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Abstract: Transparency optimized state convergence scheme is a simple, elegant and easy
to design bilateral control algorithm for n'-order linear teleoperation systems modeled on
state space. It requires the solution of 3n+2 design equations to determine the control gains
when the time delay in the communication channel is small. The controller thus obtained
allows the slave system to follow the master system’s motion in a desired dynamic way
while providing the human operator with a high degree of environment’s feeling during the
steady state operation. This paper employs the transparency optimized state convergence
scheme to design a bilateral controller for a class of nonlinear teleoperation systems which
can be approximated by Takagi-Sugeno (TS) fuzzy models. To close the feedback loop
around master and slave systems, a suitable parallel distributed compensation (PDC) type
TS fuzzy controller is selected which allows to use the state convergence procedure in a
true sense. In this way, all the benefits of the state convergence scheme have been kept
intact while extending its applicability to nonlinear teleoperation systems at the same time.
Further, the proposed fuzzy state convergence controller is more general as the existing
linear state convergence controller can be derived from it. MATLAB simulations on a one-
degree-of-freedom (DoF) nonlinear teleoperation system are included to show the efficacy
of the proposed fuzzy transparent state convergence controller.

Keywords: state convergence; bilateral teleoperation systems; TS fuzzy models;
MATLAB/Simulink
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1 Introduction

Teleoperation refers to the distant control of a process. The main components of a
teleoperation system are the human operator, master system, communication
channel, slave system and the environment. The system works under the control of
a human operator who generates the desired motion for the slave system by
driving the master system and these motion commands are then sent over the
communication channel to the slave system which executes the required task on
the remote environment. This system is known as unilateral. However, if the slave
system also sends a task-related (usually force) feedback to the master system then
the teleoperation system is said to be bilateraly controlled. The popularity of such
bilateral systems can be judged from their deployment in diverse processes
ranging from miniaturized surgical tasks to large scale industrial systems [1].

The control design of bilateral systems is challenging mainly due to the presence
of time delay in the communication channel and the performance is further
deteriorated due to the other form of systems’ uncertainties. The main objectives
for the bilateral controller are to guarantee the stability in the presence of time
delays and to provide a high degree of transparency (position and force tracking)
[2]-[4]. Passivity based control algorithm has been widely used in bilateral
systems owing to its robustness to time delays [5]-[7]. However, the passivity
controller does not provide good tracking performance. To improve its tracking
performance, a number of modifications to the passivity controller have also been
proposed in the literature [8]. Other than passivity, adaptive control theory has
also been used to design bilateral controllers [9]. Sliding mode [10] and H-infinity
control [11] theories have also played an important role in robustifying the
bilateral controllers. The use of intelligent techniques such as fuzzy logic and
neural networks has also been explored in designing bilateral controllers [12]-[14].
The approximation property of these systems is central to the design of bilateral
controllers. Another way to use fuzzy logic is model based fuzzy approach which
has proved to be an effective tool in the control of nonlinear systems [15]-[22] and
its application to bilateral teleoperation systems has also been reported [23]-[25].

State convergence belongs to the class of non-passive schemes and provides a
simple and elegant method to design the bilateral controller [26]. The distinct
feature of the method is the possibility of achieving desired dynamic behavior of
the teleoperation system. This method has been shown to control both linear and
nonlinear teleoperation systems in the absence and presence of time delays [27].
While good position tracking and the desired dynamic behavior was achieved with
the originally proposed state convergence method, human perception of the
remote environment was not good. To overcome this limitation, a modification to
the original state convergence scheme has recently been proposed which has
helped in improving the transparency of the teleoperation system while
maintaining stability and the desired dynamic behavior [28]. The modified scheme
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is named as transparency optimized state convergence method and will be used in
this study.

This paper proposes to employ transparency optimized state convergence method
in controlling a nonlinear teleoperation system which can be approximated by a
class of TS fuzzy systems having common input and output matrices. A suitable
form of PDC type fuzzy control law is selected to close the feedback loops around
master and slave systems. The beauty of the selected control law lies in its
capability to fully utilize the method of state convergence while providing large
range operation. In our earlier work, we have proved that this control law can
successfully establish the state convergence behavior in a nonlinear teleoperation
system [24]-[25]. Following the same lines, we show that the fuzzy transparent
bilateral controller can indeed be designed for the transparency optimized state
convergence architecture with a nonlinear plant model. The validity of the
proposed controller is confirmed through MATLAB simulations on a one DoF
nonlinear teleoperation system.

The organization of the paper is as follows: We start by reviewing the
transparency optimized state convergence architecture in Section 2. The proposed
fuzzy logic controller is detailed in Section 3. Results are presented in Section 4.
Section 5 draws the conclusion and provides future directions.

2 Transparency Optimized State Convergence
Scheme

Transparency optimized state convergence scheme is recently proposed for the
bilateral teleoperation systems with time delay in the communication channel. It is
a modified form of the original state convergence scheme where the objectives of
reflecting the full environmental force to the operator and the desired dynamic
behavior of the closed loop teleoperation could not be achieved at the same time.
This restriction is resolved to some extent in the modified version on the expense
of limiting the allowable time delay in the communication channel and
constraining the achievable closed loop behavior. Similar to the standard state
convergence scheme, transparency optimized state convergence scheme also
considers the master and slave systems modeled on state space as:

9
X: = A X, +B,U, )
yZ = CZXZ

Where the subscript z denotes either master (z=m) or slave (z=s) systems and
various matrix entries in (1) are given as:
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The block diagram of the transparency optimized state convergence scheme is
shown in Figure 1 and various parameters forming the architecture are described
below:

T: This scalar parameter represents the time delay offered by the communication
channel.

Fm: This scalar parameter represents the force applied by the human operator onto
the master system.

G»: This scalar parameter measures the influence of the operator’s force into the
slave system.

K |«
Fo— X = A%, + Bty p Cn —p
m Yo =Cu¥n
| A 4 A 4
G T Rm T
A
A 4
T G2 Rs T
A A
X = AXx, +B.u, p Cs —p
Ys = CoX
Ks |
Ze <
Figure 1

Transparent state convergence method
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Ze = [Ze1,Ze2,...,zen]: This vector parameter is the model of the remote slave
environment. When the environment is modeled by a spring-damper system, then
this vector will contain two non-zero elements and rest of the elements will be
Zero.

Gi: This scalar parameter represents the influence of the environmental force
when reflected onto the master system.

Rs = [rs1,Fs2, ..., 7sn]: This vector parameter represents the influence of the master’s
motion signals in the slave system.

Rm = [rm1,m2, ...,7mn]: This vector parameter represents the influence of the slave’s
motion signals in the master system.

Km = [Km1,Km2, ..., kmn]: This vector parameter is the state feedback controller for the
master system.

hi
d” |,
ml -
X
Um ym
F I ’ >
" + Xn = fr (X0 )+ 9 (X0 ) Uy, > An
Yin :qm(xm)
A 4 V}
T Rm T
A
\ 4
T G2 Rs T
A Us 4 ve
g —p{ s >
Xs = fs (Xs)+gs(xs)us
¥, =0 (%)
w
bsl \
Ze <
Figure 2

Prposed fuzzy transparent state convergence method
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Ks = [Ks1,Ks, ..., ksn]: This vector parameter is the state feedback controller for the
slave system.

Of these, Gi, G2, Rs, Rm, Kn and Ks form 4n+2 unknown parameters. The
parameter Gy can be freely chosen and is taken as unity when perfect transparency
of the teleoperation system is desirable.

3 Proposed Transparent TS Fuzzy Logic Controller

In this section, we will show the development of a transparent TS fuzzy logic
controller for a class of nonlinear teleoperation systems which can be
approximated by TS fuzzy models in phase variable form with common input and
output matrices. Such a nonlinear teleoperation system can be given as:

g
x: = f,(x,)+9,u, @
yZ = qZ XZ

The TS fuzzy description of (1) with ‘r’ plant rules can be given as:

g

Xa = Xzz

g

Xz2 = X,5

(®)

r n
X = —Z h (X, )Z a,;X; +b,u,
=)

i=1 j
Y, =Xa

Where h (x,)is the normalized firing strength of i fuzzy plant rule which is
defined in (6) and satifies the two properties as in (6):

r

hi(xz):rﬂi(—xz),hi(xZ)ZO,Zhi(xZ):l ©)
;M(XZ) i=1

From Figure 2, we can introduce the TS fuzzy control law for the master system
as:

u, = bLZhi (X ) A X +Z(912ej +r ) X (t-T)+F, (7

1 i=1 i=1 i=1

By plugging (7) in (5), the closed loop master sysem dynamics can be obtained as:

o] r n n

Xmn = Z hi (Xm )Z(dmij - a'mij )ij + ble(glzej + r-mj ) ij (t _T ) + bmlFm (8)
i=1 j=1

j=1

-12-
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Please note that we will considr n®" component of the system dynamics throughout
the rest of the paper as in (8). Let us now introduce the time invariant coefficients
for the master system as:

= dml] - amij (9)
With the coefficients in (9), the closed loop master system in (8) can be simplified
as:

Xom = Zn:cmJ Xy + bmlzn:(glzej +15 )% (t=T)+b,,F, (10)
i =t

Now, to close the loop around slave system, the following TS fuzzy control law is
introduced (see Figure 2):

u, —Zh 121:(?31 Jx +Zs1 o (t=T)+g,F, (t-T) (11)

The closed loop slave system can now be computed using (5) and (11) as:

g r n

Xan = D0y (%) (dg —ag; +,7, g +bslz X (E=T)+byg,F, (t-T)  (12)
i=1 j=1

Similar to the master system, we define the time invariant coefficients for the
slave system as:

Cy = dsij —ag; (13)

With the definition in (13), the closed loop slave system in (12) can be written as:

n

Xen :Z(c +bslzej)x +bslz X (E=T)+byg,F, (t-T) (14)

=L

As a part of the design procedure, state convergence method assumes the time
delay in the communication channel to be small and the operator’s force as
constant. Thus, Taylor expansion of first order can be used to approximate the
time delayed terms as:

Xy (E=T) 5 X =T )g(mj

g
X (E=T); x4 =Txg (15)
F.(t-T): F,-TFua=F

With the approximation in (15), closed loop master dynamics of (10) can be
written as:

~13-
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n n-1 g
Xom = Z Coi X + 0 D (024 + 1y )X =BT D (92 + 1y ) X —

= = (16)
il (G1Ze +T, )xsn+ b, F.

Similarly, closed loop dynamics of the slave system in (14) can be approximated
as:

n

Xen = 3 (cy +byz, I, + bslz X, b,T le £, X —b,TE, Xon+b,0,F, (17)
=

=t

By plugging (17) in (16) and using the phase variable representation of the slave
system, closed loop master system dynamics of (16) can be written as:

;(ij 7Tbm1bsl (glzen + rmn ) rsj )ij +

n

Y 1 Z(bml(glzej +rmj )_Tbml(glzen +rmn)(c +bslzej ))

Xmn = j=1

(1 T b bslrsn (glzen + I‘-mn )) n-1 n—

Tbmlz(glzej + r ) Sj+1 +T b bsl glzen + r Z sj mj+l
j=1 -1

(bml _Tbmlbslgz (glzen + Fn )) Fm

(18)

Similarly, by plugging (16) in (17) and using the phase variable representation of
the master system, the closed loop slave system dynamics of (17) can be written
as:

n

Z(bsl 5j Tbslrsncmj)

i=

n

g9 1 Z( + bslzej Tb bmlrsn (glzej + rmj )) ij -

Xsn = j=1

(1 T b bslrsn (glzen + rmn )) n-1
Tbslz rSj mj+1 +T b bmlrsn Z(glzej + rmj )ij+1 -

j=1

(bslg2 ~Thyb,.r, ) F,

ml°sn

(19)

Let us now define the state convergence error between master and slave systems
as:

X =X — =12,. (20)

ej mj 5] ’

We now write the closed loop master system dynamics of (18) in terms of state
convergence error as:

— 14—
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ij _Tbmlbsl (glzen + r.mn ) rsj + bml (glzej + r.mj )_

Tbml (glzen + rmn )(Csj + bslzej )

™

Il
N

X,

m

E]

g 1 (bml (glzej + r.mj )7Tbm1 (glzen + o )(Csj + bslzej )) Xej +
Xmn = i

(1=T20,bt,y (94200 + T ) .

j=

N

AN

(T 2brnlbsl (glzen + T ) rsj _Tbm1 (glzej + I’mj )) ij+1 +

n-1

Tbmlz(glzej + rmJ ) Xej+1 + (bml _Tbmlbslgz (glzen + rmn )) Fm

=

[N

1)

Similarly, the closed loop slave system dynamics of (19) is also written in terms of
state convergence error as:

. Csj + bslzej _Tbslbmlrsn (glzej + r.mj )+

Xoj
= bSlrSi _Tbslrsncmj
n
9 1 Z(Csj + bleej —Thyb,.r., (glzej +r; )) Xy +

N

Xsn =

S e
AN

1-T?0,,b,
( 01 Fon (glzen * fom )) (T *byb i (glzej Fhj )_Tb51rSJ )X’“‘*l B
1

1
T stlbmlrsn (glzej + I’mj )Xej+1 - (bslgz _Tbslb r ) Fm
1

ml-sn
Jj=

(22)

By taking the time derivative of (20) and using (21)-(22), we find the closed loop
error dynamics of the teleoperation system as:

Coj 7Tbm1bsl (glzen +Fon ) Iy + bml (glzej * )7

Tbml(glzen + rmn)(csj +bslzej )_Csj _bslzej + Xy —

mj

Ih

1
[N

bl (8,2 + 1y )~ bty +Thyrc

ml'sn s1'sj s1'sn™~mj

E]

s1%ej ml'sn

9 1 Xy +
e (l_szmlb I (glzen + rmn )) ; bml (glzej + rmj )+Tbm1 (glzen + rm” )(Csj +b51zej ) J

sl sn

Cg +by 2 —Thyb i1 (9,24 +1y )~

naf T melbsl (glzen + ) rsj _Tbml (glzej + r-mj )_

mj+1 +

i T2yt (9124 + 1y )+ Thy,

'ml'sn s1'sj

(Tbml (glzej + r.mj )+T 2bslbmlrsn (glzej + r.mj )) Xej+l +

(bml _Tbmlbs1gz (glzen + rmn ) - bslgz +Tbslb I ) Fm

mlsn

(23)

-15-
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We now form an augmented system of the closed loop master-error systems’
dynamics using (21) and (23) as:

sl o)

Xen

Where the entry (axy)j implies evaluation at j" state and all the entries in (24) are

given as (with the zeroth index values being zero: r, =0,r,, =0,z,, =0):

8y = Cy = Thu0,; (8,Z60 + Ty )Ty + D (842 + 0y ) =Ty (0,20 + 1 ) (G4 D2 )+
T2b,ube; (912 + 1y )Wy —Thyy (glzej_l + rmj_l)

a,=b, (glzej +1 )—Tbml (9,2e0 + 1 )(cSj +byz7, )+Tbm1 (glzej_1 + rmj—l)

a, =C, —Tb, by (912e0 +1,) ry +0, (glzej +Iy )—Tbml (9:Zen + T )(cSj +hyz, )—

Csj - bslzej +Tbslb I (glzej + r’“i )_ b

ml-sn

r, +Thyr,c +T2bm1bsl(glzen+rmn)r'

s1'sj s1'sn“mj si-1

) =T 2Dt (8,2, + Ty )+ Thy,

ml'sn sl'sj-1

Tbml (glzejfl + rmj—l
ay = csj + bslzej _Tbslbmlrsn (glzej + rmj )_ bml (glzej + rmj )+Tbm1 (glzen + )(Csj + bslzej )+

Tbml (glzejfl + r.mj—l) +T 2bslbmlrsn (glzej—l + I’mjfl)

(25)
bl = bml _Tbmlbslgz (glzen + r‘mn)
b2 = bml _TbmleIQZ (glzen + rmn )_ bslgz +Tbslbm1rsn (26)
D= l_szmlbslrsn (glzen + )

According to the method of state convergence, error should evolve as an
autonomous system. This will happen upon the satisfaction of the following
conditions:

(an),=0,¥i=12,.,n 27)

b, =0 (28)

Once the error will behave like an autonomous system, augmented system of (24)
can be assigned the desired dynamic behavior. This leads to the following
conditions:

(S—(au)j)X(S—(a22)j):(s+ pj)x(s+qj),vj =12,..,n (29)

Where the coefficients p;and q;form the desired polynomials for master and
error systems respectively:

-16 -
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S"+p, 8"+ PSP, =0 30)
s"+q,8"" +...+0,5+7, =0

The design conditions (27)-(29) ensure that the states’ error converges to zero and
the master system exhibits the desired behavior. However, the convergence of
force error is not guaranteed. To achieve that the operator force matches with the
environmental force in steady state, we first compute the transfer function of the
closed loop augmented system of (24) under the effect of autonomous error
system:

Xy (5) _ (num)j
F.(s) (den),
{("1)”“ s'7b,n>2,vj=12,..n

(num). = (32)

]

sip,n=2
(den), =s"—(a,),s"" ~(ay),, 8"~ —(ay),5~(a,),

The transfer function in (31) can now be evaluated at steady state and compared
against the stiffness of the environment as:

Xml (0) _ bl _ 1 (32)

Fm - _(all )1 - zel

The design condition (32) ensures that the force error will converge to zero in
steady state. Now, we have 4n+2 design variables:
01195, Cryjs Gy s 15 VI =1,2,...,nwhile the number of design equations (27)-(29),

(32) are 3n+2. To create a balance, we let: r, =—c,Vj=12,..,nwhich will

mj
reduce the number of design variables to 3n+2. However, to achieve that the
environmental force is fully reflected to the operator, g, has to be unity which will
again create an imbalance between the number of design variables and the design
equations. To overcome this, the constant coefficient of the desired master system
polynomial is constrained by the other teleoperation system’s variables and now
the design procedure is balanced.

4 Simulation Results

In order to validate the proposed fuzzy model based transparent controller,
MATLAB simulations are carried out using a one DoF nonlinear teleoperation
system which can be described in differential equation/state space form as:

_17-
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jor) 9
J,0,+b,0,+m,gl,sind, =u,

Xt 0 1 )\(x,) (0 (33)

. :(_azlfz _a22](X22]+(bzlJuz

Xz2
Where x,,and x,, are the state variables representing the position and velocity of

mf]_glz ,a, :?—ZZ , b, :% and &, (t)= —SIZZ):Z(lt()t)

is the corresponding scheduling variable. To construct the TS fuzzy model of the
teleoperation system, we determine the extreme values of the scheduling variable
over the range of its operation, which is assumed to be [—72'/3 7z/3] in this
study. The extreme values are found to be &, =0.827and &, =1.0 which
further help in constructing the following fuzzy sets:

the master/slave systems, a,, =

z

l ! le = 0
P (51 ) = éiax__g}mr:‘:‘n., le +0 (34)

P2 (§z)zl_pl(§z)

Based on (34), the two rule TS fuzzy model of (33) can now be given as:

. Xat 0 1 )(x,) (0
Model Rule 1: IF ¢, is p, THEN = + u, (35)
)%zz —A 84, )\ X bzll

. Xt 0 1 (x,) (0
Model Rule 2: IF £, is p, THEN = + u, (36)
)%zz — T )\ X bz21

By assuming: mp =0.5kg, In=0.5m, Jn=0.0417Kg-m? ms =2.0kg, ls=1.0m,
Js=0.667Kg-m?; the parameters in (35) and (36) for master and slave systems are
computed as:

a,,, =58.86,a,,, =12.0,b,, =24.0

@7
a,, =48.67,a,, =12.0,b_,, = 24.0

a,, =29.43,a,, =1.50,b,, =1.50

(38)
a,,, =24.34,a,, =1.50,b,,, =1.50

Besides system parameters, we need environmental model and the desired
polynomials for master and error systems to obtain the control gains. The

-18 -
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environment is assumed to behave like a spring-damper system with the following
parameters:

Z,=—(0.8 0.02) (39)
Also, the desired polynomials for master and error systems are selected as:
p(s):s*+10s+p, =0

(40)
q(s):s*+10s+25=0

Please note that the last coefficient p, of the desired master polynomial cannot be

chosen freely as it is constrained by other parameters and will be determined as a
part of the solution. It is pertinent to mention that the selection of the desired
polynomials in (40) is vital to ensure the stability and performance of the time
delayed closed loop teleoperation system. Now, by considering the time delay in
the communication channel to be T =0.01sand g,as unity, we obtain the

following solution to the design equations (27)-(29),(32) through MATLAB
symbolic toolbox:

p, = 21.2416

g, =19.8151

Cp=(Cu Cy2)=(0 0.3805)

C,=(c, c,)=(-50.5539 -22.8256) (41)
Ry =T Te)=(0 -0.3805)

R,=(r, r,)=(18.6505 7.9608)

In order to implement the fuzzy logic controllers on master and slave systems, we
determine the control gains based on the solution in (41), system parameters in
(37)-(38) and the time invariant parameters in (9),(13) as:

Dpi =(dyyy doy,)=(58.86 12.38)

Dy =0y iy ) = (486768 12.38)
D, =(dy, d,,)=(-21.1239 -21.3256)
D,, =(dy dyy)=(-26.2155 -21.3256)

(42)

We now simulate the nonlinear teleoperation system of (33) by using the system
parameters in Table 1 and the control gains in (41)-(42). The behavior of the
teleoperation system as the operator applies a constant force of 0.1N is depicted in
Figure 3. It can be observed that slave system is following the trajectory of the
master system starting from the same initial conditions. Also, observe that the
master system exhibits the desired dynamic behavior as assigned through the
polynomial p(s) . The control inputs for both the master and slave systems in this

-19-
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case are also recorded and displayed in Figure 4. It should be noted that the
transparency optimized state convergence scheme is found to be sensitive to
actuator saturation phenomenon and can easily be driven to instability. Thus, poles
of the closed loop teleoperation system should be selected carefully to avoid the
actuator saturation problem. We also analyze the environmental force which is
reflected onto the master system. Figure 5 shows the operator’s applied force as
well as the force reflected from the slave system as it interacts with the
environment. It can be observed that the operator is able to fully perceive the
environment during the steady state. This result coincides with the design
condition (32) which only ensures the force tracking in steady state. The behavior
of the closed loop teleoperation is also analyzed under the application of more
realistic time varying operator’s force. The position and force tracking results for
this case are shown in Figure 6. It can be observed that the slave system is at
different initial position than the master system and is able to catch the master
system after a transient. However, a constant force reflection error is observed
during the ramp period, which disappears when the force becomes constant.

x10°

+ Master |}
- Slave
{ + Desired

T
|
I
T

s Master 25

A

o+

!
el

05 1 15 25 3 35 4 0005 001 0015 002 0025 003 0035 004 0045 0.05
ime(sec)

2
Time(sec)

@ (b)

0.1

Velocity(rad/sec)

0.05

Time(sec)

©

Figure 3
Master and slave systems’ states under an operator’s force of 0.1N (a) Position signals (b) Zoomed
position signals (c) Velocity signals

~20-



Acta Polytechnica Hungarica Vol. 14, No. 8, 2017

s Operator Force

Envronmental Force

0.08

Torque(N)
°
8

Control Effort (N)

0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time(sec) Time(sec)

Figure 4 Figure 5
Control inputs for master and slave systems Operator and environmental forces

We also analyze the effect of uncertainties on the performance of the closed loop
teleoperation system. To this end, we first consider 100% uncertainty in the time
delay. With the same control gains as in (41)-(42) and considering T =0.02s, we
simulate the teleoperation system under the application of a constant applied force
measuring 0.1N and the results are shown in Figure 7. It can be seen that although
the state convergence between master and slave systems is achieved, a deviation
from the desired dynamic behavior is evident. Further, this deviation increases as
the uncertainty in the time delay increases which can be observed from figure 8
where a 200% uncertainty in the time delay (T =0.03s) is considered. However,
the transparency of the teleoperation system is achieved in steady state as both the
slave position signal and the environmental force matches with the master position
signal and the operator’s applied force after the transient period.

o Master e Operator Force
nvironmental Force

Torque(N)
°
g

Time(sec) Time(sec)

@) (b)

Figure 6
Performance of teleoperation system with time varying operator’s force (a) Master-slave position
signals (b) Operator-environment forces

Besides the uncertainty in the time delay, we also study the effect of uncertainty in
coefficient of viscous friction on the performance of teleoperation system. The
result of this analysis is shown in Figure 9 where a 50% uncertainty is considered
in the coefficient of viscous friction of both master and slave systems. It can be
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seen that the teleoperation system is exhibiting a sluggish response. The effect of
adding the uncertainty in the time delay and the coefficient of viscous friction at
the same time is shown in Figure 10. It is evident that the uncertainty in the
coefficient of viscous friction has a greater impact in degrading the system’s
performance.

Finally, we compare the performance of the proposed fuzzy logic controller with
the existing linear controller in achieving the transparency during large range
operation. The linear controller is derived from the proposed controller using (43)
and is given in (44).

Ko =i(arnj +cmj),vj =12,..,n

ml

1 (43)
Ky =—(asj +CSi)’vj =12,..n

sl
K, =(ky kn,)=(24525 0.5159) )
K, =(k, k,)=(-14.0826 -14.2171)

nvironmental Force

e Master l 01

+  Desired

Position(rad)

i

Time(sec) Time(sec)

(@ (b)

Figure 7
Effect of 100% uncertainty in time delay on the performance of teleoperation system (a) Master-slave
position signals (b) Operator-environment forces
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Effect of 200% uncertainty in time delay on the performance of teleoperation system (a) Master-slave

Position(rad)

position signals (b) Operator-environment forces
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Figure 9

Effect of 50% uncertainty in the coefficient of viscous friction on the performance of teleoperation

Position(rad)

system (a) Master-slave position signals (b) Operator-environment forces
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Figure 10

Effect of 50% uncertainty in the coefficient of viscous friction and time delay on the performance of

teleoperation system (a) Master-slave position signals (b) Operator-environment forces
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By considering the final position to be reached as 1 rad, the nonlinear
teleoperation system is simulated and the performance of the two controllers is
recorded. The errors in the position and the force signals for the two cases are then
computed and are displayed in Figure 11. It can be observed that the proposed
fuzzy logic controller has shown superior performance as the error in position and
force signals has converged to zero while a constant position and force error is
seen in case of the linear controller. Thus, perfect transparency is achieved by the
proposed fuzzy logic controller.

Position Error Between Master and Slave Systems Force Error Between Operator and Emironment

T T
Fuzzy Controller

r T
Fuzzy Controller
------- Linear Controller

------- Linear Controller

Torque(N)

02

o 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time(sec) Time(sec)

@ (b)

Figure 11
Comparison of proposed fuzzy logic controller and existing linear controller (a) Master-slave position
errors (b) Operator-environment force errors

Conclusions

This paper has presented the design of a fuzzy model based transparent controller
for a nonlinear teleoperation system based on its TS fuzzy description. The
proposed TS fuzzy logic control laws for the master and slave systems allow using
the method of state convergence in its true sense. The feasibility of the presented
approach is evaluated through simulations in MATLAB environment on a one
DoF tele-manipulator. It is concluded that the proposed approach can control a
nonlinear teleoperation system with a small time delay in the communication
channel. Future work involves enabling the scheme to work in the presence of
time varying delays. The robustness of the scheme to parameter uncertainties need
to be improved as well.
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