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In this study, a new approach in Hardware-In-the-Loop Simulation (HILS) is introduced as an
education tool in robotics, mechatronics and control. The paper discusses the development and
utilization of HILS specifically in the instruction of control and design aspects of on-site and
remote robotics courses. A HIL simulator differs from computer simulation as it involves actual
hardware and is not limited with the software representation of the system. The HIL architecture
proposed in this study is a novel contribution to robotics education and is different from previous
HIL structures for robotics, in that the developed test-bed involves the actual joint actuator and can
be programmed to reflect actual dynamics affecting that particular joint in the given robotic
structure. Two motors driven by high performance DSP boards are used for this purpose; one
representing the joint actuator and the other used for the generation of all the torque components
affecting that joint for the robot system in consideration. Thus, it is possible to evaluate the overall
performance of the robot and its end-effector by combining the data from each simulated joint-
associated dynamics pair. The wide range of kinematic configurations thus offered by the simple
structure of HILS makes them an attractive, cost-effective solution for the problem of limited
repertoire in robotics labs, giving the students the opportunity to experiment with ‘open architecture
robots’ that are essential for a thorough education in robot control, but on the other hand are quite
rare and may not be available in an average lab environment. Additionally, similar to its use in the
robotics lab applications presented in this study, HILS can provide a comprehensive test
environment prior to the implementation of new control strategies on the actual system, thereby
ensuring the safe use and longevity of high-cost robots in on-sitelremote labs. The proposed HIL
architecture is combined with a client/server software configuration to allow students access to the
test-bed. The results obtained from the remote control of a two-degres-of-freedom planar arm
presented as a case study have motivated the utilization of the system as an efficient education and
research tool for on-site and remote robotics laboratories.

INTRODUCTION

LIKE MOST FIELDS in engineering, hands-on
education in control, mechatronics and robotics
requires the development of laboratories that
provide a variety of experiments, flexibility and
ease-of-use. However, high investment and main-
tenance costs as well as safety issues related to
those labs pose important limitations and call for
serious consideration to be given to the choice of
equipment and design of experiments. Resorting to
off-site facilities is another way to address the
above limitations, which is an approach gaining
increasing attraction as an enhancement or alter-
native to conventional education tools.

Remote labs are a recent and rapidly growing
outcome of Information Technology, providing
environments to which users are given access
from anywhere in the world using the Internet in
order to perform experiments, watch the perfor-
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mance and/or collect back data for analysis. In this
paper, a novel hardware-in-the-loop (HIL) simu-
lator setup is proposed as an efficient laboratory
tool in the education of robotics, mechatronics,
and control. The utilization of this novel approach
as an on-site and remote experimentation tool is
also discussed in detail for robotics education.

Remote robotics laboratories have gained an
increasing popularity in the last decade with a
variety of applications ranging from circuits and
microelectronics to dynamical systems and
control. The existing remote robotics labs offer
two types of access:

® ‘Virtual’ access. In this approach, the necessary
software defining a variety of robotic structures
is offered to the students at the virtual lab, who
are thus able to perform simulations using the
software. An example of a remote lab in this
category was offered in [1], based on a software
package that combines Internet-based program-
ming tools to generate three-dimensional virtual
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models of robot manipulators from a Denavit-
Hartenberger (DH) parameter table. The pack-
age is designed to help students visualize robotic
structures and evaluate the effects of the vari-
ation of certain robot parameters. Another
study in this category is presented in [2], in
which software is developed to configure an
intranet-oriented robot system by using a data-
base engine.

® ‘Physical’ access. There are a number of studies
presented on internet based remote lab applica-
tions involved with control engineering, such as
[3-6] discussing requirements, problems and
some solutions for real-time laboratory experi-
mentation over the Internet. Several studies
specifically addressing remote robotic labs with
‘physical’ access, can be listed as follows: [7]
presents a paper in which the underlying philo-
sophy and different installations are given for a
remote robotic lab; [8] describes the use of a
remotely controllable four-axis robot by using
LabVIEW software and web technology; [9]
presents a project enabling students to work
with a 5 degree-of-freedom robotic manipulator
from a remote site. Among more recent studies,
[10] describes the hardware and software en-
vironment for an on-line system performing
very basic control functions with toys used as
simple robotic devices and finally in [11], a
virtual robotics lab is presented which combines
the teleoperation of an actual arm with simula-
tions performed simultaneously.

Laboratories in the first category, however useful
they may be as an education tool and as a first
step in the design and control of robots are limited
with virtual use and most of the time will not
reflect the actual dynamical behavior of the system
due to the often neglected consideration of unmo-
deled dynamics, parameter uncertainties, and
measurement errors etc. In this regard, labs in
the second category giving access to actual experi-
mentation are ultimately more effective for the
goals of a more hands-on education and research.
However, due to the employment of actual robots
and equipment, labs in this category -whether on-
site or remote - are expensive to set-up, maintain
and provide with long hours of daily staffing.
Safety and longevity issues of these costly instru-
ments arise as other important points of consid-
eration, particularly when open access is allowed
to users of a multitude of education, background
and experience levels. The variety of the kinematic
structures offered to the student may also be a
concern for robotics labs, calling for an increased
number of robots in a variety of configurations.
On the other hand, even with a good selection of
robots in the lab, the low level of control capabil-
ity offered to the students on robotic structures in
most on-site/remote robotics labs poses an addi-
tional limitation. Most robot manipulators in the
market come with an in-built control structure
that generally allows users to enter controller

design parameters and trajectories to be tracked
by the robot end-effector or joints. However, for
the utilization of a robot manipulator as an
education tool in robot control or control in
general, ‘open architecture robots’ should be
used for a higher level of involvement with the
control aspects—namely, by allowing the student
to control the torque input for each joint actuator
of the robot, with his/her own control algorithms.
However, such open-architecture robotic struc-
tures are quite rare and costly, bringing along
additional concerns of student and equipment
safety, liability, and maintenance.

The major contribution of this study is the
development of a remotely controllable hard-
ware-in-the-loop (HIL) simulation test-bed,
which is proposed as a novel addition to on-site
and remote robotics labs to solve most of the
above mentioned limitations. The paper gives a
detailed description for the preparation and use of
the HIL simulator for a pilot on-site graduate
robotics course. The developed remote capability
was tested in this course with several student
experiments conducted from another lab environ-
ment in the same building with the use of a client
computer and Internet. The steps involved in the
preparation of the HILS and its remote use are
given in detail for a student experiment on a two-
degree-of-freedom (DOF) planar robotic config-
uration. However, those steps can be extended to
the preparation and experimentation process on
any robotics configuration.

Hardware-in-the-loop simulation (HILS) differs
from computer simulation as it involves actual
hardware and is not limited with a software-
based representation of the system. The set-up
incorporates some of the crucial hardware that
takes part in the actual system, thus enabling a
more realistic evaluation basis for the system in
real time, thanks to the high speed microelectro-
nics and computer technologies of our day. Due to
the value it offers both in manufacturing and
education, HIL systems have found a wide range
of applications in aircraft and missile industries
[12, 13], automotive industry [14, 15], motion
control, mechatronics [16-20] and finally in the
field of robotics; however, most HIL related work
is, limited to the use of the DSP-based controller as
the actual hardware in the generation of the
classical computer simulation results. Reported
applications of the HIL concept in robotics is
given in [21, 22], in which the HIL approach is
used with the incorporation of the actual motion
controller into the simulation process of a robot
arm. However, the contribution has been limited
to the use of one piece of actual hardware, which is
the DSP-based controller used in the generation of
the computer simulation software.

The HIL design proposed in this study is new for
both on-site and remote robotics labs and differs
from the previous work done for robotics, in that
the developed test stand (Fig. 1) incorporates not
only the actual motion controller, but also the joint
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actuator which can be tested in real-time under
various dynamics effects, desired trajectories and
control methods. The set-up consists of two
motors coupled through their shaft for the repre-
sentation and real-time simulation of the perfor-
mance of any one joint in a given robot
configuration. One of the motors simulates the
joint actuator, while the other motor is used for
the generation of the dynamics acting upon that
particular joint considering the given configura-
tion. The two motors acting as ‘actuator’ and ‘load
torque simulator’ are driven separately via high
performance controller boards; the resulting set-up
thus offers an ‘open architecture’ control structure,
by allowing the user to intervene into the actual
torque generation process with his/her control
algorithm to test the response of each robot joint
in turn, for a given joint reference trajectory and
under the real dynamic effects applied to the joint
actuator through the shaft.

The HIL simulation set-up can be configured in
accordance with a given D-H table. Thus more
‘customized’ user requirements can be fulfilled
without the need of the actual robot. Hence, in
addition to offering kinematic variety and open-
architecture set-ups, HIL simulation will also ad-
dress some of the safety and security issues by
providing a test-bed prior to the experimentation
on the actual robot. In this study, a client/server
communication strategy is also developed for the
use of HIL for remote education. Finally, as a case
study, the real time simulation and related anima-
tion of a two degree of freedom planar robot arm
is performed on the HIL setup, which is controlled
remotely with the proposed communication proto-
col. The results obtained are very motivating for
the utilization of the proposed HIL robot simula-
tors in on and off-site robotic labs.

Fig. 1. The HILS test stand.

HARDWARE IN THE LOOP ROBOT
SIMULATOR

The proposed HIL system in this study aims to
simulate the real-time performance of a user-devel-
oped control method on a robot system of the
user’s choice. The simulation process is carried out
for one joint at a time and unlike computer
simulations, involves the physical generation of
the torque components affecting that joint, as
well as the physical control of the joint actuator
for a certain reference trajectory while it is exposed
to those actual effects.

There are two major aspects in the construction
of a HIL robot simulator:

1. Design and implementation of the HIL hard-
ware.
2. Design of the HIL software.

Design and implementation of the HIL hardware

Two motors coupled to one another through
their shafts constitute the core of the proposed
system given as a schematic diagram in Fig. 2 and
as a functional block diagram in Fig. 3. This
configuration allows the real-time simulation of
any one joint in a robotic system, with one of the
motors presenting the joint actuator for the robot
in consideration, while the other motor is utilized
as the load simulator, for the actual generation of
the torque, which will affect the particular joint for
the given robot system. The process thus repeated
for each joint actuator-load pair throughout the
whole robotic configuration, provides a very real-
istic tool for the understanding and evaluation of
certain dynamic effects as well as the assessment of
the developed control methods on the robot
performance.

The HIL system could be used for the real-time
simulation of geared and direct-drive robot (DDR)
systems, merely by the appropriate choice of the
actuator motor to match the type of the joint
motors used in the actual robot to be simulated.
The motor simulating the load torque on the other
hand, is chosen as a direct drive (DD) motor, for
the fast and accurate generation of the internal and
external dynamics affecting a certain joint. Exam-
ples of such dynamics are the coupling effect
between links, giving rise to Coriolis and centripe-
tal terms, gravitational torque, friction, link flex-
ibilities, etc. The encoders on each motor provide
position information. The two motors are driven
by high performance controller boards with a
compact structure for control as well as the
required speed and floating point capability for
demanding applications of real-time simulation
and control. While one high performance DSP
board could be sufficient for the control and
simulation, to accommodate sophisticated and
computationally complex control algorithms as
well as the calculation of dynamics related to the
high number of DOFs, the proposed set-up uses a
motion controller board for each motor.
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Fig. 2. Schematic diagram of the HIL simulator.

Fig. 3. Functional block diagram of the hardware structure for
the HIL simulator.

3

The motion control unit is crucial for the real-
istic performance aims of the system. For the lab
application presented in this study, the MATLAB/
Simulink compatibility of the controller board has
been important for the choice made due to advan-
tages gained like functionality, flexibility and ease-
of-use, while also fulfilling the high performance
demands of real-time simulation. For these
purposes, in the proposed HIL structure, dSpace
1102 boards containing a floating point DSP-
TMS320C31, a fixed point DSP-TMS320E14,
analog and digital I/O, 12-bit, 4-channel ADCs
and DAC:s, incremental encoder inputs and PWM
signal outputs, are used to run the load simulator
and control algorithms. These cards also have RS-
232 units for communication purposes. The DSP
card (DSP Board I) connected to the motor driver:
Board I generates the control inputs to the joint
motor for given reference trajectories, while the
second card, DSP Board II, connected to the load
torque simulator motor, produces the load torque
corresponding to the dynamics affecting the simu-
lated joint. Both DSP cards use the position feed-
back from the incremental encoders installed on
the motors. The position signal for the second DSP
card is required for computing the dynamic effects
on the simulated joint. These equations also
require joint velocity and acceleration signals,

which are obtained through the first and second
derivates of the position signal. To avoid the
additional noise created by differentiation, special
filters should be developed performing time deri-
vation under low noise. Proper scaling of the load
torque generated on the simulator is another
important issue that needs to be taken into consid-
eration in the case of an actuator motor with a
different power rating than that of the actual joint
motor.

Design of the HIL software

Providing access to on-site and remote students
for experimentation on the HIL system requires
the proper design of the software structure. The
present laboratory environment, which is
described in the following sections allow both
user groups to experiment with robotic structures
and control methods developed on the server. As
mentioned previously, in the proposed structure
the software for the developed algorithms and
robot models is designed to run on MATLAB/
Simulink downloadable high-performance DSP
boards placed in the slots of the server computer.

MATLAB/Simulink-based libraries are
prepared on the server to include a variety of
dynamic and kinematic models of robot systems
presented in the RobotLib given in Fig. 4 as well as
those prepared for linear and nonlinear control
methods presented in the ControlLib given in Fig.
5. Input/output functions—such as encoder, DAC,
ADC, RS232, PWM, timer and interrupt func-
tions—provided by the controller board manufac-
turers in DSP LIB, are also essential for user
experiments.

To provide guidance and instruction for all
student types, MATLAB/Simulink-based templates
are prepared for the development of control soft-
ware and robot dynamics to be downloaded onto
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Fig. 4. RobotLib: Library for robot dynamics and kinematics
models for selected robot configurations.
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Fig. 5. ControlLib: Library for several controllers

DSP Boards I and II. Each block in the templates
holds a default ‘Simulink mdl’ type file which can
easily be replaced by the user with another ‘Simu-
link mdl’ type file of his/her choice, selected from
the provided libraries.

In the current laboratory environment, on-site
students have direct access to all developed
libraries and templates, while remote students
make use of libraries indirectly through the client
software. Once again, the control and dynamic
templates are offered to remote users for guidance
and instruction only, through ‘ReadMe.pdf”’ files
downloaded with the client software.

In the preparation of the HIL set-up for on-site
and remote use, the following steps are involved in
development:

1. Development of algorithms and software for
the control of robotic structures.

2. Development of models and software for robot
dynamics and kinematics.

3. Development of client/server software to estab-
lish communication with remote users.

Development of algorithms and software for the
control of robotic structures

The template given in Fig. 6 gives a description
of the software that is downloaded onto DSP
Board I driving the actuator motor.

The template allows the entry of the joint
number to be simulated, related reference trajec-
tory, position feedback from the joint encoder and
the choice of controller for trajectory tracking. The
reference block in Fig. 7 provides reference trajec-
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tories for each joint actuator in the robot system
under consideration. The trajectories can be
selected from the Simulink ‘Source Lib’ for each
joint as given in Fig. 7. Students are also provided
with the capability of entering reference trajec-
tories for the end effector of a given robot in
Cartesian space, which will be converted to joint
space via the corresponding robot inverse kine-
matics models from the Robot Lib, also provided
in the server as can be seen in Fig. 4.

The developed software on DSP Board I, allows
the student to specify the joint number he/she
desires to simulate, by switching the corresponding
reference trajectory to the controller block as
input. The controller block can run any one of
the linear/nonlinear control algorithms developed
in the control library to address the multilevel
needs and requirements of the users. The devel-
oped software allows the user to select an algo-
rithm from a group of control methods developed
in the control library. Currently, methods such as
PID and sliding mode control (SMC) suitable for
independent joint control, are presented as inde-
pendent control methods of which the user can
change the parameters. Model-based methods such
as computed torque control, adaptive linearizing
control, etc., are developed and presented indivi-
dually for each of the robot systems presented to
on-site and remote students on the server in the
RobotLib. The controller block also accepts the
encoder output from Motor I as feedback, while
outputting the calculated torque value for Motor I
to the DAC. Figure 8 presents the controller
developed for the PID controller, which is the
default controller provided in the control block
of Fig. 6.

The ‘Enc’ and ‘DAC’ blocks in the template are
imported from the DSP library provided by
dSpace. Blocks providing RS-232, ADC, DI/O,
PWM timers and interrupt signals to the boards
are also provided.

s

Fig. 6. Template for joint control.
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Fig. 7. Library for reference trajectories.

Fig. 8. Controller developed for PID controller.

Development of software for robot dynamics and
kinematics modeling

The real-time simulation of the dynamics affect-
ing the joint in consideration is performed by the
second motor, which is programmed to generate a
load torque equal to the amount of the torque
supposed to be affecting the joint in consideration
for the given robot system. For this purpose, the
software related to the corresponding dynamics is
downloaded onto the DSP Board II, driving the
second motor. For the efficient development of the
.mdl files for the robot dynamics, both user groups
are provided with a template as given in Fig. 9.

The reference block in this template matches the
reference block in the controller template for each
application; while the angular position of the
simulated joint, i, is obtained from the encoder,
the angular positions of the other joints required
for the calculation of the dynamics are taken equal
to their reference values.

Using the joint angular position obtained from
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Fig. 9. (a) Template for the simulation of robot dynamics; (b) detailed demonstration of REF block.
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Fig. 10. Remote access for HIL simulator.

the encoder on the second motor for the simulation
of the dynamics affecting that joint provides flex-
ibility of use, in that with this approach, besides
direct-drive and geared robot configurations,
systems with joint flexibilities can also be accom-
modated and analyzed with HIL simulations.

Finally, dynamic models for a variety of robot
configurations are developed using MATLAB/
Simulink for the robot dynamics block, the default
for which is chosen as the 2-DOF planar arm. The
models in this block are provided to the student in
the RobotLib. Figure 4 presents a library of robot
configurations in which forward/inverse kine-
matics and dynamics models are provided for the
proposed application.

Development of client/server communication
software for remote users

Remote users are given access to the HIL system
via the client/server communication principle
presented in Fig. 10. The server, also called the
Tele-Lab Server, is located in the remote lab and
executes all tasks in order to operate the HIL
simulator for the given robot configuration. The
server software, which is developed under C++,
has three basic functions:

® Session management, which creates commun-
ication between a client and the server by listen-
ing to the specified port.

® Receiving and setting up the user selected para-
meters on the HIL simulator and DSP hard-
ware; passing back output data for user analysis.

® Resource sharing management to organize cli-
ents connecting to the server simultancously by
queuing their experiment demands and inform-
ing the client about the status before and during
the user’s experiments.

The graphical user interface (GUI) for the server
program is demonstrated in Fig. 11a. The client
software, also called TeleLab. Client, is designed to
run on minimal hardware required for commun-

ication with the remote lab via the Internet. The
main functions of this utility are to manage and
monitor the communication between the server
and client. The successful management of the
communication provides the remote user with the
capabilities to select the robot structure, reference
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Fig. 11. (a) Server GUI; (b) client GUI.
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Fig. 12. Robot editor.

trajectory in Cartesian or joint space and a control
method, on each of which, he/she can enter or
change parameters. The required software is
downloaded from the laboratory website. The
illustration of client side GUI is given in Fig. 11b.

EXPERIMENTATION PROCESS FOR
ON-SITE AND REMOTE ROBOTIC
EDUCATION

As mentioned previously, the HIL robot simu-
lator lab facility developed for both on-site and
remote users curently offers more versatile experi-
ment options to on-site users due to their direct
access capability. As a matter of fact, on-site users
can exploit the full capacity that the original
experiment developers exercise: They can simply
use the dynamics and kinematics models of
commercial robot systems, such as PUMA 560,
SCARA, PA-10, 2-3 DOF planar robot arms etc.
provided in the RobotLib on the server, or they
can develop custom robots or create robotic
systems of their choice by assembling the struc-
tures provided for use in the ‘Robot Editor’. The
latter is a WYSIWYG-GUI, given in Fig. 12, for
constructing custom robots from predefined primi-
tives, such as bodies and joints. Similarly, on-site
students are given full capability to develop and
implement control algorithms of their choice,
hence exploiting the ‘open architecture control’
capacity of the HIL simulator. However, to
ensure a safe operation, they are required to
perform first a computer simulation of the devel-
oped control method on the robot system in
consideration, using the templates provided on
the server. Only after satisfactory results, can
they download the developed .mdl files onto DSP
Board I and II, by performing the necessary
modifications.

A second option for students is to perform
experiments using the robot systems and control
algorithms provided on the server with the devel-
oped libraries. For this purpose, the student refers
to each block presented in the templates and in
order to experiment with models or algorithms
other than the defaults given in the blocks, he/she
copies the model or algorithm from the corres-
ponding library onto the given block. Experimen-
tation at this level involves selecting the
appropriate blocks and changing parameters
inside these blocks, which can easily be performed
via the GUIs provided both on the client and
server side.

The existing environment offers the remote users
only the second experimentation option via the
GUI on the client side. After entering the lab
website with the proper user id and password, the
remote user downloads the client software, which
gives the user access to the GUI to express his/her
experiment demands, namely the robot type, refer-
ence trajectories, joint number, control method
and related parameters as well as the ReadMe file.

In addition to plots provided for the perfor-
mance analysis of each joint and the end effector,
the user may also download the animation soft-
ware on the server which is provided for both user
types. This option provides users the capability to
watch repeatedly the performance the actual robot
would be demonstrating with the reference trajec-
tory and the control algorithm in consideration.

IMPLEMANTATION PROCESS OF HILS
FOR A ROBOTIC COURSE

The HIL robot simulator described in the
previous sections is used for a lab assignments in
a pilot on-site graduate robotics class. The
students are first introduced to the HILS concepts
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as well as the related libraries and templates
prepared prior to the course. Although not a
requirement for HIL applications, due to the
specific approach taken in this study, the students
are required to have a working knowledge of
MATLAB/Simulink.

The following is an outline of how the HIL set-
up is integrated into the robotics modeling and
control syllabus as an education tool:

® As each concept in the syllabus is covered, such
as forward/inverse kinematics, forward/inverse
dynamics and linear/nonlinear methods com-
monly used for robot control, the student is
required to do manual and MATLAB/Simulink
exercises related to the subject.

® The instruction in the areas of dynamics, mod-
eling and control are also combined with HIL-
based exercises. For this purpose, currently two
robotics configurations, SCARA and 2-DOF
planar arm, are taken into consideration, for
which libraries have already been prepared on
the server computer in the lab prior to the course
start date.

® After each class on dynamics modeling and
control of robots, the students are assigned to
perform experiments on the HIL set-up consid-
ering all three robotic configurations using the
existing software library and templates prepared
for HIL experimentation. In those weekly
assignments, the students are also required to
compare the MATLAB/Simulink-based compu-
ter simulation results with those obtained
through HIL simulation, commenting on the
discrepancies between simulation and experi-
ment results.

® After the completion of experiments on all three
configurations, the students are assigned to
implement their own software on the HIL set-
up for the dynamics and control of a robotics
configuration of their choice. The students are
required to comply with the format used for the
existing HIL experiments. This approach is
taken to facilitate the addition of student-devel-
oped new robotics configurations and control
methods onto the existing repertoire on the
server computer.

® Finally, as a pilot lab experiment on the HIL set-
up with remote access, the students are assigned
to conduct one experiment each remotely using
the client computer in another lab.

CASE STUDY: HIL SIMULATION OF A
2-DOF PLANAR ARM

As an example for both on-site and remote
application of the HIL simulator in the above
mentioned robotic course, the real-time simulation
of a 2-DOF planar arm is taken into consideration.
To provide a practical example for all aspects of
the HIL simulation, each step of experimentation,
from the development of robot modeling and

control prior to the course, to the actual use of
the experiment by the remote users, is covered in
the following section.

Development of dynamical model for the 2-DOF
planar arm

As a guide for the development of the libraries
for robot dynamics as given in Fig. 4, the dynamic
equations for a 2-DOF planar robot arm are
derived, using Euler-Lagrange formulation as
follows Fig. 13 refers.

™m=M(q)q+ Clq,q) +G(q) +Fg (1)
where:

M (gq): Mass and inertia matrix;

l1, L: length of link 1 and 2, respectively;

my, my: mass of link 1 and 2, respectively;

I, I: inertia of link 1 and 2, respectively;

1,1, L,»: inertia of motor 1 and 2, respectively;
My, My, My,: mass of motor 1, 2 and en-effector,
respectively;

C(q,¢): Coriolis and centrifugal vector;

G(q): Gravity vector;

F: Friction matrix;

q=|q qz]T: generalized link coordinates.

The matrix expressions in (1) can be given expli-
citly, also including the motor inertia and friction
effects as below:

M(q) = {M“ Mu}

My Mx

My =m13 /4 +my(I3 +13/4 + hihey) +myal}
+ D+ Lo I+ L+ my (1] + 13
+2l1her)

My =my(13/4 4+ blcr/2) + b+ L
+my(13 4+ hhe)) My = mal3 /4 + I
+ I +mpl§

Clg.4) = [—(ma + 2m,) L bs2g2(4r + qz/z}
44 L (ma2+2mp)lihs2dn (§1/2)
F= -Bml 0
L 0 BmZ

(%11 +myly + myply + Iﬂpll) + (% + Wl[,lz)g(?lz

Glg) = (mahr /2 +myh)gcin ]

where, ¢ =cosq) ¢ =cosqy ¢12 = cos(q1 + q2);

s1=sing; s =singy sppsin(q + q2);
Tyl = Tml — Inq1 — Bimqy — Lnsqn — Busqn;
Ty2 = Tm2 — LGz — Biaqz — LsGz — Bus; (2)

Here, I,,; and B, are inertia and viscous friction
coefficients of the motor used for load torque
simulation, respectively;
7,1 and 7, are the load torque incurring at joint 1
and 2, respectively.

The next step is the transfer of load torques, 7,1
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Fig. 13. Two-link planar robotic arm.

and 7,, to the template prepared for the dynamic
configuration prior to downloading onto DSP
Board II for load simulation.

Development of the control methods

As a guide for the development of libraries for
the robot control algorithms as given in Fig. 5,
PID control will be taken as an example and its
integration with the rest of the control template
will be presented in this section. Figure 14(a)
demonstrates the = MATLAB/Simulink-based
template for the control of the 2-DOF robot arm
prepared for downloading on DSP Board I. As can
be seen in Figure 14(b), the joint reference trajec-
tories match the trajectories used in the template of
robot dynamics. These references must be switched
appropriately to the inputs of PID control for the
simulated joint. Proper switching is also essential
to perform the appropriate coupling between the
joint in consideration and its corresponding load
torque. As mentioned previously, for the load
simulation of joint i, the .mdl file for which is
given in Fig. 15(a), the angular position, ¢; is
obtained from the encoder on Motor II, while
the angular positions of the other joints—joint 2
in this case—are considered to be equal to the
reference trajectories for these joints. The velocity

&
i

s

(a)

Yoo

and acceleration of joint 1 is obtained with the use
of special filters performing time derivation with
low noise, to avoid the undesirable noise created
by differentiation as demonstrated in Fig. 15(b).

Remote experimentation steps and results for the
HILS of the 2-DOF arm

As a guide for the remote use of the HIL
simulator, the steps involved for the remote experi-
mentation assignment in the robotics course are
discussed in this section. The procedure which is
given for the remote implementation of the
dynamics and PID-based control of a 2-DOF
planar arm involves the following steps:

1. First, the client software is downloaded and the
client GUI is reached.

2. From the list of robot configurations, the 2-
DOF arm is selected and necessary parameters
are entered into the template, such as link
lengths, inertia, link masses, etc., for joint 1
first for the specific geometry in consideration.
The ‘ReadMe.pdf” file could also be reached at
this stage, where the template for robot
dynamics could be found to provide guidance
on the model and corresponding parameters of
the selected robot. Thus, the user could have a
good understanding of the software being
downloaded on DSP Board 1I, to simulate the
load torque for joint 1.

3. Once again, using the control template in the
‘ReadMe.pdf’ file for guidance, the necessary
selections are made for the control of joint 1
and its reference trajectory.

4. With PID control chosen for joint control, Kp
(proportional fain), Ky (integral gain), and Kp
(derivative gain) parameters are entered via the
GUL

5. The reference trajectory waveforms for both
joints are selected as sine waves, for which the
desired amplitude and frequency values are
entered. Obviously, this selection is made for
one joint at a time.

6. Upon the completion of data entry for joint 1,
the data package is sent to the server computer

=

(b)

Fig. 14. (a) Template for the 2 DOF arm controller; (b) Template for the dynamics of 2 DOF planar arm.
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Fig. 15. (a) Simulink file for 2 DOF planar arm dynamics; (b) Detailed representation of velocity and accelerator.

by clicking the ‘Send’ button on the client GUI.
This command puts the user’s request in a
queue.

7. Upon receipt of the notification when the
experiment is completed, the user downloads
the ‘Result’ files which he/she can use to plot
the data related to joint 1.

8. The user repeats the same procedure for joint 2
and collects back the data for that joint.

9. Finally, he/she downloads the animation soft-
ware to watch the overall performance of the 2-
DOF arm.

The following results are obtained from the above
described remote experimentation process: Fig.
16(a) depicts the variation of ¢; and ¢, while
Fig. 16(b) and (c) demonstrate the variations of
the joint velocities ¢,¢, and accelerations ¢, ¢
respectively, obtained by time derivation. The
histories of the resulting torque developed on
joint actuator 1 and its load dynamics generated
on Motor II are also given in Fig. 16(d). The
differences between these two torque values cause
the motion of the joint. Finally, Fig. 17 shows a
still frame of the animation performed with the
results obtained for each link, with the choice of
the animation option.

CONCLUSIONS AND FUTURE
DIRECTIONS

This aim of this paper is to present the HIL
robot simulator test-bed, which is a novel and
efficient education tool for use in on-site and
remote robotic laboratories. The proposed HIL
set-up is obtained by incorporating not merely
the actual motion controller unit as in most
previous HIL applications for robotics, but also
the joint actuator and the real-time load torque
that is physically effective at each link. Thus, the
HIL robot simulator fulfils the following educa-
tional objectives for both on-site and remote
education in robotics:

® Due to the involved theory in kinematics,
dynamics and control of robots, a thorough
education in robotics requires lab sessions.
However, there are some limitations involved
with most robotics equipment in teaching the
control aspects of the system, i.e. most robotic
structures allow the students very little involve-
ment in the actual development of the control
strategy, limiting the student’s access to merely
varying design/control parameters on already
established control methods. Robotic systems
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Fig. 16. (a) HIL simulation for link 1: position; (b) HIL simulation for link 1: velocity; (c) HIL simulation for link 1: acceleration; (d)
HIL simulation for link 1: torque.

allowing a higher level of involvement, on the
other hand, are rare and high priced and hence,
not quite affordable for an average robotics lab.
The HIL robot simulator presented in the study
provides a cost-effective solution to the require-
ment of ‘open-architecture control robots’ by
allowing the student the opportunity to not only
change control parameters, but also design the
whole control strategy, starting at the joint
actuator level.

e HIL robot simulators also provide a cost-effec-
tive solution to limited repertoire in both on-site
and remote labs, as the student can configure a
system of his/her choice on the HIL set-up and
experiment with it without the need for the
actual existence of that robotic system in the
lab. This gives the instructor the capability to
demonstrate inertial, gravitational and load
effects that will vary from configuration to con-
figuration and would be difficult to illustrate
with limited repertoire. This is an important
aspect in the education of robot dynamics and
control and calls for experimental support to
instruction.

® The HIL set-up also provides the student with a
better understanding of the arm and actuator

dynamics, in comparison to mere experimenta-
tion with the actual robot. The dynamics behind
the motion is no more a ‘mystery’, but a group
of mathematical terms that he/she can add or
subtract from the load simulator to identify the
effects of each physical phenomenon.

In addition to the above educational objectives,
another benefit of the proposed HIL robot simu-
lator is in terms of safety and longevity concerns
related to robotics equipment. This issue becomes
particularly important with remote robotics labs,
with the free access granted to students of a
multitude of background levels to experiment on
costly robotics equipment. To address this prob-
lem, the HIL set-up could effectively be used as a
test-bed by the remote student to evaluate his/her
newly developed strategies prior to experimenta-
tion on the actual robot. Additionally, it could
provide a means for the student’s initial under-
standing of the expected dynamics behavior of the
actual robotics arm. In this respect, the ideal
utilization approach for both remote and on-site
labs would be providing a combination of
HIL simulators and actual robots in the lab to
fulfill the above mentioned objectives; that is, by
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meeting the repertoire shortages of robotic labs,
while also ensuring the safety and longevity of
existing robotic systems.

Finally, the obvious lack of appeal of a HIL set-
up when compared to actual robot systems can
also be partially met with the inclusion of visually
engaging and realistic animation programs
included in each experiment assignment. This
approach has proved to be very effective in the
pilot course described in this paper.

The outcomes of the pilot course have been very
valuable in our evaluation of the HIL simulator
for on-site and remote robotics. Besides creating
increased enthusiasm and synergy in comparison

to the course conducted previously with no lab
sessions, the HIL simulator has helped maintain
the continued interest of several graduate students,
who are currently using the HIL approach to
obtain the experimental data for their research in
robot control. The results of their research will be
used to further enhance the existing HIL experi-
ments repertoire, while increasing the level of
access for remote experimentation.
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