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Abstract—Disturbance rejection is an important technique in
bilateral teleoperation that can ensure the stability of the system
from unwanted inputs. One of the major disturbance for the
system is the external vibration from both sides. This paper aims
to apply the concept of one degree-of-freedom inertia-spring-
damper system for vibration suppression in the bilateral control
system. For vibration control, the system compliance for
different input frequency is controlled by the value of virtual
elements which is designed based on the cut-off frequencies and
stiffness of the virtual spring. The performance of the proposed
bilateral control system with different virtual parameters is
verified through simulation.
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1. INTRODUCTION

Since the teleoperation has been studied by several
researchers throughout many decades, this system allows the
human to manipulate the machine from a distance that benefits
for humankind in various fields. Exploration robots in space
and underwater, unmanned ground/air vehicles for landmine
destruction and surveillance are some of the applications
where the teleoperation is used. Furthermore, with the
advancement in medical and robotics technology, the surgical
operation called minimally invasive surgery can be performed
by a robot system controlled by the surgeon from a distance,
which is commonly known as telesurgery [1]. Especially, the
ability to reflect the sense of touch from the environment to
the operator is the most important feature for teleoperation.
This feature can be attained by using the two-way control
system or more specifically using bilateral control.

Generally, the bilateral control system consists of five
parts: human, master system, communication channel, slave
system, and environment. The data from both master and slave
sides is exchanged via the communication channel to control
the other side as shown in Fig. 1. According to a survey [2],
several bilateral control concepts were proposed, however,
two indices, namely stability and transparency, are mainly
used to evaluate the controller performance. For the early
bilateral control was designed in two-port network model [3],
[4]. The stability of the control system is the important part of
that research. Next, the control system was extended the
communication ports to be the four-channel architecture in
[5], which is used to improve the transparency of the system.
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Figure 1. Bilateral control system overview.

However, the stability of the bilateral control can be ruined
from unwanted disturbances, namely internal disturbances
and external disturbances. For internal disturbances, the
uncertainty of system parameters and unknown parameters
that do not be included when designing the control system can
affect the stability of the system. Similarly, the system can
become unstable when external disturbances such as
unexpected inputs or contaminated input with vibration noise
act on the system from both master and slave sides. Hence,
several studies on disturbance rejection for bilateral
teleoperation were proposed. For instance, the Disturbance
Observer (DOB) [6] uses the difference between current
command and actual position output to calculate for the
disturbance torque and compensate. This DOB technique was
improved to handle noises in [7]. Next, the concept of a low-
pass filter can be applied for vibration suppression in [8].
Moreover, several adaptive controllers for internal and
external disturbance rejections are detailed in [9].

In mechanical systems, a shock absorber which normally
consists of spring and damper is used for vehicle suspension.
The concept of spring-damper system was applied to design
the bilateral control system for soft manipulation [10].
Nevertheless, the details of vibration suppression analysis
were not discussed. Therefore, in this paper, the one degree-
of-freedom spring-damper system with additional inertia for
both master and slave side is adopted to design the bilateral
control system. For the design method, the disturbance
suppression performance of the proposed bilateral control
depends on the value of virtual parameters which are
determined from the desired cut-off frequencies and virtual
spring stiffness. Frequency response of the modified bilateral
control system is analyzed in this paper. Further, the effects of
the virtual parameters are also analyzed.



(virtual spring)

Master Slave
(operator side) B v (environment side)

(virtual damper)

Figure 2. Inertia-Spring-Damper system model with virtual parameters.

The remaining of this paper is organized as follows; in
section II, the inertia-spring-damper system is introduced to
design the bilateral control system and the analysis of this
proposed control is described in section III. Section IV
explains the vibration suppression design of the proposed
bilateral control. In section V, the performance of this control
is verified through the simulations. Finally, this paper is
concluded in section VI.

II.  SYSTEM MODELING

A. Inertia-Spring-Damper System Model

For the inertia-spring-damper system as shown in Fig. 2,
the master and slave systems have the system inertia, .J,, and
J;, respectively. The additional inertia, J,,, and Jj,, is attached
to both sides of the system. Moreover, these two systems are
interconnected with the damper, B, and spring, K,. Therefore,
the dynamics equation of master side is (1).

(Jm+']mv)s2(9m: Tm+(BvS+Kv)(‘93_(9m) (1)
For slave side, the dynamics equation is expressed as (2).
(Js+‘]sv)S29s:7ziv+(BvS+Kv)(9m79s) (2)

where 7 and 8 denote the torque and position, s is Laplace
operator, and subscript m, s and v represents the parameters
of master, slave and virtual, respectively.

B. Bilateral Control Scheme

From (1) and (2), additional inertia, damper, and spring are
considered as virtual elements in the controller. the system
equation can be rearranged for the proposed bilateral control
system as expressed in (3) and (4).

Jmszem = Tm + [ ( BvS + Kv )( es - em )7vaS26m ] (3)

Jssz‘gs = T + [ (Bvs + Kv )( em - 93 ) —JSVSZGS ] (4)

where the external torques are action and reaction torque of
human and environment impedance, Z;, and Z.,, respectively.
Moreover, the external torque can be contaminated by a
disturbance torque and it could disturb the stability of the
system. The latter part of system equation is the torque from
the virtual elements.

Therefore, from (3) and (4), the block diagram of the
proposed bilateral control system can be constructed as
depicted in Fig. 3. Delay time in communication channel is
not considered in this paper.

Figure 3. Block diagram of proposed bilateral control system.

The proposed bilateral controller utilizes the concept of
position error based torque reflection to the operator at the
master side which is similar to [11]. However, the resultant
reflection and effort torque to human and environment side are
different from the additional torque of virtual inertia.

III.  PROPOSED BILATERAL CONTROLLER ANALYSIS

Typically, the bilateral control system can be represented
by 2x2 matrix [3], [4]. From (3) and (4), the hybrid matrix
with hybrid parameters, H, of the proposed bilateral control
system is expressed as (5).

T H; Hp; ] [ O
= 5
[Hs] [sz Hy [ -7 ®)
where
1
H]I = 7[Zmzs - (BVS+ Kv )2] (6)
1
H12:_7[BVS+KV] (7)
1
Hy = —[Bs+K,] ®
Z
Hy - ©)
2= 7
and
Zy= (Jy +Jp)s’ + Bs + K, (10)
ZS = ("]S +"]SV )S2 + BVS + KV (11)

Recall the condition of transparency is defined from the
transmitted impedance, Z, which is transferred to the operator
should be equal to the environment impedance, Ze,, [5].

z‘S

Zt = Zenv = 7 (12)
s

The relationship of the transmitted impedance and the
environment impedance can be found by rewriting the
equation from the hybrid matrix (5) as expressed in (13).

_ ( —H; Hy,
Z, = |—————
1 +H22 Zenv

Hence, the value of hybrid parameters should be derived as
shown in (14) to achieve the perfect transparency condition.

)Zaw + Hi (13)
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In other words, the system should attain two conditions
simultaneously. First, the position of both sides must be the
same. Second, the law of action-reaction. For conventional
bilateral teleoperation, the operator at the master side should
feel the reflecting force from the environment vividly [12].
For the proposed bilateral control, the system can almost
achieve perfect transparency condition when the spring
stiffness is high while the damping coefficient is low.

The performance of the teleoperation system is usually
evaluated in two motions: fiee motion and contact motion. For
free motion or non-contact motion, the external torque on
slave side is normally considered as zero (z; = 0). Thus, the
hybrid parameter which is associated with z,, H;> and Ho»,
should not be effective and transparency should depend on the
dynamics of H;; and H;. However, the system may have
friction components that affect the transparency of the system.
For contact motion, all hybrid parameters have influence on
the system performance.

IV. VIBRATION SUPPRESSION DESIGN

A. Parameters Selection and Design

In this paper, the system is assumed to be disturbed by
external vibration noise from the environment. Accordingly,
the disturbance suppression performance of the proposed
bilateral control system can be analyzed from the hybrid
parameter, H>,, which represents the relationship of position
response, 6 and external torque input, 7., as shown in (15).

9}”6&‘ B 1
T@X[ (J + JV )S2 + BVS + KV

For vibration suppression design, the value of the virtual
parameters: J,, B,, and K,, can be determined from the second-
order characteristic equation. In this paper, the characteristic
equation is established from two poles: g; and g, that
represent the desired cut-off frequencies of the system for
disturbance suppression purpose. Hence, the desired second-
order characteristic equation of the system is (16).

s (gt g, )s+(g,*g,)=0 (16)

When compare the characteristic equation of (15) with (16),
three virtual parameters must be defined. Thus, one parameter
must be assigned beforehand. From the previous section, the
value of spring stiffness has an influence on transparency of
the system. Therefore, in this paper, the virtual spring
stiffness, K, is set by the user and the other virtual parameters:
damping coefficient, B,, and inertia, J,, can be calculated from
(17) and (18), respectively.

(15)

+
B, - (—g’ = )Kv (a7
8,78,
1
Jv=< - >1<V _J (18)
g,*g,

For the concept of spring stiffness selection, the system
behaviour with different interconnected functions between
master and slave system [13], can explain the concept. This
function has a direct effect on haptic sense. For the proposed
bilateral controller, the variation of spring stiffness influences
the type of function; rigid coupling or spring coupling. With
high-stiffness spring, the function is expected to act as rigid
coupling which can achieve high transparency as mentioned
in the previous section. In contrast, the function should work
as spring coupling when the spring stiffness is low.

B. Vibration Suppression Performance Analysis

Assume that the one DOF master and slave manipulator in
this paper are identical. Internal friction is small and neglected
in this analysis. The desired cut-off frequencies for vibration
suppression and the virtual element parameters are selected
and calculated. The system parameters are shown in Table I.

TABLE L. SYSTEM PARAMETERS

Parameters | Symbol I Value | Unit
Master-Slave manipulator
Master inertia I 0.0001 kg'm?
Slave inertia J, 0.0001 kgm?
Desired cut-off frequencies
1** cut-off frequency g 50 rad/s
2™ cut-off frequency & 500 rad/s
Virtual parameters
Spring stiffness K, 2.5-20 Nm/rad
Damping coefficient B, 0.055-0.44 | Nm/(rad/s)
Virtual inertia J, 0.0 —0.0007 kg'm?

Fig. 4 depicts the frequency response of (15) with the
several virtual parameters sets defined from the variation of
virtual spring stiffness, K, =2.5, 5.0, 10.0, and 20.0 N'm/rad.
The unit of this equation represents the inverse value of the
spring stiffness, in other words, the compliance of the system.
Especially, this compliance has the dynamics value depends
on the frequency of the external torque input.
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Figure 4. Bode diagram of disturbance suppression.
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In details, the system compliance is controlled by the value
of the virtual elements. For Control SetI (K, =2.5, B, =0.055,
Jy = 0.0), the magnitude plot has the constant compliance
value at — 7.96 dB for low-frequency torque input which
corresponds to the spring stiffness, K, = 2.5 N'-m/rad. For high-
frequency input, the stiffness is stiff after the first cut-off
frequency, 50 rad/s or 7.96 Hz, and similar to the system
inertia when the input frequency is higher than the second
desired cut-off frequency, 500 rad/s or 79.58 Hz, without the
virtual inertia. As a result, the position response to the high-
frequency external torque is reduced due to the lower
compliance. For the other control sets, when the spring
stiffness is increased, the system compliance in low-frequency
range is moved downwards but the desired cut-off frequencies
can be maintained because the damping coefficient and inertia
are increased as calculated from (17) and (18), respectively.
The phase plot in Fig. 4 can confirm the same phase response
of all control sets as designed.

The position responses to the various frequencies torque
vibration are shown in Fig. 5 (a)-(d). With torque amplitude at
0.1 N'm, the frequency is varied from 10 Hz to 100 Hz. The
results demonstrate the performance of the system that can
reduce the influence of vibration noise effectively. The higher
frequency noise has the lower position response in the system.

V. SIMULATION

A. Simulation Setup
1) Bilateral Control System

From the control diagram in Fig. 3, the human and
environment is modelled as a spring-damper (K = 200.0 N/m
and B = 4.0 N's/m). However, the slave manipulator is not in
contact with the environment in free motion. Therefore, the
environment parameters are not applied but modelled with
small a value of damping coefficient, By = 0.01 N's/m, which
resembles the viscous friction.

The master-slave system parameters are identical as
defined in Table I and have a length of the link 0.1 m. For
more practical results, the external torque is measured by
utilizing the Reaction Torque Observer (RTOB) [14]. In
RTOB, the cut-off frequency is set at 5,000 rad/s.
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Figure 6. Bode diagrams of the hybrid parameters.

For proposed bilateral controller, in this section, the
Control Set IV (K, = 20.0, B, = 0.44, J, = 0.0007) is applied
for the simulation as the spring coupling control.

2) Rigid Coupling Control

In section IV, the system transparency can be attained
when using high-stiffness value or physical acting as rigid
coupling. This paper defines the rigid coupling control with
the following parameters: K, = 100.0, B, = 0.15, J, = 0.0.

The comparison of rigid coupling control with the
proposed control is demonstrated by Bode diagram of all
hybrid parameters in Fig. 6. The bandwidth of rigid coupling
control is larger than the proposed control which represents
the higher compliance of the system for high-frequency input.

B. Simulation Scenario and Results

The master system is moved by the operator to follow the
desired path, which resembles 0.11 Hz sinusoidal wave. The
slave system starts touching the object at # = 4.545 sec. During
the simulation, the slave manipulator is disturbed by mixed-
frequencies, 10-100 Hz, torque vibration noise.

1) Position response

The responses in free motion of both controls for low-
frequency moving path are the same as shown in Fig. 7 (a) and
8 (a). However, the magnified images in Fig. 7 (c) and 8 (¢)
demonstrate the difference. The response of proposed control
is less sensitive to vibration noise than the rigid coupling
control because the effect of virtual damping and inertia that
strengthen the robustness of the proposed control for high-
frequency disturbance. In contact motion, the response clearly
presents the different behavior of two systems. The position
gap occurs due to the stiffness of the system. With higher
stiffness value, the gap is closer as depicted in Fig. 9.

2) Torque response — Reflection Torque

Fig. 7 (b) and 8 (b) illustrate the slave torque (estimated
torque from environment by using RTOB) and reflection
torque of two controls. Fig. 7 (d) shows the better result of
proposed control that can suppress the effect of high-
frequency noise from environment to the master side while
rigid coupling reflects the reaction torque from environment
to the human vividly as shown in Fig. 8 (d).
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VI. CONCLUSION

In this paper, the concept design of vibration suppression
in bilateral teleoperation by using the virtual spring-damper
system with additional inertia is proposed. For vibration
suppression design, the cut-off frequencies and spring
stiffness of the system are defined by the user beforehand from
the system requirements. The other virtual parameters can be
calculated from the equations in order to maintain the desired
cut-off frequencies when the stiffness is changed. The
vibration control performance is analyzed from Bode diagram
of the hybrid parameter, H>,, and position responses to the
various high-frequencies torque noise. In simulation, the

result of position and reflection torque responses between the
proposed bilateral control and rigid coupling control were
compared. The master-slave system with both controllers
have almost the same movement in free motion. However, the
proposed controller demonstrated better performance in noise
suppression that reduces vibration from the environment. The
low-vibration sensation was reflected to the human. In contact
motion, the difference of spring stiffness causes the position
gap between master and slave. The proposed bilateral control
can be applied for the tasks that require the spring behavior
with vibration control such as soft material handling.
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