force
is 15.0N. One of the obvious facts is that the system
stability can be improved by using the passive damper,
This can be interpreted as follows: the active damping
gain Ky, can not be increased largely enough because of
the noise effect which is gencrated from the numerical
differentiation and the large damping gain can unneces-
sarily excite the system dynamics. However, the passive
damper can provide neat natural damping characseristic
of the system, so il can contribute really to the system
stability. This result will be verified via experiments in
the next section.

4 FExperiments

The experimental device is the 1-DOF direct-drive armn
moving in the vertical plane. The notor is driven hy
PWM amplifier which uses the inner current loop. Joint
position is measured by a 16-bit absolute type of encoder
and joint velocity is computed by numerical differentia-
tion. An IBM-PC/AT is used as a main controller. The
arm is equipped with an ove-axis force sensor at the tip
and to reduce noise effect, a RC-passive low-pass filter is
employed. In all experiments, the sampling rate is fixed
as 700.01z.

4.1 Force Control Performance
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As the force control strategy, the integral force control
method is employed based on the previons analyses. Ini-
tially, the arm maintains in contact with the environment
and we add some velocily feedback gain to improve the
force control performance. In this situation, there is no
excessive impact force to the arm, so the eflect of passive
damper is vot so significant. When the passive damper
is used, we do not add the active damping because the
passive damper itsclf has enough damping characteris-
tic. But when a high integral gain is used, some active
damping was used to get better performance especially
{or transient period, where the passive damper is not acti-
vated during that time. For soft rubber plate, the integral
force control technique with active damping method can
improve the force control performance [9]. For the steel
ingot environment, however, the active damping method
is not eflective becanse of the liinitation of the position
sensor as described before. Fig. 7 shows the experimental
results, where the integral gain Ky, is chosen as §0.0 in
both cases and the velocity feedback gain Ky, of 30.0 is
added in Fig. 7(b). In both cases, 20.0N of the desired
force 1s commanded. As expected, the system responses
show almost the same results even the active damping
is added for Fig. 7(h). Specially, in dealing with impact,
we can not increase the active damping gaiu arbitrarily
large Lo get stable contact and high value of the gain
can destabilize the system especially for high stiffness
environment. This point justifies the use of the passive
damper.

4.2 Impact Control Performance

For all impact experiments, the approaching speed is
about 0.26in/s at the tip of arm. In dealing with the
impact, the initial high {orce spike may be inevilable.
But, after rebounding due to the initial collision, the re-
approaching velocity to the initial contact point must he
reduced to prevent the successive collisions. This may be
easily accomplished for soft environment such as rubber
by adjusting the velocity feedback gain Kj,. For the soft
rubber plate, whether the passive damper is attached or
not, it is easy to make the stable contact without large
impulsive force except the initial force spike [9]. For the
steel ingot, however, the quantizing effect of joint posi-
tion sengor affects seriously on stable contact. The worst
case can be illustrated in Fig. 8 where the active damp-
ing can even make the system unstable specially for high
stiff environment. Fig.8 shows experimental results on
this fact when the passive damper is not used where the
integral force feedback gain Ky is given by 5.0 in both
cases. The velocity feedback gain Iy, is given by 25.0
for Fig. 8(a) where the response is unstable, and 15.0 for
Fig.8(b). Even il we can get stable contacl for small
Iy, without passive damper, the peak forces during the
initial period is very large near 120.0N. ''his result also
drastically shows the limitations on the magnitude of ac-
tive damping and verifies the previous analysis. When
the passive damper is attached, we can now increase the

Ky and Ky, to produce good responses. When we use
the integral force control only, it is possible to use high
integral force feedback gain of even 80.0 and higher in-
tegral force feedback gain produces faster restoring time
to the contact point after the initial collision.

To show the eritical effect of the passive damper and
to verify the simulation result of [ig. 6, more severe case
was considered. We change the force control law as Pl
force control method. This will produce fast response
but the added proportional force feedback gain Iy, can
destabilize the system as mentioned in the previous force
control analyses. The experiments were performed for
the same conditions except the attachment of the pas-
sive damper and Fig. 9 shows the experimental results.
The stecl ingot was used as the environment and Ky,
was given by 0.20, Iy, and Ky, were given by 20.0 re-
spectively in both cases. Firstly, we can notice that the
results of Fig.6 and Fig.9 match well. As experimen-
tally shown in this figure, when the passive damper is
not attached (refer to 1ig. 9(a)), the system is unstable
and successive collisions are happened. While the pas-
sive damper is used (refer to Fig. 9(b}), the contact force
level is below 50.0N and it takes about 0.14s to achieve
the stable contact. Note, also, that the force level was
over 100.0N and the time to achicve stable contact was
over 0.25s for Fig. 8 without passive damper. From the
figures, we understand that the passive damnper can re-
duce the contact force except the initial impact and can
increase the stable boundary of the systemn. This result
is somewhat expecled as the passive damper can gen-
erate large natural damping and this produces reduced
re-approaching velocity after the initial collision. Also,
in steady state, it can be observed that the force con-
troller works well to exert desired force as shown in these

figures.

5 Conclusion

As a way to handle the force and impact control problem,
the newly developed passive damping method was pro-
posed. The modeling of the system for force and impact
controls was performed.

As the force control strategy, the integral force con-
trol method shows satislying result through the analysis
and experiments. [t was also pointed out that when the
joint position sensor is used for the velocity estimation,
the active damping method was not effective to produce
damping characteristic to the system especially for stiff
environment.

Impact control experiments were performed nsing PID
position control and the explicit force control method for
the fow/high stilf environment. For hard environment,
however, the velocity fecdback conld not add the damp-
ing characteristics after the arm contacts with the envi-
ronment. Also, it was shown that large value ol velocity
feedback can even destabilize the system. The system
stability was shown to be improved and the amount of
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contact force level after initial collision could be reduced
using the passive damper while performing good force
tracking capabilities.
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Figure 5: Schematic diagram of the impact controller

Ky =

Force(N)
»
)

0 . : N L n " 1 "

bbbttt it ol

[ 0.1 0.2 03 0.4 0.5 0.6 o7 08
Time{second}

(a) Without active damping

Figure 7: Integral loree

0.9 1

with passive damper

Forcs(N}

Forca({N)

Fignre 6: Simulation results of iinpact control for steel

350

300

250

200

150

100

50

350

300

250

200

150

50

ingot

Foroe(N}

40

1"/’) = () ] 5 —— Mensursd
- /\‘f,' = 200 e Deslred
Ko = 200
il : Liwsd Ol
3 331 32 33 a4 as
Time(second)
{a) Without passive damper
I\’/p = 0.15 ——— Memsures
- /\’], = 200 | e Desired
I Ky = 200
; TSNP DUE TN ol
3 31 a2 33 34 35 as ar 38 39

Time(second)

(b) With passive damper

k13

25

20

- 177 —

L s 2 L L " L L

0.2 0.3 0.4 0.5 0. 0.7 08 0.
Time(secand)

(b} With active damping

control experiment for steel ingot




Force(N)

240 . - v v v T v v g 240 v v B
wr Ky o= 5 T Mr Kgo= 50 -
. . S
wol Mgw = 250 ) wol Nyo = 150 1
150 & 1 150 - 1
£
120 | j Frof 1
o
.
%0 st .
60 b 50 | j
30} 0} p
¢ : ; : y y l ¢ F s 375 a2 .5
3 31 3.2 33 34 3.5 3.6 . 3 25 - R : i
Time(second) Time{second)
(a) Active damping: Ky, = 25.0 (b) Active damping: Iy, = 15.0
Fignre 8 Tmpact control experiment for steel ingot without passive damper: limitations
of active damping method
3s0 v ot , v . . v v 180 v . . . . . . v v
=M, — “Measured” —
: " et N e
wo| N = O ] Ny = 0.
Ky o= 200 w} Nyio= 200 1
b Ky, o= 200 ] R = 200
120 + 1
200 | 1 s 1ol 1
g
150 |- 1 S sl * 1
80 | b
100 |
40 -
0}
I 2 W
A
I s 1|11 R Y Lo
3 ER} a2 33 -4 3.5 3. 37 38 38 4 3 31 32 33 34 EX] 38 a7 18 EX 4
Time(second) Time{sccond)

(a) Without passive damper

Figute 9: Tinpact control experiment for

steel ingot t

— 178 —

O

show the effect of passive damper

(b) With passive damper



