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Abstract
In a delayed master-slave teleoperation system, if t t interacts
with a delicate and sensitive environment, it is essgfl ontr e slave-
environment interactions. Variable impedance cdnt been proposed as

, changing the
poses a complex

impedance parameters based on the system requirements
is issue, we propose a variable

process in the controller design. To address
impedance control strategy for the slave si
are changed using fuzzy logic. Thislis ¢
destruction threshold—defined Bas
the slave robot—and system stabi ge. The proposed method is
simulated in MATLAB’s Simulink considering telesurgery conditions and soft
tissue environment under known and varying time delay. Simulation

results show that the pr d fethod maintains the velocity of the slave
robot and the env, e n the desired interval and performs better
in keeping the envi¥@nment safe compared to the constant-coefficient

impedance contr;
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1. Introduction &

Teleoperation’s s solve the distance limitation problems and remove the risk of direct contact with dangerous

enviro ts. Medicalspace, nuclear, and underwater industries are some of the applications of teleoperation
systems ration system consists of five subsystems: the operator, the master robot and its controller, the
commun n channel, the slave robot and its controller, and the environment. The communication channel may

elays, and make the system unstable. Albeit, the delays in teleoperation systems could stem from three
es: Signal transmission, computation and mechanical delay [2]. We, however, focus on the transmission
latency in this work.

Because of the inevitable trade-off between stability and transparency, having the desired stability and
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transparency during performance has always been one of the goals in designing a controller for bilateral teleoperation
systems. Making the controller robust to uncertainties, reducing the oscillations in moves, and enhancing the system
performance in the presence of time delays in communication channels are other goals that have been considered in
designing the controller. Moreover, modeling different parts of the system, for instance human-robot interaction, has
recently been investigated in the literature [3].

One of the easiest control methods, i.e., PID controller, has been implemented in bilateral teleoperation systems
[4]. The advantages of implementing a PID controller are the simplicity and straightforward design, but sudden moves
or variable time delays can make the system unstable.

To make the controller robust to model uncertainties and time delay, sliding-mode control [5] or optimal
disturbance rejection-based robust control methods [6] can be used. To cope with time delay and impro¥esstability
and transparency, predictive control approaches can be utilized, either on the master side for the predicti
movement of the human operator [7, 8], or on the slave side for predicting the interaction force petween the/slave
robot and the remote environment system [9]. The human intent prediction indeed covers a wide Spe studies
and is still an ongoing research topic [10].

Model-free schemes such as neural-network-based control can also be implemented to
system uncertainties [11]. Using the learning capabilities of artificial neural networks,
and used to improve performance. Adaptive control is another approach that ca
combination with other control methods to control delayed teleoperation system

it e delay and
igs can be estimated
d solely [12] or in
Controlling the convergence
ode control, is another
solution provided for dealing with the negative effects of time delays 2 i performance of the system
[14].

interacting with it because it may cause damage to the environm
which defines a dynamlc relation between the contact f: cea

control the contact force, impedance control,
ity of the robot, is proposed. The main and

[15], robust L1-based impedance control [16], odel-reference adaptive impedance control [17] are examples of
such works. Impedance control has also been in gombination with other control strategies, such as sliding mode
[18] and neural fuzzy inference syst NF to improve the performance of the whole system.

Many of the proposed impedance- b architectures in the literature assume the target impedance behavior
remains constant throughout the op is’design might be sufficient for the conditions where the environment
is known a priori; however, intera |on with variable, unstructured, or fragile environments requires extra caution from
the controller design pomg)f vie e operator may unintentionally damage the remote environment. Variable
impedance control has been a promising approach to tackle this issue in robotic systems [20, 21], where
the desired impedance designed to be changed in response to different contact conditions. In the context
of teleoperation syste impedance control approach has been applied to the master side [1, 22]; however,
based on the contact conditions on the slave side is an issue which is overlooked.

p
carried ol successfully for the master side in a teleoperation system to modify the impedance/admittance control
22} However, implementing a variable impedance control scheme on the slave side of a telerobotic system,
which could result in a safe interaction with the environment, is not considered in the literature yet. Indeed, variable
impedance control, in combination with fuzzy logic on the slave side, seems to properly address the issues regarding
safe remote interaction in the presence of time delay and gives us the ability to control the remote robot to prevent
damage to the environment.

Therefore, the main contribution of this paper is introducing a variable impedance control structure for the slave
robot in a teleoperation system with unknown, variable time delay using the fuzzy logic method. The goal is to keep
the slave robot’s velocity and contact force below predefined values based on the environment destruction threshold
to prevent any potential damage to the environment. Changing the coefficients of the desired impedance equation
based on fuzzy logic also incorporates the stability condition of the system (using absolute stability criterion), where
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the process of tuning the parameters based on stability condition is also explained.

This paper is structured as follows. Section 2 contains the system structure and model dynamics. In Section 3, the
stability method is discussed. Section 4 describes the proposed method, concluding the stability criterion of the
teleoperation system under a time delay. Simulation results with a 1-DOF teleoperation system are shown in Section
5, followed by conclusions in Section 6.

2. System structure and model dynamics

The teleoperation system consists of two robots, one on the master side and the other on the slave side. Two sides

send signals through communication channels with variable time delay. The operator applies force to the er robot
and manipulates the master robot, the delayed signals are received at the slave side, and the slave robot rack
the master position. In Error! Reference source not found. the teleoperation system structure is illustrated. x,/1s the
master position, f;, is the human force applied to the master robot and f, is the environment forcefse y the slave

robot. The delayed signals are x,,% = x,,,(t — Ty (t)), %" = X (t — T (1)), fh ﬁ (t)) and fe
fe(t = Ty(2)).

Communication Channel
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i
1
1
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xl” : : xm
T o timedelay [ *
Operat fu Master ! ! Slave fe Enui .
erator . ' 1 +—— Environmen
P Robot o RS Robot
! ]
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41&7: 1y time delay PR S —
] 7

- d
Fig 1: general tele tion s’em structure

2.1. Master and slave robots’ dynamics

The master and slave robots are modelled -DOF mass-damper system, modelled in equation (1) and equation

).

by () = U (£) + f(t) )

) sxs(t) + bsxs(t) = us(t) - ﬁz(t) 2

where x; is the slave positi and mg are the master and slave inertia, b,,, and b, are master and slave damping,
u,, and u, are the contrefler ou for master and slave. The transmitted signals can be scaled by multiplying the
signals to position a scaling factors k,, and k respectively.

2.2. Master rob dance control

The ntroller for the master robot defines a desired dynamic behavior between a human operator and

e impedance equation for the master robot is defined in equation (3):
M () + Dt () + k() = £ = k£ © 3)

where m,,,, b,, and k,,, are desired mass, damping and stiffness coefficients, respectively. By eliminating X, in
equation (1) and equation (3), master controller output u,, can be obtained.

U (6) = (b = 225y ) (8) + (52 = 1) £u(®) = 22 (ke ) + K () )

2.3. Slave robot variable impedance control
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Impedance controller for the slave robot is supposed to define a desired behavior between slave tracking error and
the environment force. The impedance equation for the slave robot is defined in equation (5):

M (t) + beX(t) + k%, (t) = —f,(t) (5)

where m, , b, and k, are desired mass, damping and stiffness coefficients, respectively. And
%s(t) = x,(t) — kpx,“(t). Slave controller output can be obtained from equation (2) and equation (5):

ws(©) = (b =225 ) %0 + (1= 22) (0 = 22k, (ke = £u1(©)) =

bs bm . d ks km
(771_5 - a) mskpxm ®)+ (m—s - )m k Xm (t) (6)
where £,%%(t) = £,%(t — T, (t)) = f,(t — T, (t) — T,(t)). An overview of the teleopeatief] s is illustrated in
Error! Reference source not found.. s
R £
X (t) xmd(t)
fu(t) .| Master > >
Robot | % (t) R inl(e) | lms:":nce
1 Caommunication feddzt) Controller
U (t) Channel >
Master | 1010 %@
s Impedance |“
Controller K¢ - Slave Robot
] f.5(0) £ (®) I—l

Fig ver of the teleoperation system
3. Stability of the teleoperatio te

The absolute stability @Fiterioniis usedito analyze the delayed teleoperation system. To use this criterion, first, the
teleoperation system has to efi a two-port network with two inputs and two outputs due to interacting with

the human operator an@ ent. In Error! Reference source not found., the mentioned two-port network
is illustrated.

4 Ve
+ Von ¥ +

Teleoperation

Operator Fy Sy

F. Environment

Fig 3: A delayed teleoperation system defined as a two-port network

The relation between inputs and outputs can be defined by a hybrid matrix:

5 l= [ el (] <7)
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where Fy, Vg, V,,, and F, are the Laplace transforms of f;,, xs, X, and f,. The hybrid matrix elements can be obtained
by the dynamic models and desired impedance equations defined for master and slave robot, which are hy; =

TS + By + 2 hyy = kpe ™2, hyy = — ke ™% and hy, = s

The absolute stability is defined as:

A linear two-port is said to be absolutely stable if no set of passive terminating one-port impedance exists for
which the system is unstable. If the network is not absolutely stable, it is potentially unstable.

A necessary and sufficient condition for the absolute stability of a two-port network is that one-port networks,
resulting from any passive output and input termination, are themselves passive. Llewellyn’s stability criteria provide

the necessary and sufficient conditions for the absolute stability:
a) hy, and h,, have no poles in the right half plane.

b) Any poles of h,, and h,, on the imaginary axis are simple with real and positive residue ;‘

Mss2+ bgs+ks

c) For all real values of w: Re[hy;] =0, Re[h,,] =0 and f(w) = 2Re[h,;]Re[h
|hi2h541] = 0 should be satisfied.

[h12h21] -

criteria can be written as:

The (a) and (b) criteria are satisfied as the desired impedance coefficients are &pio ve. The terms for (c)

Re[hy;] = by, ®)
Relhy,] = —— D2 ©)

(ks—msw?)2+(bsw)?
mebsw >0 (10)

f(w) = [cos([Ty (D) + Tz(t)] 1]k kf (ks—Tsw?2)2+(bsw)2 —

(8) and (9) are satisfied as the desired impedanc
needs to be satisfied in the interval the coefficient ch
mentioned for absolute stability, the time delays merely app
section.

iC|en are always positive. The third term, equation (10),
s. It is noteworthy that among all the criteria
equation (10), which is further analyzed in the next

4. Changing the coefficients

The transfer function of the slave rob sired impedance equation can be written as:

s(s) 1 _ gainxwp?
o —Fo(s)  Mgs2+bss+ks  S2+2{wnS+ wp?2 (11)
and equation (12) can tai
_ 1 T 20 oy _ 1
ms = gain wnz’bs " gain wy’ ks = gain (12)
where are the damping ratio, natural frequency and steady-state gain of the transfer function
respecti v changing these parameters instead of m,, b, and k, we can have the advantage of choosing { = 1 to
determingthe fastest non-oscillating response for the slave robot. Also, because the role w, and gain play in

determining the behavior is known, we can have the notion that increasing gain will increase the error position, and
increasing&,, will increase the robot reaction velocity.

Note that setting ¢ = 1 is an arbitrary choice in order to lead the procedure of modulating the coefficients to a
more convenient one for the other two parameters, namely w, and gain. In other words, not only will it yield to a
critically damped response, but also it will reduce the modulating parameters to two. While selecting other values for
¢ isalso possible, any other choice other than 1 will make the response either too slow or oscillating, which should be
further compensated by w,,. Furthermore, considering ¢ as a variable will result in a more complicated design process.

4.1. Admissible interval for target impedance parameters
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To determine the changing interval for w, and gain, equation (10) needs to be considered. In equation (10) the
interval of w also matters, and thus, first we need to determine the frequency interval. To do that, because the variable
time delays exist as the argument of the cosine term, equation (10) is simplified:

ek < ——mbse”___ (13)

(ks—Tisw?2)2+(bsw)?

Equation (13) is a quadratic equation in terms of w. The interval of w in which equation (13) is satisfied can be

obtained as:
- = -2 -4 =272 = &3 = 22 .
2 _ ks + bmbs _ bs + bs + bm”bs ____bmbs __bs7ks b s 14
Wy 2" = — — 2 — 2 - —_ 2, 2, 4 — 4 — 3 — 3 ( )
Mg kpky2ms 2ms 4ms kp“ky®ams kpkf2mg Mg pkr

To have a frequency interval equation (15) needs to be satisfied.

0<Bs<é—’;:f (15)

Equation (14) written in {, w,, and gain is obtained as:
w52 = wy,? [1 + (E—m )(gainwn) — 2080t
’ kpkf

2 474 4 (P V2 (gai 2 _ (Abm 3 ; W2 o (2bm ;
wy J4( +(kpkf() (gainw,) (kpkf( )(gainw, +(kpkf5)(gamwn) (16)

As can be seen in equation (16) changing term (gai
to determine a single frequency interval for system, nd w,,, ., Will be obtained using a constraints
optimization solution. But first the changing interval of w,, and gain have to be determined.

Equation (15) written in ter of ¢ , w, and gain is obtained as

2¢ bm .
Jainan < ok, and by setting ¢ , one

can chgnge the interval of frequency [w,, w,]. In order

gain w, > ZI;pkf (17)

gaing, and w, .
does not need any con stability criteria.

After determinin | for w,, and gain to change, frequency interval will be obtained by equation (16). If
the frequency int is not desired, it should be considered that equation (16) is obtained by simplifying equation
(10), so.it results in a er frequency interval. Equation (10) written in terms of ¢, w, and gain is obtained as:

stability criteria is defined by equation (17). But determining gain,,,, and w,,

) 4Em{(:))—2>gain
f(w, gain, w,,T,, T,) = [cos([T; + T,]w) — 1]k, ks + n >0 (18)

(1—((‘)&11)2)2”52 (win)z

If equation (18) is satisfied in the difference between the desired and calculated frequency intervals, the desired
frequency interval can be considered as the system frequency interval, but if equation (18) is not satisfied, the intervals

chosen for w, and gain have to change. To determine how changing the interval will affect the frequency,
o gainonlyTy) oy @ gainenTuly) i calcylated.
dgain dwn

_ w2
df (w,gain,wn,Ty,T,) _ +bm¢ (wn)

dgain (1_((‘%)2)24—4{2 (win)z

(19)
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2 4 2 2
_ 9 ai g @, W7 2@
of (w,gain,wn,T1,T2) _ ( 4bm{wn2‘gam)(1 3wn4’+2mn2 4¢ wnz)

20)
Son IR (
((-G)) +a22)’)
To investigate the sign of the equation (20), { = 1 is set:
2
6f(w,gain,wn,T1,Tz) ( 4bm gam)( Soond nt 2 n2+1) (21)
(6 > %
Equation (19) is always positive, so to increase f(w, gain, wn, T,,T;), gain,,, should he sign of
2 2
the equation (21) depends on the magnitude of —— o When — > equatlon (21) is positive aned'wheh — < = equatlon
(21) is negative. Hence, if w,, < V3w, equation (21) is posmve and to increasg f(w, n,Tl, TZ) Onin

should be increased. If w,, . > V3w, equation (21) is negative and to incr,
be decreased. A summary of how to change w,, and gain intervals is wyi

s Tl,Tz) Wn gy SHOUI
able 1.
ili

Table 1: Guide to change w,, and gain intervals to satis criterion

Derivative function P sign solution

of (w, gain, w,, Ty, T,)

: Alw sitiv Increasing gain,,;
dgain g gainpin
w? 1 . )
2 3 7 posttive Increasing w, .
i 3 Mmin
of (w, gain, w,, Ty, T,)
dw, .
; < - negative Decreasing wy,,, .

A flowchart to find a d@sired ifitervalfor w,,, gain and w is shown in Error! Reference source not found..

>
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Fig 4: Flowchart to find a desired interyal for w,,, gain and w

4.2. Changing target impedance parameters

Fuzzy logic is used to change the variables. As the goa the environment force and slave robot’s velocity
at the defined limit, the environment force, and slave robot ocity are the input, and w, and gain are the output
variables. Generally, when environment force and the robot’s’velocity are in the normal interval, it is expected to get
minimum w,, and gain, but when they get clo limit, it is expected to get greater w,, and gain so that the robot
moves slower. Error! Reference sowt nd. illustrates an overview of the fuzzy logic function.

Slave Velocity —+ — Wy
Fuzzy Logic
. Contact Force ——— ——= gain

0 Fig 5: Overview of the fuzzy logic function
m is

en for fuzzy inference system. Outputs crisp values are defuzzified by the centroid
ip function of each fuzzy set is the Gbell type function to have the smoothest transition between
small oscillations in the gain output results in significant oscillations in the slave controller
are defined in equation (22).

method. The me
each set[25], because
output. i

f(x;a,b,c) = ;Fb (22)

X—C|
1=
a

If input intervals for velocity and force are defined as normal: [0, 8,,0,-mqi], CaUtIOUS: [6,,0rmat O cautious), limit:
[6 cautiouss Orimie] and safety limit: [0y;ir, NOimic], Where 8 corresponds to velocity and force and n is a real number
greater than 1, membership function parameters are chosen as shown in Error! Reference source not found.. For the
initial and last membership functions, ‘a’ is equal to the interval length and ‘¢’ is equal to the minimum of the interval
of the first membership function and the maximum of the interval of the last membership function, respectively. For
the other ones, ‘a’ is equal to the half of the interval length and ‘c’ is equal to the average of the interval. The peak
length and the slope of the function depend on the amount of ‘b’, which is selected by trial-and-error process.
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Fig 6: Determining inputs membership functions

Error! Reference source not found. and Error! Reference source @ d. illustrate how to define the output
membership functions. They are set symmetrically at first and modified or'gigved a bit to get the desired results by
trial and error.

T T T T i T
small medium large very_large

08}

o
™
T

Degree of membership
(=]
=

1 1 1
gainy, BaiNmax

Fig 7: Determining gain membership functions
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small large

Dargrese of membership

—_—

Wnmin Wy max

Fig 8: Determining w,, membership functions

The fuzzy logic rules are defined to have the desired behavior as:
6; — cautious interval

( v < Vynic — 0, — normal error

Vimic — 0y < V < Vymie — more error (be cautious

A

v > v;mie — more error to keep,the veloci limit

(fe < feymi — 05, — normaler

e

ferimir = 0% < fe < feymi — more grror (be cautious)

fe > feiimie —AROTE to Reep the forceat f,,. ..

For the inputs, four membership func are chosen:
Normal: contains the
Large: contains the cdutious
Very large: contains imit interval

e safety factor limit interval

embership functions as:

nding to the large input

» corresponding to the normal input

Large: corresponding to the large, very large and extremely large input

les are defined as:

. extremely large) or (v, extremely large) — (w,, large) and (gain very large)

2. (v, normal) and (f, not extremely large) — (w,, small) and (gain small)
3. (v large) and (f, not extremely large) — (w,, large) and (gain medium)
4. (v very large) and (f, not extremely large) — (w,, large) and (gain large)
5

(f; normal) and (v, not extremely large) — (w,, Small) and (gain small)
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6. (f, large) and (v, not extremely large) — (w,, large) and (gain medium)

7. (f, very large) and (v, not extremely large) — (w,, large) and (gain large)

5. Simulation results

The proposed control strategy is simulated in MATLAB’s Simulink environment. with the constant parameters
gathered in Table 2. It should be noted that the dynamical properties of the master and slave robots are considered to
be identical to the Novint Falcon haptic device, which is determined by the system identification process explained in
[26].

Table 2: Constant parameters in simulation [26]

parameter value unit ”
m ! u
m 1.289
37.1
b, —_— N
" 1.289
km 0 N/m
1
m —_— k
s 1.289 g
by 371 Ns/m
289
ks 0 N/m
My Y kg
by, 40 Ns/m
k, 0 N/m
k, 1 -
o K 1 -

The environm eha s modelled by equation (23) to simulate the environment force of cutting a liver [27].

0 x<0
L(e%—l) 0<x<2Ilmm
11.2
fe =1 (23)
0.99 x? — 44.245 x + 496.53 21mm < x < 23.5mm
\ % (e% + 67) x > 23.5mm

Chosen Intervals for w,, and gain are gathered in Table 3.
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Table 3: chosen intervals for w, and gain

variable interval
Wy [7,15]rad/s
gain [0.017,0.05]m/N

And the system frequency calculated using equation (16) is [3.50,19.02]rad/s.

Considering that a minimum frequency of 3.50 rad/s for telesurgery conditions is higher than the ac , the
desired frequency interval is the one that can contain low frequencies, e.g. [0,3.50] rad/s. The stability Conditfon is
checked by equation (18) using a constraint optimization solution in the intervals gathered in Tabfe 4

Table 4: variables’ constraints in optimization

variable interval

Wy

gain

T, +T,

The stability condition is satisfied, so the whole intervi

Chosen intervals for inputs membership functions are ga din Table 5 and Table 6.

Tab, ave robot’s velocity intervals
Interval Interval value (m/s)
ormal [0,0.025]
[
[0.025,0.030]
0@ large [0.030,0.035]
Extremely large [0.035,0.045]

Table 6: Environment force intervals

Interval name Interval value (N)
Normal [0,3]
Large [3,4.5]
Very large [4.5,5.2]

Extremely large [5.2,6.5]
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Therefore, their corresponding membership function parameters will be as gathered in Table 7 and Table 8.

Table 7: Slave robot’s velocity membership function parameters

Membership function name Membership function parameter [a b c]
Normal [0.025 17.2 0]
Large [0.0025 1 0.0275]
Very large [0.0025 1 0.0325]
Extremely large [0.01 6 0.045]

Table 8: Environment force membership function parameter:

Membership function name Membership aral abc]
Normal
Large . .8)3.75]
Very large 0.35 1.8 4.85]
Extremely large [1.3 5 6.5]

The corresponding membership functions for inputs are jlustrated in Error! Reference source not found. and

Error! Reference source not found..
A )

T T T T
normal large very large extremely large

0.6 —

ree of membership

\

| | | 1 1 1 1 |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Slave velocity (m/s)

Fig 9: Slave velocity membership functions
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T T I I
normal large very large extremely large
1

0.8 —
=
<
4
206+
IS
5}
1S
«“
s}
o4k
o
)
[a]

0.2

0
| | |
0 1 2 3

Environment force (N)

Table 9: w,
Membership function name embership function parameter [a b c]
Small [4.824 2.75 5.69]
Large [5.47 2.11 17.45]
o le 10: gain membership function parameters
ership tion name Membership function parameter [a b c]
'}
Small [0.0045 2.8 0.015]
Medium [0.004 2 0.025]
Large [0.0045 1.6 0.036]
Very large [0.02 6.32 0.062]

The corresponding membership functions for outputs are illustrated in Error! Reference source not found. and
Error! Reference source not found..
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small large

Degree of membership

4 6 8 10 12 14 1 18
Wn (rad/s)
Fig 11: w,, membership functicm

T T T T T T
small medium large very large

e g o
IS o ©

Degree of membership

o
N

0

| | | 1 1 1 | L

0.015 0.02 0.0; 7 0.03 0.035 0.04 0.045 0.05 0.055
@ Gain (m/N)

Fig 12: gain membership functions

The results arefgathered by inserting operator’s force to the master robot as in equation (24).

275t 0<t<2

fu(®) = { (24)
55 t>2

To compare the performance of the proposed variable impedance control method with the constant impedance
control method, the result for the same condition but with constant w,, and gain are shown. Figures 13 to 18 illustrate
the main results in this section.
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;Nr and slave robots’ velocities during the whole operation using the proposed method
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In Error! Refesgénce soli¥ce not found., master and slave positions in four different cases are illustrated. The first
case is the result’o proposed variable impedance control, in the second case w, and gain are constant and are

equal t verage amount of the chosen interval i.e. 11 rad/s and 0.0335 m/N. In the third case w,, and gain are
constan to the maximum amount of the chosen interval i.e. 15 rad/s and 0.05 m/N. In the fourth case
w, and nstant and are equal to the minimum amount of the chosen interval i.e. 7 rad/s and 0.017 m/N.

ition is different in all four cases because in the closed loop system, w, and gain value and environment
e master position in addition to operator force.

In Error! Reference source not found., master and slave velocities are illustrated. As can be seen the only case
which satisfies the velocity limit is the proposed variable impedance control i.e. the first case. In all cases, when the
environment force drops, the slave robot velocity increases suddenly, but the increase does not exceed the 0.03 m/s
limit with the proposed control method.

In Error! Reference source not found., environment force in four cases is illustrated. Because the operator force
equals 5.5 N after t = 2 s, the slave robot will not stop going forward until the environment force reaches 5.5 N. The
environment force between constant cases reaches 5.5 N sooner in the minimum case and reaches 5.5 N later in the
maximum case. In the variable case, after the environment force reaches the 4.5 N limit, the environment force
increases as slowly as possible, and the slave position error keeps getting larger as the environment force increases.
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In Error! Reference source not found. the gain value calculated by the fuzzy logic is illustrated. At the time
when the environment force drops, a larger gain is chosen to keep the slave robot velocity under the 0.03 m/s limit.

In Error! Reference source not found. the w,, value calculated by the fuzzy logic is illustrated. At the time when
environment force drops, larger w,, is chosen to reach faster to the error position.

In Error! Reference source not found. the slave controller output is illustrated. In all four cases a sudden increase
can be seen when the environment force drop happens. But the maximum and average case reaches a high amount
that can saturate the actuator. The variable case works with the lowest controller output.

6. Conclusion

In this paper, a novel variable impedance control method for a linear 1-DOF teleoperation syst
varying delays is proposed with the goal of preventing the environment damage. First the coeffici
impedance equation for the slave robot are converted from m,, b, and k, to w,,, gain and {. The
Wy and gain are the parameters that are going to change By considering the problem conditi n.a

interval as outputs. The fuzzy logic rules are designed to keep the env1ronment forc |avelrobot’s velocity at the
limit which the environment can tolerate.

At the end, the proposed method is simulated and is compared to the
control. The results show that the proposed method keeps the enviro
defined limits and prevents any potential damage, whereas, in the consta pedance control case, the limits are
exceeded and can cause damage, especially when there is a sudden fall in the eRuifonment force magnitude.

To clarify future contributions, applying the proposed control method to n-DOF and/or nonlinear manipulators is
an important part that we consider. Advancing the proposed co rategy to the case where uncertainty in robot
kinematics and dynamics exists is another future work tfiat s hasized. Moreover, applying the proposed

ce and slave robot’s velocity at the

method in this paper to a real-life teleoperation setu ther direction we consider working on.
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