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Abstract: This paper presents a new control model of the haptic device for the
closed loop teleoperation of a minimal surgery training system. Dynamics of a 6-
DOF parallel haptic device is computed and compensated to make a decoupled
linearization control model. In teleoperation system, the master is the 6-DOF
haptic device and the slave is the 6-DOF serial robot. The master haptic device
provides the trajectories for the slave serial robot through the operation of user’s
hand on the steering handle while the slave robot sends feedback forces on its
end effector to the master controller in order to generate forces/moments on the
steering handle of haptic master. In this manner the user’s hand will feel the
forces/moments as the same those of the robot end effector. The feeling force
tracking performances of system can be improved by using dynamic
compensation and decoupled linearization controller based on fuzzy PID
algorithms. Experiment results indicate that the dynamic compensation and

dynamic compensation.

fuzzy control can improve the control performances effectively.

Copyright © Research Institute for Intelligent Computer Systems, 2018.

1. INTRODUCTION

Robotics is emerging and attracting researchers
[1-3]. Robots can be combined with haptic devices
to make a master-slave system especially useful to
handle remote objects in hostile environments or in a
special environment such as minimal invasive
surgery. Wireless networks have a lot of applications
[4,5] and now they can be used to make
teleoperation systems. The teleoperation in the
virtual environment is also useful for training before
it is tested in the real environment. In the closed loop
teleoperation system, the user’s hand will receive
feedback forces on the master haptic device.
However, the dynamics of the haptic device has
strong influence that makes control performances
reduce. In addition, because of highly nonlinear of
haptic dynamics, it is difficult to effectively apply
the linear control such as PID algorithms. Therefore,
dynamics of haptic devices should be considered to
compensate in the real time controllers.

There are two typical ways to derive dynamic
equations of mechanisms such as Newton and
Lagrange methods. Newton method [6-8] is

All rights reserved.

developed based on the force and moment equations
of all joints and links including reaction forces.
Lagrange method [9-12] is developed based on
conservation of energy. This method requires
calculations of potential and kinetic energy.
Lagrange method has simple calculation procedures
so it is often selected to derive dynamic equations.
The Lagrange method has two types [13] applied for
two different structures. The first type can be used
for open loop mechanisms such as serial robots
whereas the second type is used for the closed loop
mechanisms such as parallel robots. The inverse
dynamic models can be used in the control actions to
compensate for the real dynamic influence. The
control performances can be improved by using
fuzzy logic [15, 16].

In this paper, inverse dynamics of a haptic device
(master) is analyzed using Lagrange method to make
a decoupled linearization model and construct a
closed loop teleoperation control system. This
analysis considers influences of all inertias, gravity
and constraint torques. The gravity forces of links,
frames and handle are calculated at their mass
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centers to obtain the accurate model. The modeling
errors can be reduced by a control algorithm. PID
control was selected for this haptic device in [14].
However, the experiments indicated that the tracking
error performances can be improved if the PID
parameters are tuned. Therefore, in this paper the
dynamic compensation combined with decoupled
linearization controllers based on self-tuning fuzzy
PID algorithms is proposed to reduce force errors of
haptic master device in the real time teleoperation
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system. The result of this paper is also the expansion
of previous research [18].

2. ASURGICAL TRAINING SYSTEM

A minimal surgery training system is shown in
Fig. 1. Where the master is a 6-DOF haptic device
proposed by Vu and Na [14] replaces the 5-DOF
Quanser haptic device [17] and a 6-DOF serial robot
replaces Mitsubishi PA-10 robot. The haptic device

b
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Figure 1 — A minimal surgery training system using haptic and robot devices.

consists of two 3-DOF translational parallel
structures combined with a steering handle to
provide 6-DOFs. The steering handle is designed to
generate linear displacements when rotated. There
are six motors attached on the base frame to support
toques for active joints. The motors are selected with
high torques so that the haptic device can provide
big forces for the steering handle. Their weights do
not affect to the operation of handle. These motors
are attached with six high resolution encoders to
measure rotation angles.

These are used to calculate kinematics and
inverse dynamics of the 6-DOF haptic device. Links
of the haptic device are made by hollow aluminum
to reduce their weights. The links are connected by
two 2-DOF revolute ball bearing joints to reduce
frictions and extend rotation angles. The 6-DOF
haptic device can provide a large workspace, low
inertia and quick motions.

In teleoperation, the haptic device will track the
trajectory of user hand. A user hand can keep a
steering handle of haptic device to generate a
movement as the desired trajectories for operation of
the slave robot. However, there is a small position
error between the user hand trajectory and the haptic
device trajectory. This error causes a contact force
between the user hand and haptic device. This
contact force can be measured by two 3-DOF force
sensors attached on the steering handle of haptic

device. In the closed loop teleoperation, the
contacting forces of the slave robot end effector on
the environment (mass-damper system) will be
measured by a 6-DOF force sensor as the desired
forces/moments for the controller of the haptic
device. Vu and Na [14] described the relationship
between the 6-DOF force/torque sensor on the slave
robot and two 3-DOF force sensors on the haptic
master.

3. DYNAMIC COMPUTATION

The coordinate systems and kinematic analysis
are presented by Vu [14]. This section will extend
that work for inverse dynamic analysis and
compensation.

3.1 COORDINATE SYSTEMS

Coordinate systems of the 6-DOF haptic device
are described in Fig. 2 (a) where O;u;v;w; is the local

coordinate systems attached at the origin of leg and
Ajx;yyz; is the coordinate system for the 3-DOF

upper structure, A,x,y,z,1s the coordinate system

for the 3-DOF lower structure. The global
coordinate system is OXYZ attached at the center of
A4, . The coordinate system of the first leg is

shown in Fig. 2(b.) where joint angles 6;;, are
measured from Oyu; axis to O;M, line. Joint angles,
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65, and 05 are measured from the extended line of
O,M to the interaction of the vertical plane included
M, P and the Oju;v; plane, and from the interaction
line to M B respectively.

Wi

)

(a) 6-DOF haptic structure.  (b) The first leg.

Figure 2 — Coordinate systems.

3.2 POSITION VECTORS

Three types of coordinate systems have the
relationship  together  through transformation
matrixes (rotation and translation matrixes). The
rotation matrix R; ;_j.¢ from the local coordinate

systems of leg i to the upper and lower coordinate
systems is expressed as

1 00 1 0 O
Ricip45=|0 1 0], Risz6=[0 0 1]. (1)
0 01 0 -1 0
The translation matrix D; from the local

coordinate system to the upper and lower coordinate
systems is also expressed as

0 0 -b
Dioj4=|-a}, Digs=|al,Di36=| 0 2
0 0 c

The rotation matrix R, and translation matrix
D,, from the upper coordinate systems to the global
coordinate system are calculated as

0
0|, b, =| 0 |. 3)
1

The rotation matrix R, and translation matrix
D, from the lower coordinate systems to the global
coordinate system are also calculated as

1 0 O 0
Ry=|0 -1 0, Dy=| 0 |. (4)
0 0 1 —dapp

Position vectors are firstly calculated on the local
coordinate systems and then they are transformed to
the global coordinate systems though transformation
matrixes. Let C; and C,; be the mass center of the

first and second links. Position vectors of mass
centers and end of links (O;M; and O;P,) are

expressed on the local coordinate systems.

L, cos6;
W =| Lysin@;
0
)
L,;cosf,; + L,;cosby; cos(@li + 6’21.)
ﬁ =| L,;sin@,; + L,; cosb; sin(@li + 6’21.)
L, sin 6,
¢;; c0sG;
ﬁ =| ¢ siné
’ ©

L,;cos8,; +c,, cosby; cos(@li + 921-)
O,Cy; =| Ly;sin6,; + c,; cosby;sin(6;; + 6y,)
C,; SIn Gy;
Position vectors of upper and lower moving

frames are also expressed on the local coordinate
systems as

0,0, =O\R +RQ,, RO, =[0 d 0]

(7
0,0, =04Py +Py0, . P40, =[0 d 0]

Position vectors of upper and lower end effectors
are then calculated as

O\E, =00 +QEy, QE =[0 0 —h]

(8)
O4Ey =040, +02Ey, 02y =[0 0 —h]"

The position vectors considered on the local
coordinate system should be transformed to the
upper and lower coordinate systems through the
rotation matrix 7; and translational matrix D;. And

then they are transformed to the global coordinate
system through the rotation matrix 7,,7,and

translational matrix D, , D, as
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TWZ\;O:P. +D; |+ Dy, i=4+6
Tb Tl-OiCh» +Di +Db9 i=4+6 (10)
0Cy; = L\;O,Cy; +D; |+ D, i=1+3
TW\I;O;,Cy; +D; |+ Dy, i=4+6
0o, ZTM(TIOIQI +D1)+Du

OF, =T,(0E, +D,)+ D,
OF, = Tb(T4 O4E, +D, )+ D,

The position vector of the main end effectors
(center of steering handle) can be calculated on the

global coordinate system as: OF = (OT:"{ +OE, )/ 2.

3.3 VELOCITY VECTORS

All six legs of haptic device have the same
structure. Therefore only velocities of leg 1 should
be calculated in details so that the general case is
obtained in the same manner. The link 1 of leg 1
rotates about O,w; so its angular velocity on the local

coordinate system is

o1 =Jy, 0 (12)

where
6.’1=[6"11 031 931]T,Jw|]=[0 0 0,0 0 0;1 0 0]

This angular velocity can be transformed to the
global coordinate system through the rotation matrix
RuRl as

ofy = RyRoyy = Ry RiJ o016 = T 516, (13)
where Jg)ll = RMRlJa)ll

The linear velocity of M; on the local coordinate
system is calculated as

Vit = @11 xOM, = J .16 (14)

where
1 =~ Ly sin€; 0 0;Lj;cos6; 0 0,0 0 0]

Some sub-coordinate systems should be added on
the leg 1 to calculate the velocity of link 2. Firstly
attach a sub-coordinate system Ox'yz’ at the

original point of leg 1 (O;) and rotate it about Oyw;
as shown in Fig. 3 (a).

(c) Mx"y'z"

(d) ﬂ'f{lxmj' mZ "

Figure 3 — Rotation of coordinate systems.

Relationship between O,x'y'z"and Ojuyvyw is

u cosf; —sinf; Ofx'
vi |=|sinf; cosf; Of) (15)
W 0 o 1|z

A sub-coordinate system Mu'v'w' is attached at
the point M; (initial orientation of Muu'v'w'is the
same as O;x'y'z') and rotate it about M;w' to obtain
Myx"y's"

between Mu'v'w and M x"y"z" is

as shown in Fig. 3 (b). Relationship

u' costh; —sinby; Of x"
V' |=|sinf,; cosby; O] »" (16)
w 0 0 1z

n_n

Finally the frame of M;x"y"z"is rotated about

M,y" to obtain M;x"y"z" (orientation of M;x"y"z"is
the same asOuyvw;) as shown in Fig. 3 (c).

Relationship between M;x"y"z" and M x"y"z" is

x" cosf; 0 —sindyy | x"
Y=l 0o 1 0 |y (17)
z" sinéy; 0 cosby | z"

The angular velocities 6,,, 6,,are described in
the frame of Mx"y"z"as shown in Fig. 3(d). The

m_m_nm

angular velocity of frame M ;x"y"z" is calculated as

Oy = (911 +5’21)Sin931:w;y =—by1,0,, = (5’11 +921)COS6’31
(18)

Therefore the angular velocity of link M;P; is
calculated on the local coordinate system as
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c6, —s6,, 0| cb,y -s56, 0
WH = SQH CQH 0 S921 0021 0}..
0 0 1| 0 0 1 (19)
cby 0 —s0; || @,
0 1 0 |o,
s6 0 ¢y | o,
where 50 =sin8j;,c0; =cost;;, j=1,2,3.
This angular velocity is reorganized as
®21 = J 16} (20)
00 Sil’l(ﬁll + 921)
where J,;=[0 0 —cos(d);+65)
1 1 0

The linear velocity of mass center C»; is
calculated based on the angular velocity as

Veo1 =V + @y x MGy =V, + Ry 0y @1
= (Jml +R21Jw21)91 =J,216,

Where Jv21 = Jml + R21Jw21 5

T
M1C21:[xr21 Y21 Zr21]

0 Zr21 V21
Ry =|—2,3 0 X021
Y1 — X021 0

The linear velocity of P; is also calculated as

Vot =V + @y XM P =

. . (22)
le + Rpla)21 = (Jml + Rlea)21)91 = Jplel

where Ip1 = + Rpd 15

ﬁl—J){:[xrpl Yipl erl][

0 erl - yrpl
Rpl =~ erl 0 xrpl
yrpl - xrpl 0

The angular velocity of link 2 is transformed to
the global coordinate system as

@3 =R, Ri@y; = R,RJ 016) = J 510, (23)
where J; 5 =R, R J

The linear velocity of mass center of link 2 on the
global coordinate system is calculated as

V31 =R,R\Vyy = R,RJ 5,6, = J 5,6, (24)

where J,, = R,R\J 5,
The linear velocity of P; on the global coordinate
system is also calculated as

Vo =R, RV, = RuRlJplél = J2191 (25)

where J7; =R, RJ

3.4 CONSTRAINT FUNCTIONS

The haptic device consists of six legs
connected with two moving frames and a
steering handle. Each leg has a 3-DOF serial
structure and has kinematic constraints with the
moving frame. Each leg has three equations
which express the relationship between joint
angles of leg and position of moving frames
along three axes. These equations are also used
to solve forward kinematics in [14]. Therefore
constraint functions can be selected based leg
equations as

T, =L, cosbs, cos(6; + 0, )— X, + L;, cos b,

T, =Ly, cosbs,sin(6), + 6, ) -y, +d —a+ L, sin6,,
I3=L,sin0 —z—h

I'y =L,,cos65, cos(é’12 + 622)— X, + Ly, cosb,

I’y =L,, cosbs, sin(é’12 + 922)— yi—d+a+L,sinb,
I[c=Lysinby, —z—h

I'; = Ly; cos b3 cos(913 + 923)—x1 +d—-b+Lj;cos63
Iy = Loy sinbs; — yy

Iy = Ly3 cosbs3 sin(&13 + 6’23)+ zy—c+h+L;sin0;
INg = Lyy cos by cos(6’14 + 1924)—x2 + L4 cos6)4

Iy =Ly, cosby sin(6’14 + 6’24)—y2 +d—a+Liysinfy
Iy =Lyysinbyy — 2z, —h

I3 = Ly5cos Bz cos(915 + 925)—x2 + Lj5cos6;5

I4 = Ly5cosbss sin(t915 + 1925)—y2 —d+a+Li5sinf s
I5=Lyssinby5 —z, —h

I g = Ly cos b 008(916 +6’26)—x2 +d—b+LjgcosBg
[17 = Lye sin b3 — y;

g = Lyg cos Oy sin(f)g + brg )+ 25 —c + h+ Ly sin by

(26)

where [xl n zl]and [xz V) zz]are positions of

upper and lower end effectors considered on the upper
and lower coordinate systems that is also calculated in
[21].

3.5 LAGRANGE FOMULATION

The potential energy of haptic device includes the
mass influences of all links, two moving frames and
a steering handle is calculated as
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U= _i (mligTOCn + mzigTOCZi)
i=1

~(m,g"00, +m,g"0Q, + m,g" OF)

where C,. and C,; be the mass center of the first and

)

second links of legs; O is the origin of coordinate
system; m;; and my; are mass of the first and second
links; my, m, and m, are mass of steering handle,
upper and lower moving frames, respectively.

The kinetic energy includes moving influences of
six legs, two moving frames and a steering handle.
The total kinetic energy of haptic device is
calculated as

K23l o 08 oot 1ot )

1
+ E(thmhvh + a)hT]haJh + vuTmuvu + vbTmbvb)

where I, 1, and I, are the inertia of steering handle,
upper and lower moving frames, v, and v, are the
linear velocities of the upper and lower moving
frames, respectively (note: v, = v,; = vp2 = vp3 and vy
= Vpg = Vp5s = Vps), Vi and oy, are linear and angular
velocities of steering handle, /;; and I; are the mass
moment of inertia for the first and second links of
leg. The kinetic energy is also reorganized by
another form as

1
K =54TM4 (29)
where
6
M = Z(JrTu]thlz + J iy s + JrT2i[2iJr2i)
i=1 (30)

S Uy + LT+ Tom o+ Thm, )

't
i=1

where J are the rotation

rli»

Jtzi"]rzi’ Jt s Jrh’sz

matrixes. Lagrange equations for parallel structures
are given in [6-8] as;

d| oL | oL
PAPY =0+ Z ’1
dt Oq f aq f

where j=1+24 and k=24 for this 6-DOF haptic

device. L=K-U is Lagrange function, K is the total
kinetic energy, U is the total potential energy, I'i

denotes the constraint function, and A,,i=1+18
are the Lagrange multiplier;

q=[91 92 93 94 95 96 qx qo]T is a 24 xI
matrix; 6’,~,,~Z1+(,=[91i 05 931']Ta

g.=lx y ' q,=[a B »I

€2))

Lagrange function is defined as

L=K—U=%qTM4—U (32)

Let M be the (i, j) element of matrix M so the
Lagrange function is rewritten as;

24 24

=—ZZMU%%

11]1

(33)

The term, a—L of Lagrange function is calculated as
qi
oL
J—ZMU% (34)
i =l
So the term 4 6_L can be calculated as;
q;
d ( aL] i 24 24 5
— =) Mg +ZZ qkq] (35)
dt\ 0q; = j= 1521 O
oL . .
The term, ——of Lagrange function L is
q;
calculated as
24 24
ou
k4 4k (36)
aql aq,[ ,Z‘; Y J g;

Substituting i 6_L a—Lin to the Lagrange
aql aql

equation, leads to

Z 2424M ii

Mg, W4 - M ;144

]j,1k1 ljlklj] 37
U

- =+ fi+) 4,

dq; ’ ;;% 6q

This equation is reorganized as

24 24 6M 16M
Mq+ [ 1k4

(38

()2
quqj» (39)

(40)

let

16M

24 24 [GM

=22 5

j=lk=1

G, = aq, , H =— 2,1
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Therefore, the dynamic equation of 6-DOF haptic
device has the following form

MGg+V+G+H-f=r1 “41)
where M is the inertia torque vector, V is a velocity
coupling torque, G a gravitational torque, H is a
constraint torque and f is the friction vector. Once
Lagrange multipliers A; can be solved based on
generalized coordinates of passive joint angles and
positions of end effector, these Lagrange multipliers
are reused in the inverse dynamic of haptic device.
Develop Lagrange equations for active joint angles
q, ] = 1,4, 7 10, 13, 16 to obtain 6 inverse
dynamic equations z;, i=1,2,...,6, respectively as

__dfdL _d_L_iﬂ ar,
"odt aq; ) 0q; " 0q,

4

—fi  (42)

m=1

A dynamic equation of 6-DOF haptic device can
be rewritten in the Cartesian Space as

M (x, )5, 4+ (3, %, )+ Glx, )= S e —F,  (43)

. . T.
where 7 is a motor torque vector and is J,, is the

transpose of Jacobian matrix; J]zis forces
generated by motor torques;
M (x,), ¥ (x,.%, ), Glx,)are inertia matrix, coupling

velocity matrix, and gravity force of the haptic

device respectively; x;, =[x vy z a p )/]T is
position vector of the steering handle.

4. CONTROL PERFORMANCES

The teleoperation system using haptic devices has
been described in the previous works [14]. The
teleoperation in this part is the expansion of research [18].
A diagram is constructed as shown in Fig. 4. where the
inverse dynamic model, M, is added to reduce dynamic
influences. The teleoperation control system can be
divided into two main parts: position control of slave
serial robot and force control of master haptic device.
Users can generate motions of hand so the haptic device
can follow with motionx,. The error between two
motions creates the contact force F, . The motions of the
haptic device are measured by encoders. These joint
angles are used to calculate forward kinematics of haptic
device so that its trajectory is determined. This trajectory
is composed of three positions and three rotations of
the center of the handle. The slave serial robot uses
this trajectory to find joint angle commands, O
through inverse kinematics G;. The error between
the command, 0,. and feedback, 0: joint angles is the
input of position controller, K.(s). Its output is
converted into voltage commands, V; for the robot’s
motors. The rotations of robot joints determine the
trajectory of end effector, x,. There exist some
tracking errors because of robot dynamics.

Master haptic device control

P T =3
: ! M, A
! [
. I
[Fozmy s Dyt
i compensatior
I + - ’ | X
F I v | . h
vy e l\\ﬂi«{)—-{ T, T I:xvh—E—h-E . Ky Wi >
| ]
1 W = m H Hapt
r.|' Haptic force Inverse Haptic, -':. Ha;_).tlc fu:vlnlmcd
"\ control transpose motor! device oo ve
: jacobian Ir
F!
L Two 3-DOF || Fia [ ] ~Fr 7 |
6-DOF F'T force sensor F T‘ - i
sensor e + s
1 Robot F. User’s
Environment | ;T | transpose hand
Ze | (mass-damper) jacobian dynamics
-m.l""'_'"""""'"""""'l
X 5 X Ty v : & ~, O -
w, Ze e O Ky fo Kel®) O] G, fo2h
[} E— - 1
Robot Slave 'Robot Robot position, | Robot inyerse
forward robot ' motor control kinematics
kinematics ]

Slave robot control
Figure 4 — Control of a teleoperation system using haptic and robot devices.

contacting force, Fq (or F.), is mechanically
transmitted to the joints of robot through its

When the slave serial robot is manipulated, its
end effector may touch the environment Z.. The
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transpose Jacobian matrixJ! . This force works as

the external disturbances so it may reduce tracking
performances of the robot.

When the user force F. is applied on the center
of the handle, it is converted to the forces F}, at the
upper and lower end effectors by the transformation
matrix L. The forces F, are measured by two 3-
DOF force sensors. The user force F. is also
mechanically transmitted to the joint torque z, by
the Jacobian matrix of J, .

The user manipulating the haptic device should
feel actual contact force from the environment not
those of the structure of the haptic device. Detecting
the actual contact force from environment by using a
haptic device may present a hardware design
problem such as low inertia and frictions.

For some commercial haptic devices the open
loop force control can be applied. The contact force
F, from environment is directly converted to the
motor forces z,,. The user then may feel the contact
forces as well as undesired haptic dynamic forces
due to inertia, joint frictions, and gravity.

4.1 LINEARIZATION MODEL

If the dynamics of the haptic device is
compensated, a linearization dynamic model can be
defined to develop control systems as shown in the

Fig. 5.
Relationship between the input force F, of haptic

. T
where the motor force isu=J,7.

device and its movement x, can be expressed as

F =2,x, (44)

where

Z,=Diag(Z,,Z,,Z.,2,.2,.Z,)

Impedances along x,y,z axes have the same 1-
DOF model as

2
Z,=Z,=7Z =ms +cs (45)

E

2

Z >

u

z;

- Haptic device - User’s hand

Figure 5 — A linearization model of 6-DOF haptic
device.

The impedances along «,B,y directions are
defined as

Z,=2,=2, =I5 +Js (46)

The relationship between contact force F, and

position errors AX between user hand and haptic
device is expressed as

F =7Z AX

. =Z, (47)
where

AX =[Ax Ay Az Aa AB Ay]
Zu =Diag(ZM,Z Z Zua’Z

(4%)

uﬂ’Zuy)

uy > “uz?

The user hand impedance along each direction is
modeled as a spring kand damperd [19-21] as
shown in Fig. 6. These parameters are increased if
the position error is bigger. When the position errors
approach to an upper limitation, the parameters of
user hand are sharply increased. These are unknown
parameters and difficult to get accurate values.
However their influences can be compensated by a
force controller.

The above explaination is very inportant to
develop the control simulation on Matlab software.

Models of haptic device and user hand are
assumed as decoupled components so each direction
of force vector can be controlled independently by a
1-DOF force controller.

N\
\
%
\
ky N
\
\‘ sl e _|;_§

J e

Figure 6 — A user hand model.

4.2 FUZZY PID CONTROL

Linear controllers can be applied with the
decoupled linearization dynamic model.

A PID controller was selected for Kj(s) in [14]
where the experiments indicated that this controller
could reduce influence of gravity, inertia and
friction. The PID parameters should be adjusted to
smaller values due to the dynamic compensation.
Experiments with PID controllers also indicate that
if K, K;, Kq parameters are tuned, the tracking error
performances can be improved. Moreover the 6-
DOF haptic device has the following aspects:
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i. A user’s hand has high nonlinear dynamics
so it is difficult to acquire a precise model.
Gravities of structures affect to force
performances even though they are
attempted to minimize in design.
Frictions of motor shafts and joints do
influences on the force performances.
Noises from force sensors also disturb force
responses.

Therefore, a self-tuning fuzzy PID controller can
be selected for Ki(s) to control forces. The structure
of this controller is shown in Fig. 7.

ii.

1il.

1v.

Fuzzy Kp: Ki. Ka

Controller

P F
¥ Congroller Plant

Figure 7 — A structure of fuzzy PID controller.

v

Parameters of traditional PID controller should
be considered in given ranges such as

kpmaxJ
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and they are calculated based on outputs of fuzzy
controller, K, K;, Ky as:
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Inputs of fuzzy PID controllers are the force error
E=Ke and the force error change

rate DE = K,e, where K; and K are selected to

satisfy the absolute values of £ and DE less than
one.

The output surface of fuzzy controller should be
considered as the main results of design produce.
They depend on the membership functions and rules.
Three different controllers with 9, 25 and 49 rules
are chosen as shown in Fig. 8 and their output
responses with respect to the first input if the second
input equals zeros are shown in Fig. 9. The results
indicate that the higher number of rules can produce
more linear responses. However, if there are so
many rules, the sampling time of the real digital
controller is very big. This makes difficulty in the
real control system. Therefore, the limitation of rules
is selected as 49.

Symmetric Gaussian functions are selected for
both input and output membership functions of
fuzzy controllers as

pmin)+k
+k;

imin

p min

(49)
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Figure 8 — Output surfaces of three different fuzzy controllers.
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Figure 9 — Output responses (DE = 0) of three different fuzzy controllers.
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Parameters o, ¢ are selected to find the
membership functions. The 7 linguistic terms of
input variables are defined as shown in the Table 1:
PB (positive big), PM (positive medium), PS
(positive small), ZE (zero), NS (negative small), NM
(negative medium), NB (negative big) and 7
linguistic terms of output variables are defined as
VB (very big), B (big), MB (medium big), M
(medium), MS (medium small), S (small), VS (very
small). Output surfaces of PID fuzzy controller
should be considered as the result of design
produces. The gains of fuzzy controller are selected
based on experiments as shown in Table 2.

\{NB
DE

NE|VB|VB | VB

Table 1. Control rules

NM| NS |ZE | PS |PM | PB

NM| VB |VB|VE

NS|VB|(VB| B

VB
B
MB| M | MS| S8
M

ZE | VB | B MS| 8§ | VS

Ps | B ([ MB| M |[MS| 8 | V8| VS

PMIMB| M MS| 8§ | VS| V8| VS

PB| M | MS| 8 | VS| VS| VS |VS

Table 2. Gains of self-tuning fuzzy PID controllers.

Parameter value

Ky 0.4
K» 0.1
Kpmin 0
Kopmax 4.5
Kimin 0
Kiimax 0.06
Kamin 0
Kamax 0.04

5. EXPERIMENT RESULTS

The hardware of teleoperation system consists of
two digital controllers as dSPACE1103 and
dSPACE1104. These controllers include almost
useful interfaces such as ADC, DAC, Encoder, I/O
and RS232, RS485 so they are very convenient to
connect with a real system. In addition, these
controllers are supported to work directly with
SIMULINK/MATLAB in real time so the heavy
control algorithms also can be implemented to do
experiments. These controllers can communicate
with computers by ControlDesk software to monitor
and record data. The contact environment is
constructed as a spring and damper system to supply
contacting forces for the end effector of serial robot.

This contacting force is measured by a 6-DOF force
sensor whose signals are transmitted to
dSPACE1103 controller to process.

Firstly, the step responses of three different fuzzy
controllers with 9, 25 and 49 rules are implemented
for the comparison. The desired forces F; are
selected as 5N and the desired torques of zeros. The
measured user force F. of on the haptic device and
F,are shown in Fig. 10-12.
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Figure 10 — Step force responses of the fuzzy
controller with 9 rules.
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Figure 11 — Step force responses of the fuzzy
controller with 25 rules.
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Figure 12 — Step force responses of the fuzzy
controller with 49 rules.
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The responses indicate that the fuzzy controller
with 49 rules provide better performances.
Therefore, this controller is selected for the next
experiments.

Secondly, the control of teleoperation system is
implemented for free motions. This is means that the
haptic device is mechanically manipulated with the
desired forces/torque of zeros. The measured user
force F. of free motions is considered to be purely
the dynamic forces caused by the haptic device.
Shaking motions of the steering handle were
generated for the closed loop force control of free
motions. Very much the shaking motions of the
steering handle were also generated for the force
control of free motions. The trajectories of the
steering handle are shown in Fig. 13. The contact
forces F. on the haptic device were measured and
compared to zeros as shown in Fig. 14. This figure
shows that the amplitude of the contact force for this
control is reduced by much more compared to that
for the PID control [14].
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Figure 13 — Trajectory comparisons for the
teleoperation system with free motions.

Finally, experiment results of the closed loop
teleoperation system with dynamic compensation
and fuzzy control are recorded when the user keeps
the haptic handle to move the serial robot whose end
effector contacts the environments such as a mass-
damper system.

The contacting forces exerted on the robot end
effector are measured by a 6-DOF force sensor
while the forces on the haptic handle are measured
by two 3-DOF force sensors. These comparisons are
shown in Fig. 15. indicate that the tracking force
performances in this proposed control system could
be well improved compared to the PID controller
shown in [16], as well. The trajectories of these
force control are also shown in Fig. 16.
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Figure 14 — Force comparisons for the teleoperation
system with free motions.
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Figure 15 — Force tracking performance comparisons
of the teleoperation system.
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6. CONCLUSION

This is the first time the dynamic model of a 6-
DOF parallel haptic device is derived and
compensated on the real time controller for the
minimal surgery training system. A new model of
haptic device and user hand is also introduced based
on the linearization. The new model of haptic device
is described based on the real haptic device system
where the user hand drives handle of haptic device
and trajectory errors between user hand and haptic
device generates contact forces.

Force tracking performances of a minimal
surgery training system using the 6-DOF haptic and
robot devices have improved by implementing
dynamic compensation combined with fuzzy PID
control. The inverse dynamic model of the 6-DOF
haptic device is calculated base on the second type of
Lagrange method. Influences of all inertia, gravity,
constraint and frictions are considered. The mass
centers of links are considered at their real locations
so the modeling error may be reduced. Calculated
joint torques of six active joints is used for the
compensation control in the teleoperation system.

Three fuzzy controllers with 9, 25 and 49 rules are
designed and implemented on the digital controller
dSPACE 1103 indecate the higher rule controller
produce better responses.

The tracking performances of the measured user
forces on the haptic device and desired zeros contact
forces for the free movement are compared. When
the dynamic compensation combined with the fuzzy
control is applied, some force errors between the
desired zeros forces and the user hand forces could
be significantly reduced. Moreover in the
teleoperation experiment, the user applied forces of
the steering handle could track the contact forces
from environment well.
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