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Position and Force Control of Bilateral Teleoperation Systems With Time-
varying Delays Based on Force Estimation

You Wu, Xia Liu*{ , and Yong Yang

Abstract: A position and force tracking control based on force estimation is proposed for bilateral teleoperation
systems with time-varying delays. A time-delay state observer is employed to estimate the system state variables
affected by the delays. To estimate the interaction forces effectively, a force estimation algorithm with adaptive law
is designed. Based on the estimated states and forces, a P+D controller is designed to simultaneously guarantee
the position and force tracking of the system. The stability and tracking performance of the closed-loop system
are proved via Lyapunov functions, and the feasibility of the proposed control is verified by both simulations and
experiments. The proposed control can improve the position and force tracking performance of bilateral teleoper-
ation systems under time-varying delays. Meanwhile, it neither requires force measurement nor the bound of the

derivative of the time-varying delays to be within one.

Keywords: Bilateral teleoperation systems, force estimation algorithm, force tracking, position tracking, time-delay

state observer.

1. INTRODUCTION

Teleoperation systems have aroused wide attentions and
become an attractive research area in robotic applications.
In a teleoperation system, the operator remotely controls
the slave robot through the master robot, replacing hu-
mans to perform tasks in complex and special environ-
ments, such as radioactive and hazardous materials han-
dling, underwater exploration, space operation and remote
surgery [1-4]. The operator information is passed to the
slave through the master, then the environment informa-
tion in turn is passed to the master through the slave.
Since the information of the master and slave needs to
be transformed on both sides, this is called bilateral tele-
operation systems (BTSs) [5]. In BTSs, the operator can
perceive the interaction force between the slave and the
remote environment as if he is directly interacting with
the environment, thus improving the operator’s task per-
formance in remote operations. However, there are two
significant challenges that the BTSs mainly face, includ-
ing unknown time-varying delays and the impact of the
interaction forces on system performance.

When the information is transformed between the mas-
ter and slave in BTSs, the communication delays as one
of the complex practical problems is inevitable. There-

fore, the communication delays cannot be ignored in the
control loop. Although many researches have been con-
ducted on the control of BTSs with constant communi-
cation delays, the most common delays are time-varying
rather than constant in practice. In [6], an improved neg-
ative feedback controller was designed using passivity to
ensure that the BTSs were stable with time-varying de-
lays. In [7], a controller based on motion prediction was
designed for BTSs with time-varying delays. The predic-
tor consisted of several sub-predictors each of which was
used to predict the state of the previous predictor. How-
ever, in [6,7] it is required that the derivative of the time-
varying delays (i.e., the rate of change of the time-varying
delays) should be less than one in order to guarantee the
stability of the BTSs, which is a limitation in practice. In
most teleoperation systems, the time-varying delays are
usually unknown and the derivative of the time-varying
delays cannot be always limited within one, and probably
it will exceed one. In [8], a finite-time adaptive control
scheme based on the combination of position error and
force error was proposed when the BTSs is affected by
time-varying delays and model uncertainties. In [9], an ob-
server was used to estimate the system state variables for
the BTSs with time-varying delays, which ensured that the
salve could accurately track the position of the master. It
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should be noted that although the derivative of the time-
varying delays is not required to be less than one in [8,9],
they can only guarantee the position tracking performance
between the master and slave but not the force tracking
performance.

In addition to communication delays, the interaction
forces (i.e., the interaction force between the operator and
the master, and the interaction force between the slave
and the environment) also affect the teleoperation sys-
tem performance. Particularly, in some precise teleopera-
tions such as beating heart surgery, inaccurate interaction
forces may degrade system performance and even cause
the system unstable [10-12]. However, the use of force
sensors, in turn, faces some problems such as high cost,
low accuracy, difficult parameter-setting, and sensitive to
noise. Moreover, the complex work environment of tele-
operation makes it undesirable to measure the interaction
forces through existing force sensors [13]. To avoid mea-
suring force signals, different force estimation algorithms
have been proposed. In [14], an observer with unknown
inputs was proposed to estimate the interaction forces for
the BTSs with time delays. In [15], a passive control strat-
egy based on passivity was designed for the BTSs with
time delays. In [16], the interaction forces of the teleoper-
ation systems with model uncertainty and time delay were
estimated by nonlinear disturbance observer. In [17], the
robustness of uncertain nonlinear BTSs with time-varying
delays was enhanced by adding an auxiliary variable, and
an adaptive torque observer was applied to avoid the uti-
lization of force sensors. In [14-17], the position tracking
between the master and slave can be guaranteed and force
sensors can be avoided through estimating the interaction
forces. Nevertheless, the force tracking performance of the
system cannot be guaranteed in [14-17].

To guarantee the tracking performance while avoid-
ing the use of sensors to obtain the interaction forces, in
[18] an adaptive bilateral teleoperation scheme based on
sliding-mode-assisted observer was proposed. The direct
measurement of force was replaced by the observer to en-
sure the position and force tracking of the BTSs. In [19],
a force-position control based on nonlinear observer was
investigated for the BTSs with constant communication
delays. In [20], for the BTSs with constant communica-
tion delays, an improved force estimation algorithm was
designed to avoid measuring the interaction forces. How-
ever, it should be noted that in [18] the communication
delays were not considered, while in [19,20] only constant
communication delays were considered rather than time-
varying delays.

From the above recent work, some questions naturally
come to our mind: For BTSs with time-varying delays,
how to simultaneously ensure the position and force track-
ing? How to avoid the direct measurement of the inter-
action forces? And how to relieve the constraint on the
derivative of the time-varying delays? Therefore, this pa-

per proposes a position and force tracking control based
on force estimation for bilateral teleoperation systems
with time-varying delays. The main contributions of this
paper are as follows:

1) A force estimation algorithm is designed to obtain the
estimations of the human force and the environment
force, which replaces the measurement of interaction
forces.

2) Based on the estimated state variables obtained by
time-delay state observer (TDSO) and the estimated
interaction forces obtained by force estimation algo-
rithm, a P+-D controller is designed to simultaneously
ensure the position and force tracking performance
when the system is subjected to time-varying delays.

3) The stability and tracking performance of the BTSs
can be guaranteed without constraining the bound of
the derivative of the time-varying delays within one.

4) The proposed control method can reduce the im-
pact of time-varying delays on the position and force
tracking while avoiding the use of force sensors in
BTS:s.

2. DYNAMIC MODEL OF BILATERAL
TELEOPERATION SYSTEMS

In the BTSs, the nonlinear dynamics of the master and
slave robots with n-degree of freedom are modeled as [20]

M, (‘Zm) Gm+Cn (Clm, q:n) gm+Gn (Qm) = Th — T,
(H

Ms (%)% +CA (Clul];) CIH‘Q (615) =T — T, (2)

where the subscript i € {m, s} represents the master and
slave, g;, ¢;, ¢; € R" are the joint position, joint veloc-
ity and joint acceleration, respectively. Besides, M;(q) €
R™", Ci(q,q) € R™", Gi(q) € R" are the symmetric posi-
tive definite inertia matrix, the Coriolis/centrifugal matrix,
and the gravitational vector, respectively. Also, 7; € R" is
the control torque, 7, € R" is the interaction force between
the operator and the master (also called the human force),
and 7, € R" is the interaction force between the slave and
the environment (also called the environment force), re-
spectively. For brevity we will write M;(g) as M;, Ci(q,q)
as C;, and G;(q) as G; hereafter, respectively.

There are some important properties for the dynamic
model (1) and (2) [21]

Property 1: The relationship between the Corio-
lis/centrifugal matrix and the inertia matrix of the robot
is

M;=C;+C!. 3)

Property 2: The symmetric positive definite inertia ma-
trix has upper and lower bounds, i.e., 0 < Apin(M;)I <
M; < Amax (M;)I < o0, where I denotes the unit matrix, A,
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and A, denotes the maximum and minimum eigenvalues
of the matrix, respectively.

Property 3: There exists a bounded positive number v
such that the Coriolis/centrifugal matrix C; satisfies

1Ci (g, X) Y [l2 < [ X |2[|Y[]2, )

where X and Y are vector functions of the same dimension
as C;.

3. DESIGN OF CONTROL METHOD

The framework of the proposed position and force con-
trol method based on force estimation is shown in Fig.
1. Consider the BTSs with time-varying delays d,,(¢) in
the forward communication and d;(¢) in the backward
communication. First, the TDOS is employed to esti-
mate the system state variables affected by the delays
qi(t — d;(r))and obtain the estimation §;(t — d;(t)). Next,
the force estimation algorithm is designed to obtain the
estimation of the interaction forces 7 and 1., respectively,
avoiding the directly use of force sensors in complex envi-
ronments. Finally, the master and slave controllers are de-
signed based on the estimated states and estimated forces
to simultaneously achieve the position and force tracking
of the system.

4. TIME-DELAY STATE OBSERVER

Consider the communication delays are unknown, un-
measured, asymmetric and time-varying. Let’s define
dyy(t) is the forward communication delay from the mas-
ter to the slave and d(¢) is the backward communication
delay from the slave to the master. Then there exists a pos-
itive constant D; such that d;(¢) satisfies

0 <di(r) <D;. &)
Since the derivative of the time-varying delays is usually

unknown and immeasurable, time-delay state observer
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Fig. 1. Framework of the proposed position and force
tracking control method based on force estimation.

(TDSO) is used to obtain the state variables affected by
the time-varying delays. The TDSO is designed as

Z (1) = Zp(t) — xn (Zu (t) — X (1)), (6)
Zn(t) = =X (Zun(t) — Xu (1)), @)

where the subscript i € {m, s} also represents the master
and slave, respectively. The state variables X;; (r) = ¢;(t —
d;(t)) and Xp(r) = ¢;(t — d;(r)) denote the position and
velocity affected by the time-varying delays, respectively.
Besides, Z;; (¢) is the estimation of X;; (¢), and Zj(¢) is the
estimation of X (1), ie., §i(t —di(t)) = X1 (t) = Zu (1),
Gi(t —di(t)) = Xn(t) = Z(t). Also, x; and Y, are con-
stant gains of the observer.

The position and velocity estimation errors are defined
as

en =Zn(t) — Xu (1), 3
en :Zi (l‘) —Xiz(t). (9)
Differentiating (8) and (9) with respect to time and substi-

tuting (6) and (7) into them, the observer error system can
be given by

én=2Zn(t)—Xn(t) = en — xnei, (10)
éin =Zn(t) — Xn(t) = —Xo(t) — Xnen- (1)

Further, the observer error system (10)-(11) can be rewrit-
ten as

éri(t) = Ler;(t) + Nh(1), (12)
where L = [:7;; H,N = m eri(t) = {28” and

h(r) = {—Xi(t)]'

Since there exists an upper bound X;»(t) < W for Xj(¢),
it has ||A(¢)|| < W [22]. Moreover, there exist constant
gains y;; > 0 and ), > 0 such that LT P+ PL = —Q, where
Q is a positive definite matrix and

_ (x5 —xe
P= { —xn 5 ] . (13)

Theorem 1: For the BTSs (1) and (2) subjected to time-
varying delays, if the position X;; (¢) and velocity X () af-
fected by time-varying delays are observed by the TDSOs
(6) and (7), then the position and velocity estimation error
er;(t) is bounded.

Proof: Consider a Lyapunov function as

V,(t) = ek;(t)Peri(t). (14)

Substituting (12) into the time derivative of (14), we can
get

V(1) = é3;(t) Peri(t) + eq;(t) Péri(t)
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= 2e7,(t)PNh(t)
+e7,(t) (L"P+PL) er(t)
= 2e7,(t)PNh(t) - e7; (1) Qeri(r). (15)
According to Young’s inequality [9], it can be given that
2e7,(1)PN(1) < |[PN||lleri (1) |* + | PNI| [4(1) |-
(16)
Utilizing (15) and (16), it can be obtained that

Vi(t)

< 1PN llers(t)|I* + PN | A(t)|I* — " 7i(t) Qer(r)

< [N A0+ (IPN ]| = Zmin {Q}) llers (1)1 1
a7

Selection of suitable parameters );; and X, in (17) allows

lleri(2)]] < Amin {0} — |[PN||

1PN W2
QY L L — 18
<\ Zm 0] 1PN (1%

From (17)-(18), we can get V;(¢) < 0. Hence, the bound-
edness of all the signals in V;(¢) are guaranteed, which
means the position and velocity estimation error ez;(t) is
bounded. ]

5. FORCE ESTIMATION ALGORITHM

In the BTSs, the acquisition of the interaction forces
is quite necessary for precise tracking. Due to the com-
plex work environment, force sensors have some prob-
lems such as high cost, low accuracy, difficult parameter-
setting, and sensitive to noise. Therefore, the following
force estimation algorithm is designed to estimate the hu-
man force

%h = (8m + (I)m) (0

Oy = rm""i'm_ﬁrn;

3 —1 . 1 “1a

ﬁm - _Mm (Cm%n + Gm) _Mm Tn +Mm Th,
+ Qm - C}x - LIV +M;;1Cmam;

(19)
where o, € R" is an auxiliary variable, 3,, € R" is the state
variable associated with the force estimation system, &, >
01is a constant, and the human force is bounded by @,,, i.e.,
1] < o ||tn||- Besides, % is the estimation of 7, and @,
is the estimation of w,,. Here, r,, is the joint position error
of the master which is defined as

"'m = dqm —(s- (20)

Differentiating (20) with respect to time gives us

P = qm — {s- 2n

Substituting (1) into the time derivative of (21), we can
obtain

i:m:M;;1 (_Tm+Th_Cm9171_Gm)_qs- (22)

Considering that the bound of the human force is usually
unknown in practice, an adaptive law based on the auxil-
iary variable f3,, is designed to estimate the bound as

, = bal a,, (23)

where b > 0 is a constant.
Substituting (21) and (22) into the time derivative of ¢,
in (19), it can be obtained that
(xm = iﬁm + fm - ﬁm
= Gn—ds+Mn " (T — Tn— CuGn — G
- LZV - Bm
:Mm71 (Th_%h) _MmilCmanr (24)
Next, the force estimation algorithm for the slave is de-
signed to estimate the environment force as
%e - (5v + d)c) O,
Oy =rg+ 7y *ﬁm
Be =M (Cogs+Gs) — M, "1+ M '3,
- C?s + q;n + éjm +M;1Csas7

(25)

where o, € R" is an auxiliary variables, B, € R" is the
state variables associated with the force estimation sys-
tem, &, > 0 is a constant, and the environment force is
bounded by w, i.e., ||7.| < @] o] Besides, @& and 7,
are the estimation of @, and 7,, respectively. Since the de-
sired position of the slave is the master position, the joint
position error of the slave is also the position error of the
master, i.e., ry = 1y = g — ¢s-

Substituting (2) into the time derivative of (21), we can
obtain

Fy = Gm — M, (1, — 1. — Cygs — Gy) . (26)

S

Due to the complex and unknown environment in prac-
tice, an adaptive law based on the auxiliary variable f is
designed to estimate the bound as

a, = ba! ay. 27)

Differentiating ¢, in (25) and substituting (21) and (26)
into it, we can get

(xs - i.s +ra - Bs
:q'm_q.s'i_Qm_Ms_l (Ts_Te_CXQs_GS) _Bs
= M771 (Te - %e) *Mvilcxas- (28)

Theorem 2: For the BTSs (1) and (2) subjected to time-
varying delays, using the force estimation algorithm (19)
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and (25) with the adaptive laws (23) and (27) the estima-
tion error of the human force and the environment force
can asymptotically converge to zero, i.e., lim (1, — 7,) —
t—roo
0, lim (1, — 1,) — 0.
f—roo
Proof: Define a Lyapunov function as

1 1 5
Vi = 2amMm(xm+2b( — Q)
1, 1
M, )2 29
+50% a+2b( — )’ (29)

Differentiating (29) with respect to time and substituting
(23), (24), (27) and (28) into it gives us

A A

N B |
Vf = -0y Mmam"'am Mmam - E (wm - wm) (0

2
1 . 1 .
+ EasTMsas + (xsTMsas - B (a)s - d)s)Aws
- *amamT(Xm - (XmT (wmam - Th)
- asasTas* a.vT (a)sasffe)- (30)

Then substituting || 74| < @ | 06| and ||7.| < ] o]l
into (30) we can obtain

Vi < =8ulloall” + 0l 12| — 02l 0t

2 2
= &flos |+ lloxs |l 7e | — e o]

< _6m||am||2 - 53||avH2
<0. (€29)

It is obvious from (31) that the estimation errors of the in-
teraction forces can asymptotically converge to zero, i.e.,
lim (1, — %,) — 0 and lim (7, — 1,) — 0.

[—yoo [—»o0

6. DESIGN OF THE CONTROLLER

Using the obtained state information in Section 4 and
the force estimation in Section 5, a P+D controller is de-
signed in this section to simultaneously ensure the position
tracking and force tracking. The controller of the master
and slave are designed as

Tn = Pm (qu (t _ds(t)) _qm(t)) +qum(t) +fh - va
(32)
Ty =—F (q.v(t) —4m (t *dm(t))) *Bsq.s(t) + 1.+ Gy,
(33)

where B, and P; are positive definite position gains of the
master and slave, B, and B, are the velocity gains such
that B,, — (D, +D;)I and B; — (D,, + D;) 1 are positive
definite matrices.

The master controller 7,, can be viewed as four parts.
The first part P, (g (t —dy(t)) — qm(t)) is for position
tracking of the master and slave. The second part B,,G, ()
is for velocity compensation. The third part 7, is for the
human force compensation in the dynamics. The fourth

part —G,, is for the gravity compensation. The slave con-
troller 7, has the similar structure to the master controller.

Theorem 3: For the BTSs (1) and (2) subjected to
time-varying delays, the P+D controllers (32) and (33)
based on the TDSO (6) and (7) and the force estima-
tion algorithm (19) and (25) can ensure that the posi-
tion tracking error asymptotically converges to zero, i.e.,
}Lm (gm(t) —qs(t — dy(t))) — 0. Meanwhile, the human
force and environment force can achieve force tracking,
ie., lli_>r£1°(’ch +1,)—0.

Proof: Define a Lyapunov function V,(¢) as

Ve(t) =Vi(t) +Va(2) + V5(2), (34)
where
Vi6) = 508 (0Madn(1)+ 145 (M)
Valt) = L) ),
0 t
Vs(t) =/ ah (1) gm(n)dndy
—D,, Jt+y
0 ot
“[ [ drmaimanay. (35)
-, Ji+y

According to Property 1, the time derivative of V;(¢) can
be rewritten as

V() = B (- b 01+ a5~ 050 )

| . .
(g @060~ 0)5) ).
(36)
Now define the position tracking errors of the master and
the slave as e, = q,(t) — g (t —d,(t)) and e; = g,(1) —
Gm (t —d (1)), respectively. Differentiating V,(¢) and in-
troducing d,,(¢) and ds(¢) into it, we can get
Va(r 1) = mqm(t)r (t) — Pugy (t) m(t)
= Pud(t) (4 (t = (1)) = 45(1)) + Py (1) em

JFqu (t)es JrPm‘]v () (qm (t — dn(t))
_CIm( )) (37)
Since
qz;:(t) (qs (t _ds(t)) _q&‘(t))
+qAT(t) (‘Zm (t _dm(t)) _Qm(t))
=) [ iwdn—dl @) dn(®)av.
T (38)

Now substituting (38) into (37), V»(t) can be simplified to

Val0) = Padh(tew — Pah(0) [
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t
Pl (e~ Pl () [ dn(9)d.
t—d, (1)
(39)
The time derivative of V5(¢) can be given as
t
Va(0) = Do in() = [ dh(8) 4 (8)d®
t
+Dgl 00— [ dF (W) a (wydu
t
< quz(t)q‘m(t) _/
t—dy(1)
t
+Dgl(0d(0)~ [

n () g (9)d0

dy (1) g () dp.
(1)
(40)

Using Lemma 1 in [23] we can obtain

t t
a0 [ awdn- [ (e
t—d(t) t—d(t)

< Dy (1)gm(1),
L0 [ an@)av= [ G 0)dn(9)a0
< Dindis (1)45(1). (41)

Substituting (36), (39), (40), and (41) into the time deriva-
tive of (34), the time derivative of (34) can be simplified
as

Ve(t) < (1) (Puem — G — Tn(t) +T2)

T

+ qu(t) (_PmGs +Pst(t) _PmTe)
+4sT(t)Pmes +q;(t) (Dm +DS)4m(t)

+47 (1) (D +Ds) 4s(1). (42)

Substituting the controller (32) and (33) into (42), V.(¢)
can be simplified to

Vc(” S _QrTn(t) (Bm - (Dm +Ds)l) Qm(t>
_qu(t) (Bs - (Dm +Ds)1)q's(t)
<0. (43)

Equation (43) indicates that all the signals in V,(z) are
bounded for any bounded d;. Therefore, g,,(t) — g,(t) is
bounded.

Since (43) indicates that all the signals in V,(r) are
bounded, we have g;(¢) € L. and ¢,(f) € L... Moreover,
due to e, = g (1) = q5(1) + J/_ 4 ds(t), We can obtain
em € L. According to (33), (2) can be rewritten as

Gs(1) = M:l(*Pv (gm(t) — 4 (t —ds(1))) — Cyqs
— Bygs). (@44
Then using Properties 2 and 3, we can obtain §(f) € Le.

As ¢4(t) € Lo, and §,(t) € L., have already been obtained,
utilizing Barbalat’s lemma [24] we can get limg,(¢) — 0.
—o0

Differentiating (44) gives us

qs (1)
_ Mfld(_Cst _Bsqs _Ps(qm(t) —@S(I _dY(t))))
) d(t)
—I—M;I(—qu.s — Byq; _Ps(‘]m(t) - QS(t _ds(t))))

(45)
Using Property 1, we have
M; ' =-M;" (C,+CT) M. (46)

Equation (46) indicates that M_ ! is bounded. Then e,,,
gs(t), Gs(t) and d,(¢) are bounded. Consequently, the
derivative of C; is bounded. Thus, according to (45),
q; (t) € L. can be obtained. Since we have already had
limg, () — 0 and ¢, () € L.., using Barbalat’s lemma we
f—yo0
can obtain limg(r) — 0.
t—>oo
Substituting tlimc]s(t) —0and tliméjs(t) — Ointo (2) and
—»o0 —»00
(33), we have lim (g;(¢) — gm (t —dy(¢))) — 0. Similarly,
f—yo0

lim (g, (¢) — g5 (t — dy(¢))) — O can be obtained. Conse-
t—yo0

quently, the position tracking errors e, and e; can con-
verge to zero.

Next, we will further analyze the force tracking perfor-
mance. When the slave contacts with the environment, it
is reasonable to assume that [20]

1t ~0, 1, ~0,

gi ~0,

Gi =0,

qi(t) = qi (t —di(t)) . (47)
Substituting the controller (32) and (33) into the BTSs (1)
and (2), the closed-loop system is obtained as

Ty — T :Pm(qm*qs)a

Te—Te =P (qm —45)- (48)
As the force estimation algorithm can obtain the estima-
tions of the interaction forces, the estimation values can

approximate their true values, i.e., 1, = 6,7, and T, = 6, 7,,
where lim6, — 1 and lim8, — 1. Then it is given that
[—roo f—yo0

_ Pm (qm B qs)
T = (1 — eh) )
_k (gm —g5)
= 0e) (49)

From (49), it follows that there exist suitable P, P, 6,
and 6, such that lim (7, + 7,) — 0, thus enabling the force
f—o0

tracking performance. O

Remark 1: In the proof of Theorem 3, it can be seen
that g,,(t) — ¢,() is bounded without requiring d; to be
bounded. Moreover, the position tracking error g,,(t) —
gs (t —dy(t)) converges to zero only requiring that d; is
bounded, while it does not require that the bound of d;
is less than one.
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7. SIMULATIONS
In the simulations, the master and slave manipulators in

the BTSs are considered to be 2-DOF robots with revolute
joints as

+ pr +2p3cosq; + p3CoSg;
Mi(éh)z [171 P2 P3 qi2 P2TP3 %2},

P2+ Pp3Cosgpn )2)
(50)
. —p3gipsingn —p3(gin +4gin)singp
Ci(gi,qi) = . )
(4i:4i) [ padi singis 0 ]
(5D
P4gcosqi1 + psgcos(qit +qin)
Gila) — ’ 52
i(4) { Psgcos(qi1 +qin) (52)

where i € {m, s} denotes the master and slave, respec-

[Z”} is the joint position. The initial posi-
2

tively, and ¢; =

. . 0.1 —-0.1
tions of the two joints are g,,0 = 0.05 and g, = o1l

respectively. Besides, [p1, p2, p3,» pa, ps)T = [2.90, 0.76,
0.87, 3.04, 0.87]" and g = 9.8 m/s>. The forward com-
munication delay d,,(¢) and backward communication de-
lay d,(z) are random signals to reflect the time-varying
nature of the delays. The human force 7, is shown in
Fig. 2, and the environment force 7, is modeled by a
second-order system ast, = M.,§; + B.qs + K.q,;, where
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Fig. 2. Human force, (a) joint 1 and (b) joint 2.

0 0.1 01 0 1000
note the mass, damping, and stiffness of the environment,
respectively. The gain matrices of the controller in the

. . . 10 50 0
simulations are given as P, = [0 10}, P = [ 0 150}’

Me_{o.:s 0},32_[1 0},andKe—[330 0 ]de_

15 0 100 0O
B, = { 0 20], B, = { 0 100]. Other parameters are

given as o, = 100, o, = 150.

In the simulations, the proposed control method is com-
pared with the control method in [20]. When the system
is subjected to time-varying delays, Fig. 3 shows that the
position tracking performance of [20] is not satisfactory.
When the human force is applied (12 sec-24 sec and 36
sec-48 sec), the slave cannot well track the position of
the master and cannot respond smoothly to the position
change of the master. Comparatively, as shown in Fig. 4,
when utilizing the proposed control method, the salve can
fast track the master when the human force is applied.
Moreover, the response of the slave is smoother and the
position tracking error is smaller.

Figs. 5 and 6 show the positions affected by time-
varying delays and their estimations by TDSO. It can be
seen that the TDSO can well estimate the delayed posi-
tions of the master and slave. Notice that there is no TDSO
in [20] and thus it is not shown in the figures.
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Fig. 3. Position tracking (the method in [20]), (a) joint 1
and (b) joint 2.
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Fig. 6. Estimation of delayed slave position (the proposed
method), (a) joint 1 and (b) joint 2.

The force estimation of [20] is shown in Figs. 7 and
8, which indicates that the estimations of the human
force and the environment force have chattering and be-
come significantly worse when the human force changes
abruptly (12 sec, 24 sec, 36 sec, 24 sec). The proposed
force estimation algorithm is shown in Figs. 9 and 10.
When applying the human force, the estimations of the in-
teraction forces are smoother without significant chatter-
ing, and the estimation errors are smaller, which indicates
that the interaction forces can be effectively obtained.

Figs. 11 and 12 show the force tracking of [20] and
the proposed control method, respectively. In Fig. 11, the
force tracking between the human and the environment
has significant chattering and is not accurate, while in Fig.
12, the force tracking is more accurate without significant
chattering when the human force is applied. Therefore, the
slave can better reflect the environment force to the master
with the proposed control method.

8. EXPERIMENTS

As shown in Fig. 13, the experimental setup consists of
two Phantom Omni force feedback robots including the
Phantom Omni #1 robot (master) and the Phantom Omni
#2 robot (slave). The master is connected to the computer
while the master is connected to the slave by a 1394 fire-
ware.
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In the experiments, d,,(¢) and d;(¢) are random variables

between 1 and 250 ms. The initial positions of the two
0.032 —0.004 .

robots are g,,0 = [—0.028] and g0 = [ 0015 } . The gain

matrices of the controller in the experiment are P, = P, =

30 2 0 .
[0 5],B,,,—BX— [0 2.5}.Bes1des, 0,=0,=0.1.

The position tracking of the proposed control method
is shown in Fig. 14. When the system is subjected to
time-varying delays, it can be seen that the slave can still
quickly respond to the master and the position tracking
error is small.

The force tracking of the proposed control method is
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not need to constrain the bound of the derivative of the
time-varying delays to be less than one.

How to extend the proposed approach to multilateral
teleoperation systems (multi-master/single-slave teleop-
eration systems, single-master/multi-slave teleoperation
systems, and multi-master/multi-slave teleoperation sys-
tems) to achieve more flexible teleoperation tasks will be
our future work.
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