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ABSTRACT

A new force control model of a haptic feedback device for the robotic teleoperation is analyzed. Forces
applied to the haptic device through human hand movements are modeled as disturbances to the force control
system. A detailed analysis for modeling haptic device and human hand is provided. A self-tuning Fuzzy PID
control scheme is proposed to improve system transparency by achieving good force tracking performance. This
controller is developed for tuning PID gains based on the environment-slave contact force and the human-haptic
device contact force in realtime. Teleoperation of a 6-DOF slave serial robot using a 6-DOF master haptic device
is demonstrated. Experiment results provide good force tracking comparison in the haptic feedback teleoperation
system.
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TOM TAT

Bai bao nay trinh bay mét mé hinh todn hoc méi cho thiét bi phan héi xtc gidc. Lwc cla tay ngudi khi cdm
nam thiét bj phan hdi xuc giac s& dwoc mé hinh héa nhu nhidu ngoai tac dong vao hé thdng diéu khién. D& lam
gidm anh hwéng clia nhidu ngoai thi bo didu khién mé PID tw chinh duoc str dung dé chinh dinh cac tham sb PID
truy&n théng dwa trén thwe nghiém véi cdm bién luc. Trong mot hé thdng hoan chinh thi thiét bj phan hdi xtc giac
doéng vai tro la thiét bi chd va mot mot rd bt hoat ddong & moéi trdng lam viéc thuc té sé 1a thiét bi té. Ngudi sir
dung cdm ndm va di chuyén thiét bi phan hdi xtic giac dé tao ra chuyén déng cho rd bét. V&i bod didu khién me PID
tw chinh, lwc cam giac trén tay ngudi khi cdm ndm thiét bi xuc giac sé bam tét hon lwc mong muén truyén vé tiv rd
bbt. Két qua thwe nghiém da chirng minh réing luc bam dwoc cai thién dang ké& so véi didu khién PID truyén théng.

Tir khéa: Piéu khién robot; mé hinh héa robot; diéu khién me PID tw chinh; didu khién Iwc, thiét bi phan
hdi xuc giac

from the environment not those of the structure
of the haptic device. Impedance force control
and admittance force control are two force
control techniques used for the teleoperation of
haptic devices [1]. The closed loop impedance
control may improve the force performances
[2-3].

1. Introduction

The Haptic feedback device has become
an active research area since the computing
power of the processors increased rapidly. The
haptic feedback teleoperation is especially useful
for handling remote objects in hostile
environments or in a special environment such
as in a minimal invasive surgery. The
teleoperation of slave robots using haptic
devices should satisfy two main objectives:
position control of the slave robot and accurate
force sensing from the environment. For the
position control the haptic device should provide

Human hand and arm interact with a
haptic device may affect the force control
performance. Human hand impedance can be
modeled as a mass-spring-damper system [6].
The human hand can be defined as an
admittance model where the force input

the real-time trajectory commands for the slave
robot to track. The user should feel actual forces

generates the motion output [7-8]. This model is
constructed with one mass, two springs and two
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dampers. Human hand and arm should be
properly modeled and included in the haptic
force control system. Thus a new force control
model of a haptic feedback device is analyzed in
this paper.

A PID controller was selected for the
teleoperation of haptic device [3]. Those results
indicated that the force tracking error
performances can be improved if tuning PID
parameters. Although self-tuning fuzzy PID
controllers show good performances in [11]-
[12], their application in the haptic teleoperation
system is limited. Therefore a self-tuning fuzzy
PID force controller is proposed to improve
force performances and reduce effects of human
hand disturbances.

2. Modeling of haptic feedback device

A haptic teleoperation system in Figure 1
consists of a master device (a 6-DOF parallel
haptic device), a slave robot (a 6-DOF serial
robot) and an environment with a mass-spring-
damper [3]. The 6-DOF haptic feedback device
utilizes two 3-DOF parallel structures similar to
the 3-DOF Delta structure. These two 3-DOF
parallel structures are divided into the upper
structure and the lower structure. The end
effectors of the upper and lower structures are
connected to a steering handle via universal
joints. The contact forces F. exerted by the user
can be measured with two 3-DOF force sensors
attached on the end effectors of the haptic
device. The external contact forces Fq from the
environment are also measured by a 6-DOF
force sensor attached on the end effector of the
slave robot.

In the haptic teleoperation system, users
can hold the steering handle of haptic device to
move the slave serial robot. The contacting
force, F,on the slave robot measured with 6

DOF force sensor is the desired value to the
force control system while the measured force
F, on the haptic device is the feedback value.
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Figure 1. A haptic feedback teleoperation system

A dynamic equation of 6-DOF haptic
feedback device can be expressed in the
Cartesian space as;

. . T
M (xh )xh +V(xh,xh)+G(xh)= Jht—F (1)
where 7 is a motor torque vector, J, is
Jacobian and J,T is forces generated by motor
torques. M(Xh), V(x,.% ), and G(x ) are
inertia matrix, coupling velocity matrix, and
gravity force of the haptic device respectively.
x, =[x y z @ B y] is position vector of the
steering handle. The contact force F, between
the steering handle and the user hand is defined
as;

F =B(% —%)+K(x,—x,) (2)
whereB ,K,F, =[F, F, F, M, M, M, ], and
X, :[)‘( yiap ﬂT are damping matrix,
stiffness matrix, contact force vector, and
position vector of the user hand respectively.
The gravity force é(xh) can be estimated using
a classical dynamic analysis and compensated

with feed-forward control action. The dynamic
equation is reorganized as;

M (xh)X'h +V(xh,>'<h)+G(xh)=J;r—Fc+G~(xh)
©)

If the estimated gravity force is perfect,
the dynamic equation can be shortened as;
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M(x )%, +V(x,.%, )=dnr-F (@)

The user hand keeps the steering handle of
the haptic device and generates the trajectories,
x,andx, . The user hand can be modeled as a
simple 1-DOF mass-spring-damper model [7].
Relationship between the estimated hand
trajectory x, and haptic device trajectory x,, is

expressed as;

A X (bs+k)

H=—+= 2

X, ms?+(b+b)s+(k+k)

The user hand has nonlinear stiffness and
damping since its stiffness and damping change
by the grab condition and posture of the arm.
The dynamics of the 6-DOF haptic device
including the user hand can be decoupled under
slow movements and represented as a 1-DOF
dynamic model.

A simple 1-DOF teleoperation system is
shown in Figure 2. The trajectory x, of haptic

device can be determined by encoders while the
hand trajectory x, is difficult to measure

accurately. The purpose of haptic device is to
generate motions for the robot device and
provide feeling forces on the user hand.
Therefore design of force controller is the main
task for the haptic device while design of
position controller is the main task for the robot
device. The trajectory of the haptic device is
used as a desired trajectory for the robot device.
This trajectory is controlled by a position
controller K, so the real trajectory x, may track

(5)

that of the haptic device. The user can control
the robot device visually so that its tool may
contact with an environment defined as a spring
k,and a damperb,. The contacting force

F, between the environment and robot device

can be measured by a force sensor. Because of
robot device dynamics and contact force F,, the

real position of robot device may differ from that
of the haptic device.

1

2
m,st 4,8

‘ b+ kel‘ o

Position
controller

Environment Robot device

1
2
msT +os

Hap tic User hand

device

controller

Figure 2. A 1-DOF teleoperation control system

The contacting force F,is used as a

desired force for the haptic device. The user
hand may feel the force F, as the desired force

F, even though the disturbance force from user

hand are existed in the system. The error
between the desired force F,and feedback force

F.is controlled by a force controller K, to
supply torques for motors of the haptic device.

The closed loop relationship between
F,and F, in 1-DOF force model is described as;

~ (bs+k)(K, +1)
© ms®+cs+(bs+k)(K, +1)
(s + k) (ms® +cs)
ms? +cs+(bs+k)(K, +1)
Equation (6) implies that the contact force
F. is induced by two inputs of the user hand
trajectory x,and the desired force F,. Equation
(6) can be reformulated as;
B (bs+k)(K, +1)
© ms®+cs+(bs+k)(K, +1)

d

(6)

(Fd _Fu) (7)

(ms® +cs)x,

where F, = is the dynamic force

+
h
caused by the user hand movements. The force
F, driven by x, works as a disturbance and can

be reduced by increasing the control gains of K,, .
The user hand trajectory can be estimated
from x, = Hx,, though the dynamic properties in

H change by grab condition and arm posture
and are difficult to obtain in real time operation.
Assume that x, is small enough compared to x,,

the force F, can be expressed as;
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(ms®+cs)x, (ms®+cs)Hx, (ms®+cs)x,

F = =
! K, +1 K, +1 K, +1
(®)

Equation (8) implies that the haptic device
dynamic force may be reduced by the feedback
control if the control gain of K, such as the PID

parameters is large enough. However, the system
becomes unstable if high control gains are
selected [10].

The control objectives should satisfy good
force tracking performance as well as reject the
undesired dynamic forces caused by the user
hand movements. Thus a self tuning fuzzy PID
controller is proposed.

3. Force Control of the Haptic Feedback
Device

The control algorithm in this paper
extends the preceding works of PID control [3].
Where the PID parameter was selected for K, (s)
indicated that it could reduce influence of
gravity, inertia and friction. Experiments with
the haptic teleoperation system also implied that
if tuneK ,K;,Ky, the tracking error

performances can be improved.

Therefore a self-tuning fuzzy PID
algorithm in Figure 3 is proposed for the
K, (s) controller. PID parameters of K,(s) are

selected in given ranges such
ask, € Kpmins Kpmax )+
I(i e[kimin’ kin‘ax]ikd e[kd min 1 kdn‘ﬂx] and

calculated as;
kp = Kp(kpmax _kpnin)+ kpmin
ki = Ki(kirrax _kimin)+ Kimin (9)

ke =Kg (kd mex — Kd min )+ Kd min

E
—
Fuzzy
Controller

Kp Ko Kq

where K, K;, K are outputs of fuzzy
controller while the inputs are the force error

E=Ke, and the force error change
rate DE =K,e,, with K, K,are
constants.

The outputs of controller should be
changed smoothly so symmetric Gaussian
functions are selected for both input and output
membership functions as;

f(x,0.c)=e 2 (10)

positive

where parameters o,C are selected in Table 1

based on the experiments of haptic teleoperation
system. In which three linguistic terms of input
variables are defined as P (positive), Z (zero), N
(negative) and three linguistic terms of output
variables are defined as S (small), M (medium)
and B (big).

Table 1. Parameters of membership function

Parameter Input Qutput
N Z P S M B
06 |07 [06]02]02]02
C -1 0 1 0 0.5 1

Table 2. Fuzzy control rules

E
DE
N Z P
N S S M
Z S M B
P M B B

Table 3. Control gain values

Paramete

r Kl KZ Kpmin Kpmax Kimin Kimax Kdmin Kdmax

Value |0.4(0.1] O | 45| O [0.06| 0 |0.04

Fd P > Ft »
A - *| Congsoller > Plant >
h
B I'¢

Figure 3. Diagram of self-tuning fuzzy PID controller
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This fuzzy controller is designed with 9
rules as shown in Table 2 to reduce the running
time in a digital controller. Experiments have
done to select the control gain values as shown
in Table 3.




THE UNIVERSITY OF DANANG, JOURNAL OF SCIENCE AND TECHNOLOGY, NO. 12(73).2013, VOL. |

4. Experiment Results

A teleoperation system of 6-DOF haptic
device with 6-DOF serial robot is shown in
Figure 4. This control scheme extends the
preceding works of teleoperation control system
[3] and [9]. A digital controller dSPACE1103
with many useful interfaces such as ADC, DAC,
Encoder, 1/0, RS232 and RS485 is used to
implement control algorithms. Moreover the
dSPACE1103 can work with
SIMULINK/MATLAB in real time to do
experiments. The data can be recorded by
ControlDesk software to evaluate and compare.

The teleoperation control system can be
divided into two main parts: position control of
slave serial robot and force control of master
haptic device. The environment contact forces Fq
are measured by a 6-DOF force sensor on the
slave robot while contact forces F. are measured
by two 3-DOF force sensors on the haptic
device. The force Fq is recognized as the desired
force to the controller while the feedback is the
contact forces F. from the user hand. The output
of K,(s) is the force command to the haptic

device so it is converted into required torques by
inverse transposed of Jacobian matrix. Six
components of desired force Fq require six self-
tuning fuzzy PID controllers separately.

The user contact forces F, of the steering

handle could track the environment contact
forces F, from environment well as shown in

Figure 5. The trajectory x, of the slave robot and
the trajectory x, of the haptic device are shown

in Figure 6. These comparisons indicate that the
tracking force performances could be well
improved compared with the PID controller [3].

5. Conclusions

This paper presents a new force control
model and proposes an impedance control
algorithm using the self-tuning fuzzy PID
controller for the haptic teleoperation system.
The force control model including user hand
contact force is developed and analyzed. The
force control model shows that the user hand
contact force F, is induced by two inputs of F,

and x,. This new force control model clearly

shows the effect of the user hand and extends the
previous works in [4-5].

The impedance control using fuzzy PID
laws is designed to satisfy good tracking force
performance as well as to reject the undesired
dynamic forces caused by the user hand
movements. All PID control gains works to
improve transparency of haptic teleoperation
system. Experiments show good performances in
a manner that transparency is improved.

PID F 7
F, Fuzzy ¢ - ;
— *| Control L z; n
Ky Haptic device
+ v
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7 [Environment -
& J "
model N
i Computed Jacobian | ™
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Figure 4. Teleoperation control system of a 6-DOF master haptic device
with a 6-DOF slave serial robot
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Figure 5. Tracking force comparison of robot-haptic
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