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1. INTRODUCTION

Teleoperation systems are able to extend perceptive
and manipulative capabilities of human operators to
the remote or dangerous environments, which has been
widely applied in industrial automation, space explo-
ration, remote surgery, and so on. Because of the long
distance between master and slave robot, communication
delays have become essential and attractive research top-
ics over the decades [1][2].

Stability is the primary issue concerned when time de-
lays exist. A great deal of approaches have been proposed
to deal with this problem, such as wave transformation in
[3], Lyapunov-Krasovskii methods in [4], time domain
passivity approach in [5], and so on. On the other hand,
transparency has been defined in [6] to evaluate the fi-
delity of perception of the remote environment and the
easiness of operation for the human operator. Recently,
there were a number of control schemes for compensat-
ing time delays in order to achieve the accurate position
tracking of force-feedback teleoperation systems [7-9].
However, in these works, the slave robot can only track
the delayed information of position measurement of the
master robot. Meanwhile, only the delayed information
from remote side can report back to the human operators.

Therefore, in order to realize real-time information ex-
change of the teleoperation system, it is highly desirable
to develop motion prediction methods which can estimate
the actual state of both master and slave robot. In a large
number of previous works, predictive control methods
have been developed for linear teleoperation systems. For
examples, in [10], Smith predictor was used to estimate
either slave models or environment models on the master
side. And a model reference adaptive control approach
which enhance the teleoperation transparency in the pres-
ence of time delay were studied in [11]. Nevertheless, for
nonlinear teleoperation systems, few results are available
to predict the motion of telerobot based on delayed mea-
surement. In [12] and [13], predictive control methods

were designed for a single robot system.
In recent years, some observer-based methods have

been proposed to estimate the actual states by using de-
layed outputs. In [14], interval observer for linear time-
delay systems was devised to obtain guaranteed interval
estimate of system states. In [15], the cascade observer
was utilized for the long constant time delay. However,
accurate mathematical models of systems were required
in these literature, which restricts the application area of
the proposed methods.

In this paper, we proposed a novel predictor with an
observer-based structure for teleoperation system with
time-varying delays. Motion information of both mas-
ter and slave robot can be estimated by predictor which
is located on another side. The predictor is model-
independent, which consist of a proportion-integration-
differentiation (PID)-like regulator and a sliding-mode
regulator for the delayed prediction error. It is proven
that the prediction error can converge to zero by applying
the Lyapunov method. The control structure of proposed
teleopeartion system is shown in Fig.1.

On the other hand, motivated by the force feedback
controller proposed in [16], we apply the prediction re-
sults to the controllers of both master and slave robot in-
stead of delayed measurements. By employing the Lya-
punov functional, we build the stability conditions of the
controller parameters. Finally, the effectiveness of pro-
posed predictor and controller is verified by simulations.

2. PROBLEM FORMULATION AND
PRELIMINARIES

Consider a nonlinear teleoperation system described
by

Mi(qi)q̈i + Ci(qi, q̇i)q̇i = ui + fi, (1)

where the subscript i = m, s represents the master and
slave robot respectively, qi ∈ n is the vector of the joint
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Fig. 1 The control structure of proposed teleopeartion
system.

positions for the robots, q̇i is the the vector of the joint
velocities, and ui is the controller input. fm ∈ n is the
human operator input force and fs ∈ n is the environ-
mental force. Mi(qi) ∈ n×n is positive definite inertia
matrix, and Ci(qi, q̇i) ∈ n×n is the matrix of the cen-
tripetal and coriolis torques, which satisfy the following
structural property of robotic systems [1]:
Property 1: The inertia matrices Mm(qm) and Ms(qs)
are definitely positive. There exist the positive constants
µi1 and µi2 such that µi1I ≤ Mi(qi) ≤ µi2I .
Property 2: The matrix Ṁ(q) − 2C(q, q̇) is skew sym-
metric.
Property 3: There exist positive scalars ci such that
||Ci(qi, q̇i)|| ≤ ci  q̇i , for i = m, s.

One of our main objective in this paper is to predict the
actual state of master (slave) robot on the slave (master)
side by using the delayed position measurements:

ydi = qi(t− τi(t)). (2)

where τi(t) is known time delays. The time delays
in communication channels are asymmetric and time-
varying. Let x̂1i, x̂2i denote the predicted positions and
velocities, respectively, and the prediction errors be de-
fined as

e1i =qi − x̂1i, (3)
e2i =ė1i + αe1i. (4)

Then, another major objective of our study is to accom-
plish the synchronized motion of slave and master robot.
The position tracking controller design will be carried out
by using the prediction results.

Because the predictor for master (or slave) robot is lo-
cated on the other side, we regard ui and fi as unknown
terms when design the prediction algorithm. The follow-
ing usual assumptions for system uncertainties are con-
sidered:
Assumption 1: The time derivatives of unknown terms

Fi = M−1
i (qi)(ui + JT

i fi) (5)

exist and satisfy

||Fi|| ≤ vF1, (6)

||Ḟi|| ≤ vF2. (7)

Assumption 2: The time-varying delay τ(t) is bounded
and satisfies

0 ≤ τi(t) ≤ τ0i. (8)

Assumption 3: Let gi(qi, q̇i) = −M−1
i (qi)Ci(qi, q̇i)q̇i.

The time derivatives of gi(·) exist and there are known
functions hi(x1, x2) which satisfy

||hi(qi, q̇i)− gi(qi, q̇i)|| ≤ vh1. (9)

||ḣi(qi, q̇i)− ġi(qi, q̇i)|| ≤ vh2. (10)

Remark 1: As explained and illustrated in [17,18], the
Assumptions 1 and 2 are quite common in the frame-
work of state observation of nonlinear time delay sys-
tems. As for Assumption 3, because the matrices Mi(qi)
and Ci(qi, q̇i) are very complicated to be calculated and
measured, we will design the approximate functions hi(·)
instead of gi(·) in the prediction algorithm to make our
approach simple and practical. Based on equations (9)
and (10), we can find appropriate simple functions hi(·)
as long as the gi(·) and ġi(·) are bounded.
Remark 2: It will be shown in the following analysis that
the uncertain part Fi(t) and the approximate functions
hi(·) will not determine the global asymptotic conver-
gence of prediction errors. However, we also find in our
simulations that a more accurate model can make a faster
convergence rate.

3. BILATERAL MOTION PREDICTION
FOR TELEOPERATION SYSTEM

The proposed predictor with an observer-based struc-
ture is given as

˙̂x1i(t) = x̂2i(t) (11)
˙̂x2i(t) = hi(x̂1i, x̂2i) + ϕi(t− τi(t)) (12)

where the correction term ϕi(t− τi(t)) is a PID-like reg-
ulator for delayed prediction error e1i(t− τ(t)), which is
designed as

ϕi(t) =Kpi


e2i(t) + β

 t

t0

e2i(σ)dσ


+K0iΠi(t)

+Kpi

 t

t0

(ϕi(θ − τ(t))− ϕi(θ))dθ.

(13)

Π̇i(t) =Sgn(ηi(t)), (14)

where Kpi represents the predictor gain that can be ex-
panded as Kpi = Kai +Kbi, β is a constant, and Sgn(·)
represents the standard signum function. The auxiliary
error ηi ∈ n is defined as

ηi(t) = e2i(t) + eϕfi(t), (15)

in which eϕfi ∈ n is a filtered version of eϕi, i.e.

eϕi(t) = ϕi(t− τ(t))− ϕi(t), (16)
ėϕfi(t) = −βeϕfi(t) + eϕi(t). (17)

Theorem 1: The predictor described by (11) and (12) en-
sures semi-global asymptotic regulation of e1i and e2i in
the sense that e1i → 0 and e2i → 0 as t → ∞, pro-
vided that the matrix Kai are selected sufficiently large
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relative to the system initial conditions and the following
conditions are simultaneously satisfied

α >
1

2
, (18)

β >
1

2
+

δ

2
, (19)

1

τ0
> 1 +

1

2δ
, (20)

Kbi > 0, (21)

K0i > ||Nd||∞ + ||Ṅd||∞. (22)

where δ is a positive constant, and || · ||∞ denotes the ∞
norm.
Proof of Theorem 1: Noticing that the predictors for
slave and master robot have a same structure as well as
the system model (1), the subscript i can be omitted in
our subsequent analysis.

We apply an auxiliary prediction error r(t) ∈ n

which is defined as

r(t) = η̇(t) + βη(t) = ė2(t) + βe2(t) + eϕ(t). (23)

It can be easily obtained that

ϕ̇(t) = Kpr(t) +K0Sgn(η(t)). (24)

After substituting (3)-(4) and (12) into (23), we have

r =q̈ − ˙̂x2 + αė1 + βe2

+ ˙̂x2 − h(x̂1, x̂2)− ϕ

=S1 + S2 − ϕ,

(25)

where S1, S2 ∈ n are given as

S1 =F + g(q, q̇)− h(q, q̇) (26)
S2 =h(q, q̇)− h(x̂1, x̂2) + αė1 + βe2, (27)

The time derivative of r(t) can be obtained as follows

ṙ(t) = Nd +N − e2(t)−Kpr(t)−K0Sgn(η). (28)

where

Nd = Ṡ1, (29)

N = Ṡ2 + e2(t). (30)

Nd can be bounded based on Assumption 2 and 3 as

||Nd|| ≤


v2F2 + v2h2. (31)

And the Mean Value Theorem can be utilized to find an
upper bound for N as: [17]

||N || ≤ ρ(||z||)||z||, (32)

where || · || denotes the standard Euclidean norm, ρ(·) is
a positive and non-decreasing function, and z ∈ 4n is
defined as

z =


eT1 eT2 eTϕ rT
T

. (33)

Let y(t) ∈ 3n+2 be defined as

y =


eT1 eT2 rT
√
Q

√
P

T
, (34)

where Q(t) ∈ , and P (t) ∈  are selected as

Q =

 t

t−τ0

 t

s

||ϕ̇(ϑ)||2dθds, (35)

P =ξ −
 t

t0

r(θ)[Nd(θ)−K0Sgn(η(θ))]dθ. (36)

The non–negativeness of P (t) has been proved in [13]
and [18], provided that the gain K0 satisfies (22) and ξ is
selected as:

ξ =

n
j=1

K0j ||ej(0)|| − eT (0)Nd(0), (37)

where the subscript j denotes the jth element of the vec-
tor or diagonal matrix.

Let Vp(y, t) ∈  be a Lyapunov functional which is
defined as follows

Vp =
1

2
eT1 e1 +

1

2
eT2 e2 +

1

2
rT r +Q+ P, (38)

and it can be bounded as

1

2
||y||2 ≤ V (y, t) ≤ ||y||2. (39)

After taking the time derivative of Vp, we have

V̇p =eT1 (e2 − αe1) + eT2 (r − βe2 − eϕ)

+ rT (N +Nd − e2 −Kpr) + Q̇+ Ṗ

=− α||e1||2 − β||e2||2 + eT1 e2 − eT2 eϕ + rTN

−Kp||r||2 + τ0||ϕ̇(t)||2 −
 t

t−τ0

||ϕ̇(θ)||2dθ.

(40)

Using Young’s inequality, we have

||eT2 eϕ|| ≤
1

2δ
||e2||2 +

δ

2
||eϕ||2, (41)

||eT1 e2|| ≤
δ

2
||e1||2 +

1

2δ
||e2||2. (42)

Then we use Jensen’s inequality to derive

||eϕ||2 ≤ τ0

 t

t−τ0

||ϕ̇(θ)||2dθ, (43)

||ϕ̇(t)||2 ≤
 t

t−τ0

||ϕ̇(θ)||2dθ. (44)

Substituting (41)-(44) into (40), the upper bound of V̇ can
be obtained as

V̇p ≤− (α− δ

2
)||e1||2 −


β − 1

δ


||e2||2

+ ||r||ρ(||z||)||z|| −Kp||r||2

−

1− τ0 −

δ

2
τ0

 t

t−τ0

||ϕ̇(θ)||2dθ.

(45)
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||eT2 eϕ|| ≤
1

2δ
||e2||2 +

δ

2
||eϕ||2, (41)

||eT1 e2|| ≤
δ

2
||e1||2 +

1

2δ
||e2||2. (42)

Then we use Jensen’s inequality to derive

||eϕ||2 ≤ τ0

 t
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||ϕ̇(θ)||2dθ, (43)
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 t
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
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δ


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+ ||r||ρ(||z||)||z|| −Kp||r||2

−

1− τ0 −

δ

2
τ0

 t

t−τ0

||ϕ̇(θ)||2dθ.

(45)

Then after completing the squares by using the definition
of z in (33), the inequality in (45) can be bounded as

V̇p ≤−

ω − ρ2(||z||)

4Ka


||z||2, (46)

where ω ∈  is defined as

ω = min


α− δ

2
, β − 1

δ
,
1

τ0
− 1− δ

2
,Kb


. (47)

Thus the negative semi-definiteness of V̇p(t) can be en-
sured once inequalities (18-22) are satisfied and

Ka ≥ ρ2(||z||)
4ω

≥ ρ2(||z0||)
4ω

, (48)

where ||z0|| is the initial condition of ||z||.
Since V̇p(t) ≡ 0 means e1 ≡ 0, e2 ≡ 0, and eϕ ≡ 0,

according to (35) and (36), we have
√
P ≡ 0 and

√
Q ≡

0. By using LaSalle’s invariance theorem, we have

lim
t→∞

e1 = 0, (49)

lim
t→∞

e2 = 0. (50)

This completes the proof of Theorem 1.

4. PREDICTOR-BASED POSITION
TRACKING AND FORCE FEEDBACK

CONTROLLER DESIGN

Motivated by the force feedback controller proposed
in [16], we design the following predictive controller for
teleoperation system as

um =Kf ûs −Bmq̇m, (51)
us =Ks(x̂1m − qs)−Bsq̇s. (52)

where ûs is the predicted force feedback, which can be
expressed as

ûs = Ks(qm − x̂1s)−Bsx̂2s. (53)

Other than the controller in [16], we apply the prediction
results into the controller of both master and slave robot
instead of delayed measurements. The stability condi-
tions of velocities and tracking errors are summarized in
following theorem.

Theorem 2: The controller described by (51) and (52)
ensures asymptotic stable of q̇i and qm−qs, provided that
the matrix Kai are selected sufficiently large relative to
the system initial conditions and the following conditions

are simultaneously satisfied

Bm >
1

2δ
(KsKf + αBs)

2 +
Kf + 1

2
Bs, (54)

Bs >
δK2

fK
2
s

2δ −Kf
, (55)

α > δ, (56)

β >
1

δ
+

Bs

2
, (57)

1

τ0
> 1 +

δ

2
, (58)

Kbi > 0, (59)

K0i > ||Nd||∞ + ||Ṅd||∞. (60)

Proof of Theorem 2: We choose the following Lyapunov
functional:

V (t) =V1(t) + V2(t) (61)

V1(t) =
1

2
q̇TmMm(qm)q̇m +

1

2
q̇Ts Mm(qs)q̇s

+
KfKs

2
(qm − qs)

2 +

 t

0

(q̇Tmτh − q̇Ts τe)dσ

+ Um(qm) + Us(qs)− km − ks + κh + κe,

(62)

V2(t) =Vpm + V ps

=
1

2
eT1me1m +

1

2
eT2me2m +

1

2
rTmrm

+
1

2
eT1me1s +

1

2
eT2se2s +

1

2
rTs rs

+Qm + Pm +Qs + Ps.

(63)

By using property 2, the time derivative of V1 can be ob-
tained as

V̇1 =q̇Tm[um +KfKs(qm − qs)]

+ q̇Ts [us −KfKs(qm − qs)]

=−Bm||q̇m||2 + (KsKf + αBs)q̇
T
me1s

+KfBsq̇
T
mq̇s −Bsq̇

T
me2s

−Bs||q̇s||2 +KsKf q̇
T
s e1m

(64)

Using Young’s inequality, we have

||(KsKf + αBs)q̇
T
me1s|| ≤

δ

2
||e1s||2

+
1

2δ
(KsKf + αBs)

2||q̇m||2,
(65)

||q̇Tmq̇s|| ≤
1

2
||q̇m||2 + 1

2
||q̇s||2, (66)

||q̇Tme2s|| ≤
1

2
||q̇m||2 + 1

2
||e2s||2, (67)

||KsKf q̇
T
s e1m|| ≤ 1

2δ
K2

fK
2
s ||q̇s||2 +

δ

2
||e1m||2. (68)
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Substituting (65)-(68) into (64), we can obtain

V̇1 ≤− (Bm − 1

2δ
(KsKf + αBs)

2 − Kf + 1

2
Bs)||q̇m||2

− (Bs −
1

2
KfBs −

1

2δ
K2

fK
2
s )||q̇s||2 +

δ

2
||e1m||2

+
δ

2
||e1s||2 +

1

2
Bs||e2s||2

(69)

Combining (46) with (69), we have

V̇ ≤− (Bm − 1

2δ
(KsKf + αBs)

2 − Kf + 1

2
Bs)||q̇m||2

− (Bs −
1

2
KfBs −

1

2δ
K2

fK
2
s )||q̇s||2

−

ωm − ρ2(||zm||)

4Kam


||zm||2

−

ωs −

ρ2(||zs||)
4Kas


||zs||2,

(70)

where

ωm = min


α− δ, β − 1

δ
,
1

τ0
− 1− δ

2
,Kbm


. (71)

ωs = min


α− δ, β − 1

δ
− Bs

2
,
1

τ0
− 1− δ

2
,Kbs


.

(72)

Thus the negative semi-definiteness of V̇ (t) can be en-
sured once inequalities (54-60) are satisfied and

Kai ≥
ρ2(||z||)
4ωi

≥ ρ2(||z0||)
4ωi

, (73)

Then the asymptotic stabilities of q̇i and qm − qs can be
directly proved by Lyapunov theory. The proof of Theo-
rem 2 is completed.
Remark 3: It can be concluded from inequalities (54-
55) that Bm, Bs should be big enough when the force
feedback gain Kf is large. And from inequalities (56-
57), the values of α and β can be selected very freely
through choosing different values of δ. Then according
to inequalities (58), when δ is small, the controller can
compensate for delay values very close to one second.

5. SIMULATIONS
In this section, simulations are presented to verify the

effectiveness of proposed method including position pre-
diction and synchronous tracking. Consider a 2-DOF
nonlinear teleoperation system which is under the form
(1) with

Mm(q) = Ms(q) =


M11 M12

M21 M22


,

Cm(q, q̇) = Cs(q, q̇) =


C11 C12

C21 C22


,

M11 = (2l1 cos q2 + l2)l2m2 + l21(m1 +m2),

M12 = M21 = l22m2 + l1l2m2 cos q2,

M22 = l22m2, C11 = −l1l2m2 sin(q2)q̇2,

C12 = −l1l2m2 sin(q2)(q̇1 + q̇2),

C21 = l1l2m2 sin(q2)q̇1, C22 = 0.

An environment force fe = 0.01q̇s + 0.05 sin(qs) is
applied to the robot. And we assume that the human op-
erator handles the master robot to follow a desired trajec-
tory. The human operator is modeled as (or replaced by)
a PD controller with disturbance. That is

fm = 50(qm − qd) + 10(q̇m − q̇d) + w (74)

where w is a Gaussian noise satisfying N2 ∼ [0, 10−3],
and

qd =


−0.5 sin(0.2t)
0.2 sin(0.25t)


.

The time delays τm is randomly varying in the interval
[0.8s, 1s] , while τs is randomly varying in the interval
[0.5s, 1s]. We select hi(x̂1i, x̂2i) = 0, and the parameters
of predictor and controller are given in Table 1.
Table 1 Parameters of predictor and controller.

m1 m2 l1 l2 α β

1 kg 0.5kg 0.5m 0.5m 1.1 0.2

Kpm Kps Kf Bm Bs Ks

50 50 0.2 0.5kg/s 1kg/s 5kg/s2
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Fig. 2 The prediction results of master positions.

The prediction results of master and slave positions are
shown in Fig. 2 and 3, respectively. We can see that the
predicted positions of both slave and master robots are
very close to the real one, although noticeable delays ex-
ist in the measurements. Compared with the master robot,
higher prediction errors of slave positions occur when
t ∈ [0s, 10s]. This is mainly due to the position fluc-
tuation which is caused by PD tracking controller. The
position tracking results are given in Fig.4. We can find
the slave positions fluctuate at the beginning, which can
slow down the convergence speed of predictors. Even
so, the good position tracking performance is achieved in
Fig.4. The time delays can be well compensated through
proposed predictive method.
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Substituting (65)-(68) into (64), we can obtain

V̇1 ≤− (Bm − 1

2δ
(KsKf + αBs)

2 − Kf + 1

2
Bs)||q̇m||2

− (Bs −
1

2
KfBs −

1

2δ
K2

fK
2
s )||q̇s||2 +

δ

2
||e1m||2

+
δ

2
||e1s||2 +

1

2
Bs||e2s||2

(69)

Combining (46) with (69), we have

V̇ ≤− (Bm − 1

2δ
(KsKf + αBs)

2 − Kf + 1

2
Bs)||q̇m||2

− (Bs −
1

2
KfBs −

1

2δ
K2

fK
2
s )||q̇s||2

−

ωm − ρ2(||zm||)

4Kam


||zm||2

−

ωs −

ρ2(||zs||)
4Kas


||zs||2,

(70)

where

ωm = min


α− δ, β − 1

δ
,
1

τ0
− 1− δ

2
,Kbm


. (71)

ωs = min


α− δ, β − 1

δ
− Bs

2
,
1

τ0
− 1− δ

2
,Kbs


.

(72)

Thus the negative semi-definiteness of V̇ (t) can be en-
sured once inequalities (54-60) are satisfied and

Kai ≥
ρ2(||z||)
4ωi

≥ ρ2(||z0||)
4ωi

, (73)

Then the asymptotic stabilities of q̇i and qm − qs can be
directly proved by Lyapunov theory. The proof of Theo-
rem 2 is completed.
Remark 3: It can be concluded from inequalities (54-
55) that Bm, Bs should be big enough when the force
feedback gain Kf is large. And from inequalities (56-
57), the values of α and β can be selected very freely
through choosing different values of δ. Then according
to inequalities (58), when δ is small, the controller can
compensate for delay values very close to one second.

5. SIMULATIONS
In this section, simulations are presented to verify the

effectiveness of proposed method including position pre-
diction and synchronous tracking. Consider a 2-DOF
nonlinear teleoperation system which is under the form
(1) with

Mm(q) = Ms(q) =


M11 M12

M21 M22


,

Cm(q, q̇) = Cs(q, q̇) =


C11 C12

C21 C22


,

M11 = (2l1 cos q2 + l2)l2m2 + l21(m1 +m2),

M12 = M21 = l22m2 + l1l2m2 cos q2,

M22 = l22m2, C11 = −l1l2m2 sin(q2)q̇2,

C12 = −l1l2m2 sin(q2)(q̇1 + q̇2),

C21 = l1l2m2 sin(q2)q̇1, C22 = 0.

An environment force fe = 0.01q̇s + 0.05 sin(qs) is
applied to the robot. And we assume that the human op-
erator handles the master robot to follow a desired trajec-
tory. The human operator is modeled as (or replaced by)
a PD controller with disturbance. That is

fm = 50(qm − qd) + 10(q̇m − q̇d) + w (74)

where w is a Gaussian noise satisfying N2 ∼ [0, 10−3],
and

qd =


−0.5 sin(0.2t)
0.2 sin(0.25t)


.

The time delays τm is randomly varying in the interval
[0.8s, 1s] , while τs is randomly varying in the interval
[0.5s, 1s]. We select hi(x̂1i, x̂2i) = 0, and the parameters
of predictor and controller are given in Table 1.
Table 1 Parameters of predictor and controller.

m1 m2 l1 l2 α β

1 kg 0.5kg 0.5m 0.5m 1.1 0.2

Kpm Kps Kf Bm Bs Ks
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Fig. 2 The prediction results of master positions.

The prediction results of master and slave positions are
shown in Fig. 2 and 3, respectively. We can see that the
predicted positions of both slave and master robots are
very close to the real one, although noticeable delays ex-
ist in the measurements. Compared with the master robot,
higher prediction errors of slave positions occur when
t ∈ [0s, 10s]. This is mainly due to the position fluc-
tuation which is caused by PD tracking controller. The
position tracking results are given in Fig.4. We can find
the slave positions fluctuate at the beginning, which can
slow down the convergence speed of predictors. Even
so, the good position tracking performance is achieved in
Fig.4. The time delays can be well compensated through
proposed predictive method.
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Fig. 3 The prediction results of slave positions.
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Fig. 4 The position tracking performance.

6. CONCLUSIONS

In this paper, a model-independent prediction method
for teleoperation system is proposed. The predicted po-
sitions can convergence to the real one when time delays
exist in measurements. Through applying the prediction
results to the robot controller, the real-time data exchange
and position tracking can be realized. The effectiveness
of proposed method is verified by simulations. Future
works will be focused on the large time delays and ad-
vanced controllers.
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