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ABSTRACT Although the various synchronous control techniques of a master-slave manipulator have
been explored and developed over the decades, the investigations of the synchronous control for those
systems with strong asymmetric dead-zone characteristics have been limited and not been fully considered.
Hence, we proposed the robust and easy-to-implement estimation and control strategy to compensate for the
actuator’s dead-zone effect and to guarantee synchronous performance. Specifically, we set up a two-step
process called prior-estimation control to avoid the performance degradation due to the frequent failures of
the desired estimation in a standard adaptive control. The first step is to adaptively estimate the asymmetric
nonlinear dead-zone parameters via the Recursive Least Square (RLS) method. At the second stage, those
estimated parameters via RLS are delivered to the main synchronous control system designed by a passivity-
based sliding mode control technique along with inverse dead-zone control, and then the control is executed
whenever a human operator interacts with the system. Finally, the effectiveness of the proposed approach
has been validated by the actual 2-D.O.F master-slave manipulators equipped with cost-effective actuators
with an inevitable asymmetric dead-zone. This work will be especially a valuable asset for those who wish to
accurately control the master-slave systems with dead-zone characteristics such as the industrial construction
multiple joints based fork cranes or lifts.

INDEX TERMS Master-slave manipulator, dead-zone (DZ), inverse dead-zone control (IDZ), passivity-
based sliding mode control, recursive least square (RLS).

I. INTRODUCTION
Over the years, various synchronous control strategies of
master-slave manipulators have been investigated and devel-
oped. In particular, approaches such as PD/PID control,
robust/adaptive control, adaptive neural networks, and com-
bined solutions with the concept of energy passivity have
been considered to solve this problem.

Early but still pioneering and valuable works using an
observer-controller scheme, passive decomposition, a force
symmetry bilateral control strategy and, an impedance iden-
tifier are presented in [1]–[9]. [1] presented experimen-
tal results for master-slave synchronization of two robotic
manipulators based on the observer-controller scheme.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jinquan Xu .

Especially, the uniform ultimate boundedness of the synchro-
nization errors is addressed here. [2] proposed the hydraulic
servo 6-DOFmaster-slave Stewart platform and presented the
so-called force symmetry bilateral servo control strategy that
improves the response rate and tele-presence of the master-
slave control system. [3] explored the slave robot of the
macro-micro tele-operation system including 1-DOF piezo
actuator with hysteresis nonlinearity. Here, the LuGre friction
model is employed to estimate the hysteresis loop and passive
decomposition has been applied to design the control sys-
tem. [4] proposed a new bilateral control scheme to guarantee
the stability of tele-operation system. Specifically, the passiv-
ity observer and controller achieve the stable tele-operation
under conditions such as hard wall contact and follow-
ing. [5] investigated a passive bilateral feed-forward control
scheme for linear dynamically similar (LDS) tele-operated
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master-slave manipulator with kinematic and power scaling.
The proposed technique is robust for model uncertainty and
inaccuracy of forcemeasurement and individually secures the
aspects for the coordination error and overall motion. Further-
more, [6] proposed a passive bilateral tele-operation control
law for the multiple DOF nonlinear master-slave robotic sys-
tems. The main innovation used here is the passive decompo-
sition for 2n-DOF nonlinear tele-operated dynamics without
contravening passivity. [7] presents a novel control frame-
work for the nonlinear master-slave robotic systems under the
constant communication delays. Utilizing the passivity con-
troller, Lyapunov-Krasovskii technique, as well as Paeseval’s
identity, this work shows that the combination of constant
delayed communication and control are altogether passive
and robust. [8] proposed a new approach using the opti-
mal 4-channel architecture in aspect of transparency in tele-
operation, which is capable of providing ideal transparency
under the communication delays. [9] presents a master-slave
control method based on the identifications of load force and
impedance for Tele-operated hydraulic construction robotic
system which is composed of a hydraulic excavator and two
joysticks. Here, the load force and impedance identifiers are
used for identifying the load force and impedance of the slave
actuator respectively.

Furthermore, even though early works [1]–[9] success-
fully guarantees the performance of master-slave oper-
ation, to strengthen the robustness and adaptability of
between tele-operating systems and human operators, several
works [10]–[17] adopt more advanced control methods such
as the sliding mode control approaches and adaptive tech-
niques together with fuzzy technique. [10] proposed a con-
trol strategy based on sliding mode control for master-slave
manipulator control system. This proposed approach achieves
the excellent performance on force and position tracking
for the master and slave manipulator. [11] addresses a
master–slave synchronous strategy for complex dynamic sys-
tems based on feedback control which obtains the matching
in such complicated as chaotic motions of end-effectors. [12]
claims the master–slave control strategy for a novel surgical
robot for MIS. Here, the control strategy in Cartesian space
handles with the problems of kinematics transformation on
consistency principle, intra-operative re-mapping and tremor
attenuation in real-time. [13] proposed a model-free con-
troller that combines simplicity of PD control with robust-
ness of sliding mode control (so-called PD-ISMC (Integral
Sliding Mode Control)). The robust trajectory tracking per-
formance was verified by using the actual surgeon’s surgical
motion data and implementing master-slave system. Using
an adaptive neural network control, [14] investigated for
single-master-multiple-slaves tele-operation in consideration
of time delays and input dead-zone uncertainties for mul-
tiple mobile manipulators carrying a common object in a
cooperative manner. [15] presented a novel bilateral control
scheme without force sensors for a 3-D.O.F hydraulic servo
system with master–slave manipulators. The sliding mode
control with sliding perturbation observer (SMCSPO) using

a bilateral control environment are used to achieve bilateral
controller for the robust position tracking and control of the
slave device. The sliding perturbation observer (SPO) esti-
mates the reaction force at the end effecter without using any
sensors. The slidingmode control (SMC) is used as a bilateral
controller for the robust position tracking and control of the
slave device. [16] considered tele-operated flexible master
and slave systems. Based on the partial differential equations
based dynamic model, a bilateral coordination controller is
developed to achieve the coordination angle tracking and
vibration suppression of inherent flexibility in master–slave
manipulators. Finally, the system is proven to be asymptot-
ically stable via a given control. [17] describes a globally
stable adaptive fuzzy back-stepping control for nonlinear
bilateral tele-operation manipulators to accomplish the great
transparency performance of both position tracking and force
feedback under communication delay.

More recently, rather than model based approaches
in [10]–[19], adaptive neural network techniques (i.e, model
free approach) have been applied to the master-slave sys-
tem to guarantee telepresence performance [18]–[20]. [18]
includes a radial basis function (RBF) neural network based
adaptive robust control design to cope with the communica-
tion time delay, various nonlinearities, and uncertainties of
manipulator. Specifically, the slave environmental dynamics
is modeled by a general RBF neural network for the environ-
mental torque reconstruction in the master side. [19] explores
the ANN based novel trajectory tracking control strategies
for trilateral tele-operation systems with Dual-master/Single-
slave robot manipulators under communication constant time
delays. [20] presents a flatted neural network based admit-
tance control scheme for robotic manipulators in the presence
of the actuator dead-zone without using force sensing. Here,
an experiment using the Baxter robot has been implemented
to evaluate the effectiveness of the proposed technique.

Along with tele-operation robotics systems, the control
scheme for the actuators (such as a geared motor) with uncer-
tain dead-zone nonlinearity induced by a gear backlash and
imperfectly manufactured mechanical parts has been devel-
oped for a long times. The related works [21]–[27] utilized
the inverse of dead-zone, adaptive estimation/control, and
neural network to overcome dead-zone effect. [21] presents
nonlinear modeling and identification of a DC motor rotating
in two directions and verified the accuracy of proposed tech-
nique based on real time experiments. Here, online parameter
identification is executed using the recursive least squares
method. In [22], a dead-zone compensator is proposed for
a DC motor system based on a fuzzy logic controller,
guaranteeing small tracking errors and bounded parameter
estimates. [23], [24] proposed an adaptive control scheme
for systems with uncertain dead-zone nonlinearity. Here,
a new model for inverse dead-zone is introduced and utilized
in conjunction with any conventional adaptive controllers
(i.e, simultaneous control and estimation) to minimize the
effect of dead-zone. [25] focused on hybrid model predictive
control (MPC) for dealing with asymmetric dead-zone and
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shows that the proposed control strategy is superior to the
standard MPC approach. [26] presented an adaptive control
approach based on the two neural networks to control a DC
motor system with dead-zone characteristics (DZC). [27]
employed a differential neural network in order to identify
the uncertain dynamics with unknown dead-zone which is
modeled as a combination of a linear term and a disturbance-
like term. Here, the Lyapunov analysis is used to show
asymptotic converge of the identification error to a bounded
zone. Furthermore, it shows that the difference between the
state of the neural identifier and the reference trajectory
converges exponentially to zero. Although the various control
strategies [1]–[10], [13]–[15], [17]–[20] of a master-slave
manipulator have been developed for many applications so
far, the studies of synchronous control for higher DOF nonlin-
ear master-slave manipulator systems incorporating actuators
with nonlinear dead-zone characteristics have been limited
and several existing results are complicate to be implemented
in industrial application. In addition, even though the recent
approaches based on the adaptive neural networks [17]–[20]
are promising for master-slave system with dead-zone effect,
those are still challenging to be applied to the cost-effective
commercial manipulator due to the limitation of micro-
controller. Hence, this paper proposed the compact and effec-
tive estimation-control strategy to disengage the asymmetric
dead-zone effect for the precise synchronous control between
the master and the slave. Here, a two-stage approach has
been proposed: In the first stage, the primary dead-zone
parameters are estimated through Recursive Least Square
method together with PD-control to track a given desired
trajectories without a human’s intervention. Here, rather than
the complicate estimation methods used in [22]–[27], the
modified approach for estimating the asymmetric feature
of dead-zone has been proposed based on standard RLS
in [21]. On the other hand, at the second stage, those esti-
mated parameters obtained from the first stage are delivered
to the main controller designed by passivity-based sliding
mode control (SMC) based on the idea of passive decomposi-
tion [4]–[6] and the technique of SMC [13]–[15], and then the
proposed synchronization control (i.e, asymmetric dead-zone
compensation and SMC) is activated. The reason for selecting
a two-stage approach instead of a standard adaptive control
approach (i.e. simultaneous estimation and control) is owing
to the fact that a failure in system control is inevitable once an
adaptive estimation is unsuccessfully performed as possibly
seen from [23], [24].

Based on an actually fabricated experimental setup, the
effectiveness of proposed control strategy has been verified
in the aspects of tele-presence. This work will contribute to
developing a precise position control strategy of the master-
slave system using the cost-effective motor/actuator. The
rests of paper are followed. Sec.II presents the 2-DOF math-
ematical model of master-slaver manipulator system while
Sec.III introduces the estimation of dead-zone parameters
via RLS. Sec.IV proposed the passivity-based sliding mode

FIGURE 1. General feature of 2-DOF master-slaver manipulator.

control design and Sec.V discussed experimental results.
Finally, the conclusions are remarked.

II. 2-D.O.F MASTER-SLAVE MANIPULATOR SYSTEM
This section introduces the mathematical model of 2-DOF
master and slave manipulators which is dynamically identical
to each other. And, the general feature of the target system is
described in Fig.1. Consider the equations of motions (EOM)
for both master and slave manipulators,

Mm
(
qm
)
q̈m+Cm

(
qm, q̇m

)
q̇m = DZm(τm (t))+Th(t) (1)

M s
(
qs
)
q̈s+Cs

(
qs, q̇s

)
q̇s = DZs(τ s (t))+ TE(t) (2)

The corresponding coordinates of systems are defined as,

qm =
[
qm.1 qm.2

]T
∈ R2×1 & qs =

[
qs.1 qs.2

]T
∈ R2×1

(3)

where qm.1 and qm.2 are the angular positions of the first
and second joints in the master device while qs.1 and qs.2
indicate the angular positions of the first and second joints
in the slave. Also, Mm(qm) ∈ R2×2 and M s(qs) ∈ R2×2

are the positive-definite and symmetric mass matrices of
master and slave system. And, Cm(qm, q̇m) ∈ R2×2 and
Cs(qs, q̇s) ∈ R2×2 represent the skew-symmetric Coriolis
matrices satisfying Ṁ i

(
qi
)
−2C i(qi, q̇i) for i = m, s (i.e, mas-

ter and slave) while τm (t) =
[
τm.1 τm.2

]T
∈ R2×1 and

τ s (t) =
[
τs.1 τs.2

]T
∈ R2×1 do the torque generated by

actuators in the system. Also, Th (t) =
[
0 Th

]T
∈ R2×1

and TE (t) =
[
0 TE

]T
∈ R2×1 are a torque delivered

by a human operator and one generated from an environ-
ment contacting with the slave device (i.e, end-effectors).
It is generally known that Th and TE are bounded such as
|Th| ≤ ρ1 ∈ R and |TE | ≤ ρ2 ∈ R and passive since
the mechanical master-slave system satisfies the energetic
passivity condition [5], [6]. DZm(·) and DZs(·) indicate the
dead-zone effect of actuator which will be discussed in the
next Sec.

III. ONLINE ADAPTIVE ESTIMATION OF DEAD-ZONE
PARAMETERS VIA RLS
Due to gear backlash and imperfectly manufactured
mechanical parts, the asymmetric dead-zone of actuator
(i.e, hysteresis effect) is inevitable. Especially, it is obvious
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FIGURE 2. Asymmetric dead-zone characteristic and the corresponding
inverse dead-zone. (a) asymmetric dead-zone. (b) Inverse dead-zone.

that the cost-effective actuators possess strong dead-zone
effect. Hence, this section presents the adaptive estimation
strategy of dead-zone effect for each actuator (i.e, a geared
D.C electrical motor) based on Recursive Least Square (RLS)
method designed for separate estimation in both directional
rotations (i.e CCW/CW). This estimation process will be
conducted without the intervention of a human operator in the
manner that the system automatically searches for the desired
parameters according to the scenario where the systems is
enforced to track the given desired trajectories. Here, it should
be emphasized that the accurate estimation of pure dead-zone
effect of actuators can be achieved without human interven-
tions and environmental disturbances. Once the estimation
is completed, the estimates of dead-zone parameters will be
conveyed to the synchronous control (will be discussed in
next Sec. (i.e, Sec.IV)). Considering the asymmetric nonlin-
ear dead-zone characteristic of the geared-electrical motors
for the system,

DZi.j
(
τi.j (t)

)
=

mi.j
+(τi.j − hi.j+) if τi.j>hi.j+

0 if − hi.j−≤τi.j≤hi.j+

mi.j
−(τi.j + hi.j−) if τi.j<−hi.j−

for i = m, s and j = 1, 2 (4)

Here, mi.j
+ and mi.j

− are the unknown distorted slopes of
dead-zone for the positive input (i.e, τi.j > 0) and the negative
one (i.e, τi.j < 0) respectively. On the other hands, hi.j+

(τi.j > 0) and hi.j− (τi.j < 0) represent the unknown distorted
offsets of dead-zone. The sub-notation i in (4) indicates the
master and the slave while the j represents the 1st and 2nd

actuators in each system.
Also, based on (4), the inverse dead-zone (i.e, counter-

action for Dead-Zone) can be formulated as,

IDZi.j
(
τi.j (t)

)
=

(
1/mi.j

+τi.j + hi.j+ if τi.j > 0
1/mi.j

−τi.j − hi.j− if τi.j < 0
for i = m, s and j = 1, 2 (5)

Based on (4) and (5), the general characteristics of asym-
metric dead-zone and the corresponding inverse dead-zone
are described in Fig.2.

Next, recalling that no human intervention in the master
and external forces/torques in the slave are presented during
the first step (i.e, Th (t) = 0 and TE (t) = 0), the (1) and (2)

can be expressed by,[
Mi.11(qi) Mi.12(qi)
Mi.21(qi) Mi.22(qi)

] [
q̈i.1
q̈i.2

]
+

[
Ci.11(qi, q̇i) Ci.12(qi, q̇i)
Ci.21(qi, q̇i) Ci.22(qi, q̇i)

] [
q̇i.1
q̇i.2

]
= · · · · · · =

[
DZi.j(τi.1)
DZi.j(τi.2)

]
for i = m, s

(6)

To estimate the dead-zone parameters for the systems
in (6), the following regression models are suggested by,

yi.j(±)(k) =
[
8i.j

(±) (k− 1)
]
T2i.j

(±)(k− 1)

for i = m, s and j = 1, 2 (7)

The detail of each component in (7) is given by,

yi.j(±)(k) = Mi.j1(qi)q̈i.1 +Mi.j2(qi)q̈i.2
+Ci.j1(qi, q̇i)q̇i.1 + Ci.j2(qi, q̇i)q̇i.2 ∈ R

(8)[
8i.j

(±)(k− 1)
]T
= [τi.j (t)∓ 1] ∈ R1×2 (9)

2i.j
(±)(k− 1) = [mi.j

(±)
(
mi.jhi.j

)(±)
] ∈ R2×1 (10)

Here, the upper sub-notations (±) indicates either +
or − determined by the sign of input torques τi.j (i.e, τi.j > 0
(positive) or τi.j < 0 (negative)). Therefore, depending on the
sign of τi.j, the separate estimations can be performed based
on the proposed schemes in (7) through (10). This implies
that we can secure the estimates of asymmetric featured
dead-zone.
The unknown vector parameters 2i.j

(±)(k) is recursively
obtained by,

Li.new(k) = P i.j(±)(k− 1)8i.j
(±)(k− 1)/Hi.j(k) ∈ R2×1

(11)

P i.j(k) =
P i.j(±)(k−1)

λ

(
I2×2−Li.new(k)

[
8i.j

(±)(k)
]T)

∈ R2×2 (12)
2i.j

(±)(k) = 2i.j
(±)(k− 1)+ Li.new(k)Ei.j(k) ∈ R2×1 (13)

Hi.j(k) and Ei.j(k) in (11) through (13) are computed by,

Hi.j(k) = λ+
[
8i.j

(±) (k− 1)
]T

P i.j(±)(k− 1)8i.j
(±)(k− 1)

∈ R (14)

Ei.j(k) =
(
yi.j(±)(k)−

[
8i.j

(±) (k− 1)
]T
2i.j

(±)(k− 1)
)

∈ R (15)

where λ ∈ R is the positive forgetting factor of estimation and
the notation k represents the time-step of estimation process.

The PD-based control is used to perform the estimation of
dead-zone parameters as followed by,

τ i,j (t) = M i
(
qi
)
q̈i.d + C i

(
qi, q̇i

)
q̇i − CD.i

(
q̇i − q̇i.d

)
−Kp.i

(
qi − qi.d

)
∈ R2×1 for i = m, s

(16)
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FIGURE 3. Adaptive estimation of dead-zone parameters via RLS together
with PD-based control.

where, CD.i > 0 ∈ R2×2 and Kp.i > 0 ∈ R2×2 for i =
m, s are the diagonal positive constant gain matrices. Also,
qi.d =

[
Ai sin(ωit) A2 sin(ωit)

]T ∈ R2×1 is the desired
sinusoidal trajectory and Ai, ωi, and t are the maximum
amplitudes, the frequencies and a time respectively. In other
words, the estimation of parameters is conducted while the
system is actuated to track the given qi.d. The estimation will
be terminated if the norm of covariance matrices

∥∥P i.j(k)∥∥
is sufficiently small. To provide a clear understanding of the
entire estimation strategy, a brief pseudo code of dead zone
parameter estimation via RLS together with PD-based control
is shown in Fig.3.

IV. PASSIVITY-BASED SLIDING MODE CONTROL DESIGN
This section claims the passivity-based sliding mode con-
trol design for precise synchronous control of the master-
slaver system. The control strategy presented here utilizes the
energetically passivity-based technique in conjunction with
the estimated parameters obtained from the previous section
(i.e, Sec.III), resulting in a perfect synchronization between
systems using asymmetric dead-zone characteristic actuators.

First, dividing the control input of (1) and (2) into the two
entities such that,

τm (t) = τm.1 (t)+ τm.2 (t) (17)

τ s (t) = τ s.1 (t)+ τ s.2 (t) (18)

To eliminate the Coriolis effect and nonlinear terms, let the
second part of control law in (17) and (18) be chosen as,

τm.2 (t) = 1Mm
(
qm
)
q̈m + Cm

(
qm, q̇m

)
q̇m (19)

τ s.2 (t) = 1M s
(
qs
)
q̈s + Cs

(
qs, q̇s

)
q̇s (20)

where, 1Mm
(
qm
)
= Mm

(
qm
)
− Mm.c ∈ R2×2 and

1M s
(
qs
)
= M s

(
qs
)
−M s.c ∈ R2×2. It is possible that the

mass matrices can be decomposed into the nonlinear varying
parts and constant ones. Therefore, the matrices Mm.c ∈

R2×2 > 0 andM s.c ∈ R2×2 > 0 are selected such that those
are the diagonal constant positive definitive matrices.

And then, applying (19) and (20) into (1) and (2), the
original dynamics (1) and (2) become,

q̈m = Mm.c
−1[τm.1 (t)+ Th (t)] (21)

q̈s = M s.c
−1[τ s.1 (t)+ TE (t)] (22)

Adding (21) with (22) and multiplying 1/2 to it yield,

q̈Lock= τLock + τLock.E (23)

τLock= [Mm.c
−1τm.1 (t)+M s.c

−1τ s.1 (t)]/2 ∈ R2×1

(24)

τLock.E= [Mm.c
−1Th (t)+M s.c

−1TE (t)]/2 ∈ R2×1 (25)

where the coordinate qLock = (qm + qs)/2 ∈ R2×1 is
the locked coordinate which is so-called overall motion of
system [5]. Since Th (t) and TE (t) are bounded such as
‖Th (t)‖ ≤ ρ1 ∈ R and ‖TE (t)‖ ≤ ρ2 ∈ R, the
torque τLock.E in locked coordinate is also bounded such as
‖τLock.E‖ ≤ δL.E ∈ R.
On the other hands, subtracting (22) from (21) yields,

q̈shape = τ shape + τ shape.E (26)

τ shape = [Mm.c
−1τm.1 (t)−M s.c

−1τ s.1 (t)] ∈ R2×1 (27)

τ shape.E = [Mm.c
−1Th (t)−M s.c

−1TE (t)] ∈ R2×1 (28)

where qshape = (qm − qs) ∈ R2×1 is the shaped coordinate
representing the degree of synchronization between the sys-
tems. And, it is apparent that τ shape.E is also bounded such as∥∥τ shape.E∥∥ ≤ δS.E ∈ R.
Remarks 1. As shown in [6], the control objective is fol-

lowed. Once qshape = qm − qs → 0 is achieved, we can see
that qLock = 1/2(qm + qs) = qm = qs.
Furthermore, proposing the following passivity-based slide

mode control (SMC) laws for (23) and (26),

τLock = −αLock
(
q̇Lock

)
+ TLock.A (29)

τ shape = −αshape

[
n
(
q̇shape

)
+
(
n αshape

) (
qshape

)
+ αshape

2
∫
qshape dt

]
+T shape.A (30)

with

TLock.A =

 −γ L GLock

‖GLock‖
for ‖GLock‖ > εL

−γ LGLock/εL for ‖GLock‖ ≤ εL

(31)

Tshape.A =

−γs Gshape∥∥Gshape
∥∥ for

∥∥Gshape
∥∥ > εs

−γ sGshape/εs for
∥∥Gshape

∥∥ ≤ εs (32)

where, αLock ∈ R2×2 > 0 and αshape ∈ R2×2 > 0 are the
diagonal positive constant gain matrices.

And, n ∈ R, γL ∈ R and γs ∈ R are the positive constants
and, εL and εs are the thickness of boundary layers to prevent
the chattering phenomenon.
GLock (t) and Gshape (t) in (31) and (32) represents the

designed sliding surfaces and defined as,

GLock (t) =
(
q̇Lock

)
(33)

Gshape (t) =
(
q̇shape

)
+ (n− 1)αshape

(
qshape

)
+αshape

2
∫
qshape dt (34)
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Theorem 1: Based on the proposed control laws
in (29) and (30), the system in (23) and (26) are ultimately
bounded under the presence of human’s intervention and
environmental disturbances.

Proof: Applying (29) and (30) into (23) and (26), the
corresponding closed-loop system are given by,

ĠLock (t) = −αLock GLock (t)+ TLock.A + τLock.E (35)

Ġshape (t) = −αshape Gshape (t)+ Tshape.A+τ shape.E (36)

For the closed-loop system (35) and (36) in each decom-
posed coordinates, let the candidate Lyapunov functions
VLock (t) and VShape (t) be,

VLock (t) =
1
2
GLock (t)TGLock (t) > 0 (37)

VShape (t) =
1
2
Gshape (t)TGshape (t) > 0 (38)

The time derivatives of (37) and (38) are given by,

V̇Lock (t) = GLock (t)T ĠLock (t) (39)

V̇Shape (t) = Gshape (t)T Ġshape (t) (40)

Furthermore, combining (35) with (39) yields the follow-
ing consequence,

V̇Lock (t) =
[
GLock (t)T [−αLock GLock (t)

+TLock.A + τLock.E]
]

≤ −λmin (αLock) ‖GLock (t)‖2+GLock (t)TTLock.A
+GLock (t)T τ shape.E (41)

where λmin(∗) ∈ R indicates the lowest eigenvalue of a given
matrix.

If ‖GLock‖ > εL ,

V̇Lock (t) ≤ −γL
GLock (t)TGLock

‖GLock‖

+GLock (t)T τ shape.E
≤ −γL ‖GLock‖ + ‖GLock‖

∥∥τ shape.E∥∥ < 0 (42)

Reminding of ‖τLock.E‖ ≤ δL.E and selecting γL such as
δL.E < γL , we have V̇Lock (t) ≤ (δL.E − γL) ‖GLock‖ < 0.
Similarly, combining (36) with (40) provides,

V̇Shape (t) ≤ Gshape (t)T
[
−αshape Gshape (t)

+Tshape.A + τ shape.E
]

≤ −λmin
(
αshape

) ∥∥Gshape (t)
∥∥2

+Gshape (t)TTshape.A + Gshape (t)T τ shape.E
(43)

If
∥∥Gshape

∥∥ > εs,

V̇Shape (t) ≤ −γs
Gshape

TGshape∥∥Gshape
∥∥ + Gshape (t)T τ shape.E

≤ −γs
∥∥Gshape

∥∥+ ∥∥Gshape
∥∥ ∥∥τ shape.E∥∥

≤ (δS.E − γs)
∥∥Gshape

∥∥ < 0 (44)

Again, recalling of
∥∥τ shape.E∥∥ ≤ δS.E and choosing γS such

as δS.E < γS result in V̇Shape (t) ≤ (δS.E − γs)
∥∥Gshape

∥∥ < 0.
Therefore, the overall rate of system (i.e, q̇Lock) and the

synchronization error between master-slave systems are indi-
vidually and ultimately bounded as long as ‖GLock‖ > εL and∥∥Gshape

∥∥ > εs. The proof is completed
The above results also enable us to achieve the con-

dition that the time derivative of total energy is negative
(i.e, V̇Lock (t)+ V̇Shape (t) < 0).
From (24) and (27), the control law in the original coordi-

nates can be obtained using transformation matrix,[
τm.1 (t)
τ s.1 (t)

]
=

[
0.5Mm.c

−1 0.5Mm.s
−1

Mm.c
−1 −Mm.s

−1

]−1 [
τLock
τ shape

]
(45)

Now, combining the 2nd part of control law in
(19) and (20), the final control law is given by,[
τm (t)
τ s (t)

]
=

[
τm.2 (t)
τ s.2 (t)

]
+

[
0.5Mm.c

−1 0.5Mm.s
−1

Mm.c
−1

−Mm.s
−1

]−1 [
τLock
τ shape

]
(46)

Furthermore, applying the inverse-dead zone (i.e, IDZ) con-
trol into (46) based on the parameters estimated in Sec.III
yields,[

τm.idz (t)
τ s.idz (t)

]
=

[
αm
±τm (t)+ βm

±

αs
±τ s (t)+ βs

±

]
(47)

αm
±
=

[
1/mm.1

(±) 0
0 1/mm.2

(±)

]
&

αs
±
=

[
1/ms.1

(±) 0
0 1/ms.2

(±)

]
(48)

βm
±
=
[
hm.1(±) hm.2(±)

]
and

β±s =
[
hs.1(±) hs.1(±)

]
(49)

In Fig.4, the pseudo code of entire control scheme is
described, which consists of two parts. The first stage indi-
cates the online adaptive estimation (discussed in Sec.III)
while the second stage represents the master-slave control in
conjunction with a human operator. Specifically, in the first
stage, the estimation of dead-zone parameters is performed
and then the final converged estimates are delivered to the
second stage to destabilize the effect of dead-zone in the
actuators. This proposed two-stage process is implemented
to achieve better and safer synchronization in master-slave
systems.

V. EXPERIMENTAL SETUP AND RESULTS
This section explores the effectiveness of proposed tech-
niques based on actually fabricated 2- D.O.F master-slave
manipulators together with a controller(Q-PID-e) and a
PC/monitor. As shown in Fig.5, both master and slave devices
are individually equipped with two 24V DC-geared motors
and the corresponding high resolution encoder (5000 ppr)
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FIGURE 4. Entire synchronization control scheme.

sensors measuring the angular position of joints in the sys-
tems. As shown in Fig.5, it should be noted that the slave
device including the motors is an exact replica of the master.
Here, we intentionally selected cost-effective geared motors
with the highly dead-zone characteristics. The Q-PID-e con-
troller, which is connected to and communicated with the
PC/monitor, commands the motions of motors through the
D/C motor drivers and reads the rotational angles gener-
ated by the encoders based on 200hz frequency. In addition,
the proposed control algorithm has been implemented in
MATLAB/Simulink and themaster device accommodates the
handles where a human operator can hold and interact with.

A. ESTIMATION RESULTS OF DEAD-ZONE PARAMETERS
This sub-section presents the estimation results of dead-
zone parameters, mi.j

(±) and hi.j(±), based on the technique
discussed in Sec.III. Fig.6 shows the desired trajectory of
each joint in the master-slave manipulators for estimating
the parameters. Based on the PD-control in (16), each link
of master and slave devices is enforced to track the desired
trajectory, qi.d.

In Fig.6, the actual trajectories created by the PD-control
are also included together with the errors (i.e, qi − qi.d).
Considering the angular errors are almost ±8 ∼ 9 degs for
the given maximum amplitudes of trajectory,±57 degs, it can
be seen that the errors are not negligible and the motors
employed here are affected by the highly nonlinear dead-zone
effect.

Based on the scenario shown in Fig.6, the 4 estimates of
mi.j

(±) and hi.j(±) are obtained and shown in both Fig.7 and
Fig.8. Fig.7 indicates the estimated parameters representing
the distorted slopes mi.j

(±) while Fig.8 describes the distorted
offsets, hi.j(±). The results in Fig.7(a) are almost identical to
the ones in Fig.7 (c) due to the fact that the identical motors
are used for both the 1st joints of master and slave. It is
found that the final steady-state values of mm.1

(±) and ms.1
(±)

are approximately ranging from 0.83 to 0.85, and it shows
the 0.15 ∼ 0.17 discrepancies relative to the ideal case, 1

(i.e, no distorted slope). Similarly, the estimated results
between Fig.7(b) and Fig.7(d) are well synchronized for each
other (i.e, the motors used for the second joints of master and
slave devices are identical). The estimated values for mm.2

(±)

and ms.2
(±) arrived on the values 0.6 and 0.8, respectively.

This implies that the motors rotating the second joints-links
of systems own the stronger asymmetric dead-zone charac-
teristics compared to the motors attached to the 1st joints
of the systems. As predicted by the results in both Fig.7(a)
and Fig.7(c), we can also observe that the results in Fig.8(a)
are similar to the ones in Fig.8(c). The corresponding final
steady-state values of hm.1(±) and hs.1(±) are approximately
13.1 and 15.2, respectively, which is slightly asymmetrical.
Also, the estimated results in Fig.8(b) are well synchronized
with the ones in Fig.8(d). The estimated values of both
hm.2(±) and hs.2(±) are respectively 13.2 and 5.73, which
can be strongly characterized by the asymmetrical manner.
The average of estimated dead-zone parameters, mi.j

(±) and
hi.j(±), in both Fig.7 and Fig.8 are summarized in Table.1.
According to the results in Fig.7 and Fig.8 together with
average values in Table.1, it is apparent that the perfor-
mance of the proposed estimation strategy is acceptable and
consistent.

B. SYNCHRONOUS PERFORMANCE OF PASSIVITY-BASED
SLIDING MODE CONTROL WITH IDZ
This sub-section discussed the performance of passivity-
based sliding mode control together with IDZ presented in
Sec.IV. To investigate the effectiveness of the proposed tech-
nique, a human operator is requested to maneuver the handle
attached to the second link of the master manipulator, result-
ing in creating the sine-wave like motion as shown in Fig.9.
Here, the estimated dead-zone parameters in the previous
sub-section are applied. Fig.9 displays the angular positions
of the first joints for master-slave systems (qm.1 and qs.1), the
corresponding error between qm.1 and qs.1 (i.e, |qm.1 − qs.1|),
the angular positions of the second joints for master-slave
systems (qm.2 and qs.2) as well as the corresponding error
between qm.2 and qs.2 (i.e, |qm.2 − qs.2|). We can observe that
the error between the angular positions for the first joints
of master-slave is below 0.6 degs and, the error between
the angular positions for the second joints of master-slave is
less than 0.65 degs. This indicates that the positions between
master and slave are well synchronized within small dis-
crepancies. The convergence rates of entire system via the
proposed control technique are tremendously fast according
to the fact that the error has almost no transient part. Also,
as shown in Fig.9(a) and Fig.9(b), the maximum amplitude
of angular position for the first joints and the second ones
are approximately±60 degs and±70 degs respectively. This
fact indicates that the maximum error percentages to the
maximum amplitudes are approximately 1 % (i.e,0.6/60) and
0.9% (i.e,0.65/70). To give a clear picture of the movement in
Fig.9, the corresponding successive positions of each link for
the master and slave devices every 1.4 seconds are illustrated
in Fig.10. Particularly, Fig.10(f) represents the consecutive
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TABLE 1. Average of estimated dead-zone parameters for four estimates.

FIGURE 5. Experimental setup for the 2-D.O.F master-slave manipulators together with controller and P.C monitor.

FIGURE 6. Desired trajectory of each joint in the master-slave manipulators for estimating the dead-zone parameters ((a) the
1st joint of master device and (b) the 2nd joint of master device).

movements from 7.5s to 8.9s while Fig.10(g) does the suc-
cessive positions from 8.9s to 10.3s

Furthermore, Fig.11 includes the comparison between the
case w IDZ and the one w/o IDZ. Here, it is executed in
the sequential manner that the SMC w/o IDZ (i.e, as indi-
cated by IDZ off in Fig.12) is applied to the system before

25 secs and then the SMC w IDZ (i.e, IDZ on in Fig.12)
is activated after 25 secs. Therefore, it can be clearly seen
that the maximum errors w/o IDZ are about 6 degs for the
first joints and 9 degs for the second joints, respectively.
On the other hands, it is observed from both Fig.11(b) and
Fig.11(d) that the maximum errors between the master and
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FIGURE 7. Estimated results of the distorted slopes mi .j
(±) ((a) the distorted slope for the 1st motor of master device

(mm.1
(±)), (b) the distorted slope for the 2nd motor of master device (mm.2

(±)), (c) the distorted slope for the 1st

motor of slave device (ms.1
(±)) and (d) the distorted slope for the 2nd motor of slave device (ms.2

(±))).

FIGURE 8. Estimated results of the distorted offsets hi .j
(±) (a) the distorted offset for the 1st motor of master device

(hm.1
(±)), (b) the distorted offset for the 2nd motor of master device (hm.2

(±)), (c) the distorted offset for the 1st

motor of slave device (hs.1
(±)) and (d) the distorted offset for the 2nd motor of slave device (hs.2

(±)).

slave are 0.5 degs and 0.6 degs after the IDZ is turned on.
This implies that the errors have been reduced by almost

92% due to the action of IDZ. The results in Fig.11 clearly
illustrate the advantages of IDZ, especially for manipulators
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FIGURE 9. Performances of inverse dead-zone based sliding mode control with a communication delay 5 ms
(a) Angular positions of the 1st joints for master-slave system(qm.1 and qs.1), (b) Error between qm.1 and qs.1
(i.e,

∣∣qm.1 − qs.1
∣∣), (c) Angular positions of the 2nd joints for master-slave system(qm.2 and qs.2) and (d) Error

between qm.2 and qs.2 (i.e,
∣∣qm.2 − qs.2

∣∣).

FIGURE 10. Successive positions of each link for the master and slave devices every 1.4 seconds for Fig.9 ((a) positions at 0.5 s, (b) positions
at 1.9 s, (c) positions at 3.3 s, (d) positions at 4.7 s, (e) positions at 6.1 s, (f) successive positions from 7.5s to 8.9 s, (g) successive positions
from 8.9s to 10.3s, and (h) positions at 10.3 s).

with strong dead-zone characteristics. Also, Fig.12 displays
the overall rates of system, indicating |q̇m.1 + q̇s.1| /2 and
|q̇m.2 + q̇s.2| /2 (i.e, q̇Lock) subject to the results of Fig.9.
It can be seen that those rates are bounded after 7 secs and this
is intended by the proposed control law in (29) through (33).

Therefore, we see that the proposed technique shows the
excellence in the precise angular position control of the
master-slave manipulators, based on the results of Fig.9 and
Fig.11.

Fig.13 demonstrates the torque synchronization of the end-
effectors between master and slave systems (i.e, Th vs. TE )
when the slave is contacted with a passive and firm
object.

Here, without using any sensors, Th and TE are approxi-
mately computed by,

Th = Mm.21(qm)q̈m.1+Mm.22(qm)q̈m.2 + Cm.21(qm, q̇m)q̇m.1
+Cm.22(qm, q̇m)q̇m.2 − DZm.2 (τm.2) (50)
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FIGURE 11. Performance comparison between sliding mode control w/o IDZ and the one w IDZ with a communication
delay 5 ms (a) Positions of the 1st joints for master-slave system(qm.1 and qs.1), (b) Error between qm.1 and qs.1
(i.e,

∣∣qm.1 − qs.1
∣∣), (c) Positions of the 2nd joints for master-slave system(qm.2 and qs.2) and (d) Error between qm.2 and

qs.2 (i.e,
∣∣qm.2 − qs.2

∣∣).

FIGURE 12. Overall rate of system (i.e, q̇Lock ).

TE = Ms.21(qs)q̈s.1 +Ms.22(qs)q̈s.2 + Cs.21(qs, q̇s)q̇s.1
+Cs.22(qs, q̇s)q̇s.2 − DZs.2 (τs.2) (51)

Fig.13(a) and Fig.13(b) indicate an actual master device
with a human operator and actual slave device contacting
an object. Also, Fig.13(c) and Fig.13(e) represent the torque
synchronization between master and slave systems under

the control w/o IDZ and the one w IDZ, respectively. Fur-
thermore, Fig.13(d) and Fig.13(f) contain the corresponding
errors between master and slave for Fig.13(c) and Fig.13(e).
Regardless of the presence of IDZ, we can see that the
torques Th and TE are acceptably synchronized as shown in
the results of Fig.13(c) and Fig.13(e). However, comparing
Fig.13(d) with Fig.13(f), it can be seen that the addition
of IDZ actually assists the torque synchronization between
master and slave devices resulting in reducing the difference
by 50% approximately. This supports that the action of IDZ
can reduce not only the position errors but also the torque
ones.

Fig.14 shows the effect of communication delay for the
position synchronization between master and slave systems.
Specifically, the performance of proposed technique based on
three different communication delays, 5ms, 10ms, and 15ms,
are explored. It is apparent that the angular error between the
joints increase as the delay does. With the worst case scenario
(i.e, 15 ms), the maximum errors are respectively 1.2 degs
for the first joints and 2.1 degs for the second joints. Despite
such discrepancy, we can see that the states of systems are
yet bounded and the proposed technique guarantees a certain
level of tele-presence performance
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FIGURE 13. Torque synchronization of the end-effectors between master and slave systems with a
communication delay 10 ms (a) actual master device w human operator, (b) actual slave device contacting
an object, (c) Torque synchronization between master and slave systems (IDZ off), (d) Corresponding error
of (c), (e) Torque synchronization between master and slave systems (IDZ on), and (f) Corresponding error
of (e).

FIGURE 14. Effect of communication delay (a) Errors between qm.1 and qs.1 (i.e,
∣∣qm.1 − qs.1

∣∣) and (b) Errors
between qm.2 and qs.2 (i.e,

∣∣qm.2 − qs.2
∣∣).

VI. CONCLUSION
This study proposed the control strategy to compensate the
dead-zone effect of actuators for the precise synchronous

control between the master and the slave, which has not
been thoroughly investigated from other studies. Specifi-
cally, we set-forth a two-stage approach that conducting the
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estimation of the primary dead-zone parameters in the first
stage and the control of the system using the estimated
parameters in the first stage. It is found that the estimation
of dead-zone parameters is successfully achieved via the
proposed method. Eventually, it enables us to achieve that the
maximum angular position errors between master and slave
devices have been reduced by almost 85 percents compared
to the normal operation w/o the action of IDZ. Also, the
control systems presented here actually assist the torque syn-
chronization of the end-effectors between master and slave
devices under 15 msec. communication delay. This work
will be a valuable asset for those who wish to accurately
control the synchronization between master-slave systems
with uncertain dead-zone characteristics such as the industrial
multiple D.O.F robot manipulators actuated via the cost-
effective geared actuator.
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