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Abstract: This paper presents a control mechanism designed for an RRR-type robot manipulator, Geomagic Touch
Phantom OmniT M, to track a desired reference signal. Utilizing the properties of the haptic device, a force controller
is designed to allow the operator to feel the hard contact state. Since external torque or force measurements are not
directly accessible, a method similar to the position-position method is used. The study used an API-based library
running in the MATLAB/SimulinkT M environment instead of a data transfer unit. Stability analysis shows that the system
error dynamics are globally asymptotically stable and all signals within the closed-loop system are bounded. The
applicability and performance of the proposed method are validated by experimental results. We propose a bilateral
teleoperation system based on the Computed Torque Control (CTC), a nonlinear control approach, method that ensures
safe interaction with the surroundings without assuming any prior knowledge of the surroundings.
Keywords: Robot manipulators, Haptic teleoperation, Computed torque control.

RRR Tipi Robot Manipulatörü İçin Hesaplanmış Tork Kontrolü Yöntemiyle
Bilateral Teleoperasyon

Özet: Bu çalışma, RRR tipi bir robot manipülatörü olan Geomagic Touch Phantom OmniT M için istenen bir refer-
ans sinyalini takip etmek üzere tasarlanmış bir kontrol mekanizması sunmaktadır. Haptik cihazın özelliklerinden yarar-
lanılarak, operatörün sert temas durumunu hissetmesini sağlamak için bir kuvvet kontrolörü tasarlanmıştır. Harici tork
veya kuvvet ölçümlerine doğrudan erişilemediği için pozisyon-pozisyon yöntemine benzer bir yöntem kullanılmıştır.
Çalışma boyunca veri aktarım ünitesi yerine MATLAB/SimulinkT M ortamında çalışan API tabanlı bir kütüphane kul-
lanılmıştır. Kararlılık analizi, sistem hata dinamiklerinin küresel asimptotik kararlı olduğunu ve kapalı döngü sistemindeki
tüm sinyallerin sınırlı olduğunu göstermektedir. Önerilen yöntemin uygulanabilirliği ve performansı deneysel sonuçlarla
desteklenmiştir. Hesaplanmış Tork Kontrolü (HTK), doğrusal olmayan bir kontrol yaklaşımı, yöntemine dayanan ve çevre
hakkında herhangi bir ön bilgi varsaymaksızın çevre ile güvenli etkileşim sağlayan iki taraflı bir teleoperasyon sistemi
önerilmektedir.
Anahtar Kelimeler: Robot manipulatörleri, Haptik teleoperasyon, Hesaplanmış tork kontrolü.
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1 Introduction
Robotic manipulators, commonly used in industrial applica-
tions, pose challenges due to non-linear components and
dynamically changing behaviors ([1]). Achieving desired
trajectories in three dimensions is a primary goal for indus-
trial robots. To design fast and precise motion control mech-
anisms, both dynamic and kinematic models of robots are
essential ([1], [2]). The kinematic model of a robot manipu-
lator plays a key role, as it determines the joint movements
necessary for a given end-effector trajectory. In parallel, dy-
namic models are critical, as they are used to calculate the
control inputs for joint actuators, ensuring precise execution
of the desired robot movements ([3]).

A fully known model is either provided by the manu-
facturer or obtained by user-applied system identification
methods. When a full model is available, feedback lin-
earization methods can be applied. The computed torque
control (CTC) method is recognized as an effective con-
trol strategy for robotic manipulators, representing a spe-
cialized implementation of feedback linearization to man-
age the inherent non-linearities in such systems. This ap-
proach significantly improves the precision and adaptability
of manipulators by effectively linearizing their complex dy-
namics. This allows individual control of each joint move-
ment using known linear control strategies ([2]). Simulation
studies have demonstrated the success of the computed
torque control method in trajectory tracking problems for 2-
axis ([4]) and 4-axis ([5]) robots. Research conducted us-
ing the Phantom OmniT M haptic device has demonstrated
the effectiveness of both inverse dynamic control and com-
puted torque control methodologies ([6], [7]).

Teleoperation systems have been utilized for years in
transporting hazardous materials ([8]), (remote) surgical
procedures ([9]–[11]), underwater vehicles ([12]), space
robots ([13]), and mobile robots ([14]). These systems can
be classified differently depending on the direction of in-
formation flow. If the information is transmitted from the
master robot to the slave robot without any feedback to
the master, the system can be considered unilateral (Fig-
ure 1). If the master robot can sense the environmental
conditions around the slave robot, communication is bilat-
eral (Figure 2). The communication between the master
robot and the slave robot can impact system behavior and
must be considered ([15]). In IP communication, if the in-
tegrity of transmitted information needs to be maintained,
TCP should be used. However, if transmission delays neg-
atively impact system performance and need to be as low
as possible, UDP should be used ([16]). In cases where
force/torque sensors are not present, a position-position
(PP) control scheme is commonly used. In the presence of
force/torque sensors, a force-position (FP) control scheme
becomes applicable. Lawrence proposed a 4-channel (4C)
architecture using force and velocity changes between the
master and slave robots for bilateral teleoperation ([17]). FP

and 4C use both force and position sensors. In teleopera-
tion with easily movable master robots and industrially sized
rigid slave robots, PP control demonstrates stability. How-
ever, unlike FP and 4C control schemes, PP does not have
the capability to provide easy maneuverability and effective
force feedback ([18]).

Real-time systems inherently encounter communication
delays, impacting controller performance ([19]). To miti-
gate this, controllers must be designed to function effec-
tively under such conditions. The wave-based teleopera-
tion method is proposed for systems with time delays ([20]),
while Passive Model Predictive Controllers have been sug-
gested for constant time delays ([21]). Although scattering-
based schemes offer delay-independent stability, this of-
ten comes at the cost of reduced tracking performance.
Passive output synchronization demonstrates robustness
to variable time delays, but position tracking is not guar-
anteed. Adaptive controllers have been shown to be ef-
fective in scenarios with constant time delays, maintaining
robust tracking accuracy. However, their performance in
terms of tracking precision tends to be compromised in en-
vironments characterized by variable time delays ([22]).

This study explores the implementation of bilateral tele-
operation utilizing the Computed Torque Control method,
adapted for a robotic manipulator devoid of torque sen-
sors. Consequently, a position-position control scheme is
deployed. The primary objective is to create a teleopera-
tion experience where the operator perceives no force un-
der normal conditions but can discern the torque from any
encountered obstacle. To mitigate communication delays,
the system is designed to transmit error values of position,
velocity, and acceleration to the master side, instead of their
absolute measures. This approach demonstrates the po-
tential to reduce the impacts of communication latencies,
thereby enhancing system performance without necessitat-
ing complex controller architectures.

Fig. 1 Communication of unilateral teleoperation

Fig. 2 Communication of bilateral teleoperation

2 Dynamic model of the Robot Manipulator
The joint frames and model parameters for the haptic de-
vice are illustrated in Figure 3. The dynamic model of the
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Fig. 3 The kinematics of the Phantom OmniT M haptic device
([23])

Phantom OmniT M haptic device was formulated utilizing the
Euler-Lagrange method ([24]).

M (θ) θ̈ +C(θ , θ̇)θ̇ +N (θ) = τ (1)

Here, M = MT ∈ R3x3 represents the inertia matrix, C ∈ R3x3

the Coriolis and centripetal forces matrix, N ∈ R3x1 the
gravity matrix, θ = [θ1,θ2,θ3]

T ∈ R3x1 the joint positions, and
τ = [τ1,τ2,τ3]

T ∈ R3x1 the torques acting on the joints.

The dynamic model given in equation (1) satisfies the fol-
lowing properties.
Property 1 ([25]) The symmetric, positive definite inertia
matrix M(θ) satisfies the inequality given in the form

µ1∥α∥2 ≤ α
T M(θ)α ≤ µ2∥α∥2, ∀α ∈ R3 (2)

Here, µ1 and µ2 are positive scalars and ∥.∥ is the standard
Euclidian norm.
Property 2 ([25]) There exists a skew-symmetric relation-
ship between the derivative of the inertia and centripetal-
Coriolis matrices as follows

α
T
(

1
2

Ṁ (θ)−C
(
θ , θ̇

))
α = 0, ∀α ∈ R3 (3)

Property 3 ([25]) Gravity Forces matrix N,

∥N(θ)∥ ≤ µ3 (4)

can be constrained by the inequality above, where µ3 is a
scalar.

The inertia matrix M for the dynamic model given in
Equation (1) can be expressed as

M =

m1,1 m1,2 m1,3
m2,1 m2,2 m2,3
m3,1 m3,2 m3,3

 (5)

where the elements are:

m1,1 = k1 + k2cos(2θ2)+ k3cos(2θ3)+ k4cos(θ2)sin(θ3)

m1,2 = k5sin(θ2)

m1,3 = 0

m2,1 = k5sin(θ2)

m2,2 = k6

m2,3 =−0.5k4sin(θ2 −θ3)

m3,1 = 0

m3,2 =−0.5k4sin(θ2 −θ3)

m3,3 = k7

The Coriolis/Centrifugal Forces Matrix C can be expressed
as

C =

c1,1 c1,2 c1,3
c2,1 c2,2 c2,3
c3,1 c3,2 c3,3

 (6)

where the elements are:

c1,1 =−k2θ̇2 sin(2θ2)− k3θ̇3 sin(2θ3)

−0.5k4θ̇2 sin(θ2)sin(θ3)+0.5k4θ̇3 cos(θ2)cos(θ3)

c1,2 =−k2θ̇1 sin(2θ2)−0.5k4θ̇1 sin(θ2)sin(θ3)

+ k5θ̇2 cos(θ2)

c1,3 =−k3θ̇1 sin(2θ3)−0.5k4θ̇1 cos(θ2)cos(θ3)

c2,1 = k2θ̇1 sin(2θ2)+0.5k4θ̇1 sin(θ2)sin(θ3)

c2,2 = 0

c2,3 = 0.5k4θ̇3 cos(θ2 −θ3)

c3,1 = k3θ̇1 sin(2θ3)+0.5k4θ̇1 cos(θ2)cos(θ3)

c3,2 =−0.5k4θ̇2 cos(θ2 −θ3)

c3,3 = 0

The gravitational Force matrix can be expressed as

N =

n1
n2
n3

 (7)
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where the elements are:

n1 = 0

n2 = k8 cos(θ2)+ k10 (θ2 −0.5π)

n3 = k9 sin(θ3)

The values of the variables used in the equations are as
follows ([24]):

k1 = 1.798x10−3 k2 = 0.864x10−3

k3 = 0.486x10−3 k4 = 2.766x10−3

k5 = 0.308x10−3 k6 = 2.526x10−3

k7 = 0.652x10−3 k8 = 164.158x10−3

k9 = 94.050x10−3 k10 = 117.294x10−3

3 Position Controller Design
The dynamic equation of the system can be rewritten as
given in Equation (8).

τ = M̂ (θ) θ̈ +Ĉ
(
θ , θ̇

)
θ̇ + N̂ (θ) (8)

Here, M̂, Ĉ ve N̂ are estimation matrices, θ , θ̇ , θ̈ are posi-
tion, velocity and acceleration respectively. The error and
error dynamics for use in the control system are defined as
follows.

e = θd −θ (9)

ė = θ̇d − θ̇ (10)

ë = θ̈d − θ̈ (11)

When Equation (1) is rearranged in terms of θ̈ , the following
equation is obtained:

θ̈ = M−1 (θ)
(
τ −C

(
θ , θ̇

)
θ̇ −N (θ)

)
(12)

Accordingly, the control input signal, τ, is designed as in
Equation (13):

τ = M̂ (θ)u+Ĉ
(
θ , θ̇

)
θ̇ + N̂ (θ) (13)

With substituting equation (13) into equation (12), equation
(14) is obtained.

θ̈ =M−1 (θ)
(
M̂ (θ)u+Ĉ

(
θ , θ̇

)
θ̇ + N̂ (θ)

)
−M−1 (θ)

(
C
(
θ , θ̇

)
θ̇ +N (θ)

) (14)

When the assumption is made that the estimation matrices
are equal to the actual matrices, equation (14) transforms
into equation (15).

θ̈ = u (15)

When the control signal u is selected as in Equation (16),

u = θ̈d +Kd ė+Kpe (16)

and using equations (11), (15), and (16), the error dynamics
is obtained as follows:

θ̈d − θ̈ +Kd ė+Kpe = ë+Kd ė+Kpe = 0 (17)

As known from linear system theory, when the condition
(Kp > 0, Kd > 0) is satisfied, the error dynamics are asymp-
totically stable, ensuring that the error signal will converge
to zero. The boundedness of e and ė restricts ë according to
equation (17). Since the reference trajectory signal and its
derivatives are bounded, the real trajectory and its deriva-
tives are also bounded according to equations (9), (10), and
(11). All signals on the right-hand side of equation (13) are
bounded, which in turn limits the control signal. The control
scheme is illustrated in Figure 4.

Fig. 4 The Position Controller Scheme

4 Force Controller Design
The error and its first two derivatives for both the master and
slave robots have been redefined for use during bilateral
teleoperation.

em = θs −θm (18)

ėm = θ̇s − θ̇m (19)

ëm = θ̈s − θ̈m (20)

es = θm −θs (21)

ės = θ̇m − θ̇s (22)

ës = θ̈m − θ̈s (23)

In these equations, the subscript "m" represents the mas-
ter robot, and the subscript "s" represents the slave robot.
To minimize the impact of potential time delays during com-
munication, the master robot sends position, velocity, and
acceleration information to the slave robot, while the slave
robot sends position, velocity, and acceleration errors to the
master robot. The control signal for the slave robot, de-
noted by the subscripts, can be rearranged as follows:

τs = M̂ (θs)(θ̈m +Kd ės +Kpes)+Ĉ
(
θs, θ̇s

)
θ̇s + N̂ (θs) (24)

Ammar URGAN, Janset DAŞDEMİR 29
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When designing the control signal for the master robot, a
threshold value ε for the error signal has been introduced
and the determination of this value is explained in the sub-
sequent section. According to this value, the applied torque
signal is defined as follows:

τh =


0, |em|< ε

M̂ (θm)(θ̈s +Kd ėm +Kpem)+

Ĉ
(
θm, θ̇m

)
θ̇m + N̂ (θm) , |em| ≥ ε

(25)

These torque signals carry information about the dynam-
ics of the robot and the obstacle. A set of equations must
be written to describe how the information about the obsta-
cle is transferred from the slave robot to the master robot.
First, the torque equation from the system dynamics must
be written for both the slave (τsd) and the master (τmd) robot.

τs =M̂ (θs)(θ̈m +Kd ės +Kpes)+Ĉ
(
θs, θ̇s

)
θ̇s + N̂ (θs) (26)

τsd =M̂ (θs)(θ̈s)+Ĉ
(
θs, θ̇s

)
θ̇s + N̂ (θs) (27)

τso =M̂ (θs)(ës +Kd ės +Kpes) (28)

τs =τsd + τso (29)

where τso is the torque caused by the obstacle at the end of
the effector or any joint.

Fig. 5 Information flow of the teleoperation system

τh =M̂ (θm)(θ̈s +Kd ėm +Kpem)+Ĉ
(
θm, θ̇m

)
θ̇m + N̂ (θm)

(30)

τmd =M̂ (θm)(θ̈m)+Ĉ
(
θm, θ̇m

)
θ̇m + N̂ (θm) (31)

τh =τmd + M̂ (θm)(ëm +Kd ėm +Kpem) (32)

τh =τmd − M̂ (θm)(ës +Kd ės +Kpes) (33)

τh =τmd −
M̂ (θm)

M̂ (θs)
τso (34)

τh =τmd + τm (35)

where τm is the torque to inform the operator about the ob-
stacle. The relation between τso and τm can be derived from
equation (34) and equation (35).

5 Results
In the experimental setup, a master-slave system compris-
ing two robots and two computers was established. The

communication between these computers was facilitated
using the UDP (User Datagram Protocol) communication
protocol, adhering to a bilateral structure specifically de-
signed for this study. The master robot’s role encom-
passed generating the reference trajectory and delivering
force feedback to the operator during the experiment. Cor-
respondingly, the master computer was tasked with trans-
mitting this reference trajectory to the slave computer and
managing the control input to the master robot, based on
feedback received from the slave computer. The slave com-
puter, on the other hand, received the trajectory, performed
the necessary calculations, and then controlled the slave
robot. It also relayed important information about the slave
robot back to the master computer.

The communication speed between computer and
robot pairs was chosen as 1600 Hz. Communica-
tion was facilitated using the PhanTorque library in the
MATLAB/SimulinkT M platform ([26]). This platform allows
us to send torque commands to the manipulator and re-
ceive joint angular position, Cartesian position, and Carte-
sian velocity. Joint angular velocity, Cartesian velocity, and
the Jacobian matrix are calculated by using Simulink. This
platform, based on S-functions, is perceived not as hard-
ware but as a simulation model. In systems operating as
simulations, there is no fixed time between two steps, but
the time required for the necessary calculations. Similarly,
the completion of the simulation is related not to the simula-
tion time but to the completion of the calculations. However,
in Hardware-in-the-Loop (HIL) systems, time must flow at
the same speed and in equal steps for both simulation and
hardware in the loop. To address this issue, the Real-Time
Desktop application in SimulinkT M was employed.

The experimental study demonstrated the success of the
proposed control method. Graphs in Figure 6, Figure 7,
and Figure 8 show the robot positions for each joint (top),
the error signals (middle), and the torque signals applied to
the joints (bottom), respectively. The error values for each
joint are analyzed separately to determine if they surpass
a predetermined threshold. As a result, when an obstacle
is encountered, the torque signals generated in response
are specific to the affected joints, rather than influencing all
joints. This selective response ensures that only the rele-
vant joints react to the obstacle. To demonstrate how the
system reacts to an obstacle, the slave robot was made to
touch a nearby sponge surface in a perpendicular and par-
allel manner. This physical constraint allowed the response
of the system to be observed and analyzed in the presence
of an obstacle.

In the development of the force controller, selecting an
optimal threshold value is critical for balance. A higher
threshold value facilitates smoother maneuvering but may
delay obstacle detection. In contrast, a lower threshold
value enhances the speed of obstacle detection yet can
hinder maneuverability in the absence of obstacles. Thus,
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a judicious choice was made in alignment with the efficacy
of the position controller. Given that the position controller
effectively limited errors to approximately [2, 6, 6] degrees,
the threshold was consequently set to around [3, 7, 7] de-
grees. As illustrated in Figure 6, the slave robot’s first

Fig. 6 Results of bilateral teleoperation for the first joint

Fig. 7 Results of bilateral teleoperation for the second joint

joint can track the master robot’s movements successfully
during obstacle-free intervals (approximately between 0-9,
12-18, and 30-45 seconds). However, during periods when
an obstacle is encountered (around 9-12 and 18-30 sec-
onds), the slave robot experiences difficulty in following the
master robot. This difficulty leads to an increase in the con-
trol input to the slave robot. Simultaneously, control input is

Fig. 8 Results of bilateral teleoperation for the third joint under

also applied to the master robot, facilitating force feedback
to the operator, thereby signaling the presence of a poten-
tial obstacle. For the second joint, as depicted in Figure 7,
encounters with obstacles occurred approximately between
14-15, 17-18, and 27-30 seconds. Regarding the third joint,
obstacle encounters are observed between 25-30 seconds,
as shown in Figure 8. In both the second and third joints,
the controller exhibits similar responses to those observed
in the first joint.

5.1 Effect of communication delay
The results obtained in the previous section show that the
communication delays that are already present in the sys-
tem do not degrade the controller’s performance. Then, we
tested our method with a round-trip communication delay
of 500 ms on both sides while sending the signal between
the computers, i.e. adding 1 s delay to the system in total,
are analyzed. The results are shown in Figure 9, 10 and
11. Since the system is recorded from a single location
during operation, the positions of the robots appear to be
without delay. However, when looking at the torque graph,
it is obvious that there is a delay in the system. When the
slave robot did not encounter any obstacle, it provided ac-
ceptable results that demonstrated the effectiveness of the
method. No torque was applied to the master robot dur-
ing the time no obstacle was encountered. When the slave
robot encounters an obstacle, the torque applied to the rel-
evant joint of the slave robot increases. However, the torque
exerted on the relevant joint of the master robot is applied
with a subsequent delay due to the additional latency, and
this time lag between the torque signals is evident in the
graph (Figures 9, 10, and 11). The time duration, te, it
takes for the error to decrease below the threshold value
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after passing the threshold value can be considered as a
performance criterion. Although the time of encountering
and being exposed to the obstacle is random, the operator
has tried to move away from the obstacle. It can be seen
from the graphs that the added extra delay has no obvious
effect on the te time.

Fig. 9 Results of bilateral teleoperation under extra communica-
tion delay for the first joint

Fig. 10 Results of bilateral teleoperation under extra communi-
cation delay for the second joint

6 Conclusion
In this study, a haptic teleoperation system was designed
for an RRR-type robot manipulator using the computed

Fig. 11 Results of bilateral teleoperation under extra communi-
cation delay for the third joint

torque control method. According to the stability analysis, it
was shown that the error dynamics are asymptotically sta-
ble, and the error signal converges to zero. When examin-
ing the experimental results, it can be observed that force
feedback is not applied to the operator when the tracking
task is successfully performed, and force feedback is ap-
plied to the operator when an obstacle is encountered. Ex-
tra communication delay between computers did not affect
the controller’s performance.

Since a data acquisition card was not used during the
study, delays due to processor-related issues on the com-
puter can occur in this model, which operates directly on
the computer’s processor. Additionally, because the com-
munication proceeds through API-based requests and re-
sponses, this can also lead to delays. To make real-time
communication more reliable, serial communication should
be used instead of API-based libraries by finding and using
parameter register addresses. Furthermore, the use of a
data acquisition card or the assignment of specific proces-
sor cores for this process could enhance real-time commu-
nication to a more reliable level.

In future studies, the use of industrial robots and adap-
tive controller design against parametric uncertainties will
be considered.
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