Robotica (2012) volume 30, pp. 709-719. © Cambridge University Press 2011

doi:10.1017/S0263574711000944

Design and control of a cable-controlled haptic motion simulator
M. Karkoubi*, M-G. Heri, C-C. Pengi, C-C. Huangi and M-I1. Ho§

TMechanical Engineering Program, Texas A & M University at Qatar, Doha, Qatar
IDepartment of Mechanical Engineering, Tatung University, Taipei, Taiwan

§China University of Science and Technology, Taipei, Taiwan

(Accepted July 7, 2011. First published online: August 16, 2011)

SUMMARY

In this work, we discuss the design, construction, and testing
of a cable-controlled motion simulator for a Virtual Reality
(VR) hang gliding environment. The system comprises a
cable-controlled motion simulator, a joystick, a Lego™
direction sensor, and a VR environment. The motion
simulator and joystick are built out of motors, pulleys, cables,
and aluminum beams. The VR environment and motion
simulator interact haptically with each other to give a realistic
feel to the operator. A dynamic analysis is performed on the
simulator to show the effect of gravity and the directional
motion on the operator. A series of experiments are then
performed to test the effectiveness of the cable-controlled
simulator, and the results were very encouraging despite
minor glitches with high-speed maneuvers.

KEYWORDS: Cable-controlled motion simulator; Visual
helmet; Haptic interaction.

1. Introduction

For decades, cable-controlled systems have been used
to perform special tasks efficiently. For example, cable-
driven parallel mechanisms are used by many researchers
due to their large motion ranges, low inertia, low cost,
and robustness in case of interference.!™ They have
the potential to overcome several of the drawbacks of
conventional mechanisms, such as large accelerations over
a large workspace. Cable-driven mechanisms have been
used and studied in VR sports machine based on a wire-
driven system,> cable-suspended haptic interface,’ a high-
speed manipulator using parallel wire-driven robots,” and
an air vehicle simulator.® Viscomi er al® described the
construction of a cable-controlled Stewart platform crane for
use in integrated building systems. The challenge for such
constructions lies in that the cables have to be maintained
in tension. Other systems that made use of cable-controlled
mechanisms are the so-called cable-array robots.!%!! Cable-
array robots possess several advantages over traditional serial
or parallel robot mechanisms because they can operate over
much larger workspaces and provide higher performance in
terms of relative stiffness and speed. Moreover, they have
fewer moving parts and can handle large loads relative to the
total robot weight. However, a lot of work remains for cable-
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array robots to overcome some of the known problems such
as cable interference, inaccuracies at the end effector due
to cable stretch, limited force application in the downward
direction, and the requirement for an overhead space.

Many of these cable-controlled devices have been used
to actuate VR applications. Virtual reality applications have
mushroomed over the past few decades in terms of variety and
usage. Many researchers developed VR applications that can
be applied to the industrial sector, gaming industry, robotics,
military, and medical fields.!>~!7 For example, in the gaming
industry, Wii™ is one of the most popular VR systems
available in the market that allows the operator to control
the characters’ motion on a TV screen through a joystick
(http://us.wii.com/). In military applications, the operator
may simulate missile launch and target practice through VR
environment. For example, Her et al.'® developed a low cost
image-tracking system to match a VR system simulating the
launch of a shell from a naval vessel. In the medical field,
researchers from Body Viz (http://www.bodyviz.com/) de-
veloped a 3D magnetic resonance imaging (MRI) VR system.
The system shows human organs in a 3D VR environment,
which help students and physicians alike learn about certain
aspects of human body without need of a human subject.

It is often required to integrate haptic feedback with the
VR environment to make simulation more realistic and
enjoyable. Therefore, a haptic mechanism is needed to
interface between the VR environment and the operator. Her
et al." used load cells to measure the force exerted by an
operator on a joystick and used the results to simulate a hit on
a ball. The VR environment, in turn, applies a reaction force
resulting from hitting the ball on the operator hand through
a force feedback joystick. Adamovich et al.?® designed a
device to help rehabilitate the arms of a stroke patient. The
patient is able to see the path of the arm movement and feel
the reaction forces through joystick. Tseng and Fong?' used
the Stewart platform along with VR environment to simulate
driving a car. The operator (driver) receives vision feedback
from the VR environment and acceleration feel from the
Stewart platform.

In this work, we present a cable-controlled motion
simulator used in conjunction with a VR environment to
simulate hang gliding action or flight of an airship. The
VR system includes motion information, force feedback,
and visual and audio feedback. The motion information
is transmitted from the cable-controlled motion simulator
(the platform); however, the force feedback is from joystick.
The visual and audio feedbacks are produced from a screen
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Fig. 1. Interconnection diagram of the cable-controlled motion simulator.

and a visual helmet or glasses, which provide some sense
of reality (telepresence) of the actual environment. The
haptic interaction between simulator and VR environment is
created through force feedback from joystick. This feedback
is essential in making the experience of the operator more
realistic and more interesting.

The rest of the paper is organized as follows: The design
of the cable-controlled motion simulator is presented in
Section 2. Modeling of the dynamics of the VR airship and
the simulator is done in Section 3. Displacement, velocity,
and acceleration analyses of the airship and simulator are
performed in Section 4. Some experimental results are
presented in Section 5. Finally, some concluding remarks
are given in Section 6.

2. Design of the Cable-Controlled Motion Simulator
The concept of the motion simulator system, including the
VR environment, is shown in Fig. 1. An operator controls
the joystick and tracks the scene with a visual helmet
and the resulting motion data is relayed for processing to
a computer. The joystick data is transformed into speed
commands for VR environment and the order of the velocities
is sent to the servomotors of the joystick and cable-controlled
motion simulator. A tilt sensor is used to detect the rotation
angle of operator’s head and directly relays the data to VR
environment. In order to make the environment impressive, a
force feedback system is put in place between the simulator
and the operator.

2.1. The joystick
The joystick is made of two servomotors, an aluminum rod,
and two cables (see Figs. 2 and 3). The joystick has three
operating modes: (1) position control, (2) speed control, and
(3) torque control. In our experiment, position control is
used for motion simulator. The joystick is used to control
pitch motion in VR environment and also transmits the
VR environment disturbances to the user, thus creating a
haptic feedback. Figure 4 explains the process of information
exchange between the joystick and VR environment.

Table I describes all the variables used in the derivation
of dynamics and control equations of the simulator system,

https://doi.org/10.1017/50263574711000944 Published online by Cambridge University Press

including the joystick. Figure 5 shows a free-body diagram
of joystick, which is mainly an aluminum rod controlled by
the operator through two motors, cables, and pulleys. When
the operator moves the joystick, motor A rotates an angle ¢,
and motor B rotates an angle ¢g. Assuming the gain between
the motor and the joystick to be K ;, the rotation of the left
side of the joystick is given by K;¢;, and the rotation of
the right side of the joystick is given by K ;¢r. The center
rotation of the joystick ¢cyy is

dou = K; (@). )

Now, assuming the cables between motors A and B and
the joystick remain vertical at all times, the rotation of the
joystick equals the difference in rotation between motors A
and B, i.e., if the gain between the joystick and the motors
is equal to 1, then the rotation of the center of the joystick
could be written as follows:

or — PL

7 2

bcm =
A similar reasoning could be used to determine the operator’s
angle, 6. Therefore, assuming that the cables between motors
1, 2, and 3 and the operator remain vertical at all times, it
could be easily shown that the operator’s angle of rotation is

_Pr— 9L
2

6 =¢cm- 3

This means the input that operator gives to airship, u, is
same as the joystick angle. In other words,

:¢>R—¢>L

Up 5 =@Pcum. 4

The input force to the airship is proportional to the input
command and is given by

fp :kupv (5)

where k is a gain.
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Fig. 3. (Colour online) Front view (top); side view of the cable-
controlled motion simulator (bottom).

2.2. Head motion detection
The orientation of the operator’s head, which indicates the
direction of sight for VR environment, is measured via
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a Lego™ tilt sensor Model ADX311. The sensor detects
motion in two directions only and provides direct input to
the VR environment. This direct interaction between the
tilt sensor and the VR environment eliminates the effect
of simulator frame and screen size on the head motion. A
video showing the interaction between the tilt sensor and
VR environment can be found at http://www.youtube.com/
watch?v=QddegBX8YzU This sensor is used to control roll
and yaw angles of the airship.

2.3. Cable-controlled motion simulator

The cable-controlled motion simulator consists of aluminum
beams, pulleys, and servomotors (see Figs. 2 and 3). The
aluminum beams make up the frames, whereas the cables
and pulleys and servomotors are used for motion detection
and creation. The gliding motion of the simulator is achieved
through pull forces of the cables created by the rotation
of motors 1, 2, and 3 in clockwise and counterclockwise
directions. The final component of the simulator is the
jogging machine. This latter simulates the takeoff part of
hang gliding action: The operator starts jogging until the
speed is high enough for the glider to lift off. The operator
then uses the joystick to maneuver simulated airship in all
possible directions. The commands from the joystick and the
Lego sensor are relayed to servomotors of the simulator to
pull on the operator to make him/her feel the pitch, yaw,
rolling, and vertical motions of the simulated airship.

2.4. System integration

The main goal of virtual reality system is to simulate various
environments. More realistic the environment, greater effect
the simulator has on the operator. In this work, only two VR
environments are considered. The first VR environment deals
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Table 1. Nomenclature.

Var.  Definition Var. Definition
¢cm  Rotation angle of the joystick’s central point Vy Velocity of the VR environment in x-direction
dL Rotation angle of motor A V. Velocity of the VR environment in z-direction
dr Rotation angle of motor B w Angular velocity of the VR environment
K; Gain between motor and joystick K Gain between VR environment and motion simulator
m Mass of virtual airship a Value of washout filter
1 Moment of inertia of the virtual airship in x—z plane A} Acceleration of the motion simulator in x-direction
[ Half length of the airship A% Acceleration of the motion simulator in z-direction
0 Pitch angle of the airship a* Angular acceleration of the motion simulator
fa Drag force received by the airship V¥ Velocity of the motion simulator in x-direction
fe External force received by the airship V}  Velocity of the motion simulator in z-direction
fr Force given by the accelerator of the airship w* Angular velocity of the motion simulator
3 Drag force of airship in simulator coordinate system  x* Position of the motion simulator in x-direction
k, Gain of accelerator of airship z* Position of the motion simulator in z-direction
up, Accelerator input o* Pitch angle of the motion simulator
o} Angle of between the accelerator and the centerline A,  Acceleration of the VR environment in z°-direction
of the airship of operator
by, Drag force coefficient of wind in x-direction o Angular acceleration of VR environment in pitch
direction of operator
by Drag force coefficient of wind in z-direction g  Gravity acceleration of VR environment in
x*-direction
by Drag force coefficient of wind in pitch direction g  Gravity acceleration of VR environment in
Z*-direction
b Drag force coefficient of wind A} Acceleration of motion simulator in operator’s
coordinate
Vs Position of motion simulator A%, Acceleration of motion simulator in x*-direction of
operator
A;  Acceleration of VR environment in x-direction A% Acceleration of motion simulator in z*-direction of
operator
A,  Acceleration of VR environment in z-direction ol Angular acceleration of motion simulator in pitch
direction of operator
o Angular acceleration of VR environment gy Gravity acceleration of motion simulator in
x*-direction
A;  Acceleration of VR environment in operator’s g%  Gravity acceleration of motion simulator in
coordinate Z*-direction
A,s  Acceleration of VR environment inx*-direction of

operator

with fast accelerating game systems, such as racecars and
speedboats. These types of games require the environment
to speed up instantly and steering wheels to be turned
quickly. The simulation of this type of environment requires
an acceleration-based analysis; consequently, the results are
converted to instant forces and displacements in the vertical,

longitudinal, and lateral directions on the operator’s body.
The second VR environment that will be considered in
this work deals with slow moving types of games, such
as hang gliding and underwater exploration. In this type of
VR environment there is little acceleration and no sudden
turning; therefore, the focus will be on gravity forces that the
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Fig. 4. Interaction flow diagram between joystick and simulator.
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Fig. 7. Free-body diagram of operator/simulator.

operator feels. The gravity forces increase or decrease due
to the operator’s pitch, roll, and yaw angles. For economical
reason, the same motors are used here for both slow and fast
VR environments.

3. Dynamic Analysis of Airship for VR Environment

The variables used in the dynamic analysis of the simulator
are listed in Table I. Figures 6 and 7 show the free-
body diagram of airship and operator, respectively. The
two systems would be analyzed simultaneously due to their
interdependency. The equations of motion of the airship are
obtained by summing forces in x- and z-directions, and the
moment around y-axis (see Fig. 9); where f,;, fa;,and f,; are
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the i-direction components of accelerator, drag, and external
forces. t,;, 74;, and T,; are accelerator, drag, and external
moments, respectively, and 7 is the mass moment of inertia
of the airship.

From Fig. 6, the accelerator force f, creates one force in
x-direction f,,, one force f,, in z-direction, and a torque
Tpe around y-axis, whose values are given by the following
equation:

{Fp} = {fpx fpz Tp(?}T
= {kpu, cos(d + @) kpu, sin(@ + ¢) —k,u,l sin(¢p)}’,
(6)

where ¢ is an angle between accelerator and centerline of the
airship. Similarly, one can determine the components of the
drag force f;. The viscous damping forces in the simulator
coordinate system are given by
N .S .S is 1T
{Fi} ={bx* bz beb*}
where x°,z%,6° and by, b., by denote the speeds and the
coefficients of viscous damping in corresponding directions.

Therefore, the representation of these forces in the Cartesian
coordinate system (o, x, z) are given by

{Foy ={fax faz T} =—[RI{F}}, (7N
where
cosf® —sinf O
[R]=|sinf cosf® O
0 0 1

In order to obtain drag force components in the Cartesian
coordinate system as a function of the same coordinate
speeds, a transformation of coordinates from the absolute
coordinate system (o, x, z) to the simulator coordinate system
(0%, x*, z°) is required. The transformation is given by

(X} = {x* ¥ 6°)=[R]"{X}, where {X}={x z 6}

3)
Therefore, Eq. (8) can be rewritten as follows:
{Fa} ={fax faz 7Ta0}" = —[RIBI[RI"{X},
b, 0 0
where [B]=|0 b, O |. 9
0 0 b

Equation (6) can be rewritten as follows:
[M]{X} + [R][B] [RI"{X} = {F,} + {F.}, ~ (10)

where the inertia matrix [M] of the airship is given as [M] =

m 00
[ 0mo ] and the external force vector { F, } is given by { F,} =
1

{fex  fex

Teo }T-
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Fig. 8. Block diagram for the force to displacement conversion
between motion simulator and VR environment.

For simplicity and no loss of generality, let us assume that
the wind drag coefficients in x- and z-directions to be the
same and that b, = b, = b,?? and that no external force is
applied on the airship, i.e.,

{f}=(0 0 0}
Then
[M] {X}+[R][B][R]"{X} = (F,). (1)

Remark 1:

Equation (11) represents three decoupled equations of motion
in x-, z-, and 6—directions. From here onwards, only one
direction will be discussed. Motions in other directions are
analyzed and synthesized in the same manner.

3.1. Transfer functions of the motion simulator system
Equation (11) represents three decoupled equations and each
equation can be written as follows:

mij + b = f,. (12)
Taking Laplace Transform of Eq. (12) leads to

O

Gls) = F,(s) ms*+bs’

13)

The acceleration transfer function is given by A(s) =
s2G(s).

The conversion diagram for the VR environment and the
simulator is shown in Fig. 8. The accelerator force f), is fed to
block A(s) whose outputs are the accelerations {A,, A;, o}
in x-, z-, and @-directions, respectively, in addition to the
gravitational acceleration g. Integrating the output of A(s)
leads to velocities {V,, V,, w}; integrating once more leads
to displacements {x, z,0} of VR environment. In order to
obtain the displacements {x*, z*, 6*} of simulator, a similar
procedure is followed. That is, the outputs of the acceleration
transfer function A(s) are processed through the washout filter
transfer function H(s) and the outputs of H(s)>? are integrated
twice to obtain {x*, z*, 6*},

Ks
s+a

H(s) = (14)
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Fig. 9. (Colour online) Free-body diagram of VR environment
airship.

The parameters of the washout filter are chosen such that the
motion of the user in the simulator space is within a safe
working area.

3.2. Controllability and observability of motion simulator
system
In this section, we show that the simulator system is
controllable as well as observable. The system’s state space
representation can be obtained using Eq. (12).

Let z; =n and z; =7, one can rewrite Eq. (12) as

follows:
Z1 0 1 71 0
L=l o] )] 09

n=[1 0] [Z‘] (16)

22

Using Eqs. (15) and (16), the state space matrices A, B, and
C are given by

S IR

The controllability matrix is given by

a7

0 1m
O.=[B AB]=[ }

1/m —b/m?

Since the controllability matrix has a rank of 2 (rank (Q.) =
2), the system is controllable. Similarly, one can show that
the simulator system is observable.

4. Displacement, Velocity, and Acceleration Analyses of
Airship and Simulator

4.1. Displacement analysis of VR environment and motion
simulator

The relationship between the displacements of the VR
environment and motion simulator is given by

7= (X2 18
_<s—|—a) ' (18)
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Using Eqgs. (11) and (18) and assuming as step input u ,, leads
to

7+ — Ks  kpsin(® +¢) Uy(s) = k,K up
s+a ms?+bs (s +a)ims +b) s
kup,K

= ) (19)
s(s + a)(ms + b)

Therefore, using the final value theorem, the maximum
displacement of the motion simulator is given by

. ) k;upmaxK
zt = lims -
max 550 s(s +a)(ms + b)

Uy maxk’ K
): PP (20)
ab

Knowing the space limitations of the motion simulator (see
Fig. 10), the maximum allowed displacement should not
exceed the space available, zjimir. Therefore, one can obtain
the washout filter constant a as follows:

*
Zmax < Zlimit

u k' K abZimit 21
pmax”p < Ziimit - K < : limit ( )
ab kpup,mIX
KK upm,
=aq> 2 (22)
bZjimit

4.2. Velocity analysis of VR environment and motion
simulator

Referring back to Eq. (11), and taking Laplace Transform of
the equation of motion in z-direction leads to

Zis) 1 Z(s) _kpsin®@+¢) K,
F(s) ms2+bs Uy(s)  ms2+bs  ms:+bs’
(23)

or,
Z(s) = —L2—U,(s), 24
(s) ms? 4 bs »(5) (24)
ou

V.(s) = —2—-L, 25
() ms—+b s @5)
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Fig. 11. Space limits of motion simulator.

The time domain response of the airship z(f) can be obtained
by taking inverse Laplace Transform of Eq. (25):

7 kp _up
=1L (ms2 +bs s ) ’ (26)
_ (ke
v.(t) = L (ms L ) 7)

When ¢ — o0, the velocity of the airship is given by

i kp ) (M) = Kottr
vz(z)—g%(w(me)(s)— L2

Similarly, one can obtain the dynamics of the airship
in other directions. A typical mass of the airship is
about 6000 kg and the flying speed is about 16.67 m/s.
(www.goodyearblimp.com). Using Eq. (28) and assuming
k' =100, u » = 10, one can get the drag coefficient in z-
direction as follows:

kpp _ (100) (10)
e

b = 60.

v.(t) = = 16.67 m/s =

The z-direction velocity of the VR environment as a function
of time is shown in Fig. 11.

4.3. Acceleration analysis of VR environment and motion
simulator

A washout filter with a transfer function equal to Ks/(s + a)
is used as an interface between the motion simulator and
the VR environment. As a result, when operator moves the
joystick slowly, which is a low-frequency action, Ks /(s + a)
approaches zero. Therefore, the motion simulator will remain
fixed and the operator will sense speed visually from VR
environment. However, if the operator moves the joystick
very fast, which is considered a high-frequency action,
Ks/(s + a) approaches K. That means there is a K-fold
relationship between the motion simulator and the VR
environment.

Let V, and A, denote the velocity and the acceleration
of the VR environment, respectively. Assuming zero initial
conditions and the movement of the joystick representing
velocity command to VR environment, one can write,

A, =sV,. (29)

Now, let A7 and Z* denote the acceleration and the
displacement of the motion simulator, respectively. One can
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write,

_ K
_s+a

The relationship between the displacement and the
acceleration of the motion simulator is given by

Z*

V.. (30)

A* =27 = Ks®
< s+a

V.. 31)

The ratio of displacements between the motion simulator
and the VR environment is given by

Al Ks
A, s+a

(32)

Therefore, when the operator moves the joystick rapidly, he
feels the acceleration of both VR environment and motion
simulator when A%/A; approaches K. However, when the
joystick moves slowly, AY/A; approaches zero, which means
that the operator only feels the acceleration of the VR
environment. The accelerations of the simulator and VR
environment were measured and plotted against each other
for different command inputs and the results are shown in
Fig. 12. The trend of the ratio A7/A, shows a proportional
distribution, which supports our analysis, i.e., when the input
of the system is of high frequency, the magnitude of A% /A,
approaches one and the phase approaches zero. This means,
the simulator and VR environment will be in phase no matter
how much the operator accelerates or decelerates.

From Fig. 13, the acceleration of the airship felt by the
operator inside the airship is given by

Ay + g cosf sinf O
[A; + gl = |Ap + g5 | = | —sind cosf 0
o 0 0 1
Ay
x |A;, 4+ g]|. (33)
o
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Fig. 13. Acceleration-based free-body diagrams of VR environment
and motion simulator.

The acceleration of the motion simulator felt by the
operator is given by

A%+ gk cos@ sind O
[A} +g1=| AL +g | = | —sinf cos® 0
o 0 0 1
A%
x| AT+g|. (34)
a*

The maximum acceleration that the operator feels is
9.81m/s? in the z’-direction of the VR environment (see
Fig. 14). The acceleration will go through the washout filter
and the maximum acceleration felt by the operator will be
9.755m/s? in the z*-direction of the motion simulator.

Now, consider the case where the directional accelerations
are set to zero. Therefore, from Eq. (40) only gravity will
have an effect on the operator and the resultant acceleration
will be

gxs cosf sinf 0|0
(gi1=|gs | =|—sin® cos® O||g|. (35
ol 0 0 1 0

N

The maximum acceleration felt by the operator in
z*-direction of the motion simulator is gf =9.8 m/s>.
Therefore, the error resulting from neglecting the directional
accelerations can be calculated as follows:

g5 — (A% +g2)

A%+ g
9.8 -9.7555
N ‘ 9.7555

Error = x 100%

x 100% = 0.46%.

This is a very small error and it is safe to assume that the
operator mainly feels the effect of the acceleration of gravity.
Based on the above analysis, motion in x- and z-directions
could be neglected, thus reducing the cost of the motion
simulator.
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4.4. Haptic feedback and closed-loop control of the
simulator

A closed-loop controller is designed based on our earlier
work published in ref. [24] and the block diagram is shown
in Fig. 15. The user is able to feel the force feedback
from the joystick and the motion simulator through transfer
functions 7; and Tj,, respectively. The transfer functions Cj
and C; represent the closed-loop controllers for simulator
and joystick, respectively. The environment dynamics is
represented by the transfer functions 7,; and 7,, whereas
K.j and K, represent the compensator transfer functions for
the joystick and simulator, respectively. F; and F; are the
joystick and simulator forces, whereas the transfer functions
T.;, T,s, K.j,and K, provide vision feedback to the operator.

The closed-loop control system includes two levels of
haptic feedback. One is the joystick force feedback, and
the other is the cable force feedback. When the airship is
flying in a windy VR environment, the computer sends a

command to motors A and B to apply a torque on the
joystick in the direction opposite to that intended by
the user, therefore creating a situation where maneuvering
the airship takes more effort from the user than under normal
conditions. Motors A and B work in tandem to create the
necessary effect on the joystick. Similarly, motors 1 to 3 are
used to transmit the VR flight conditions (force feedback)
onto the user through the cables attached to the user and the
motors. The washout filter K, = Ks/s + a guarantees that
the user’s motion remains in the safe working space.

Experimental results

In this section, we discuss some experimental results from
the designed motion simulator and the VR environment
simulating an airship flight. The simulator movement is
based on command inputs from joystick and helmet and
interlinked with the VR environment motion through various
transfer functions described in the previous sections. A set
of experiments were conducted on the motion simulator and
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Fig. 15. Closed-loop control diagram between joystick, simulator, and VR environment.
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Fig. 16. Joystick command input angle.
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Fig. 17. Position and angular acceleration of motion simulator in
response to the joystick command shown in Fig. 16.

the results are shown in Figs. 15 and 16 using a gain of one
for the washout filter, i.e., K = 1. The joystick angular input
by the operator is shown in Fig. 15, and the resulting angular
acceleration and displacement of the motion simulator are
shown in Fig. 16. Although the VR environment and motion
simulator are in different spaces, the operator feels the
displacements of both 1:1 as indicated in Eq. (32). It is
clear from Fig. 17 that the simulator response to a command
input is of the first-order type in accordance with Eq. (25).
Moreover, the input command, which is of same type as the
VR environment, is in phase with the simulator response.
Another objective of this work is modeling the limited
movement of the simulator by an unlimited one in the
VR environment. Therefore, an investigation of the effect
of the washout filter constant a could shed light on the
effectiveness of this type of filter as an interface between
the VR environment and the motion simulator. When K =1,
the maximum displacement of the simulator is set by
adjusting the value of a (refer to Egs. (20) and (22)). When a
is small, the simulator working area becomes large; therefore,
a minimum value of a is needed to set the maximum range
of the simulator’s movement. For example, let us assume
that the maximum displacement of the simulator is 2 m
(z1imit = 2), the input signal of the airship is a unit step with
final value of 10 (#pmax = 10), and the initial angle to be
0, = /4. Using Eq. (22), one can determine the minimum
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as a function of the washout filter parameter a.

value of a as follows:

Kk, upmax sinf  (1)(100)(10) sin(r/4)
- (60)(2) -

5.89.

Amin =

bZiimit

The simulator will move less than its maximum displacement
of 2 m if a > 5.89; however, if a < 5.89, the displacement
of the simulator will be larger than 2 m, which could lead to
unsafe scenarios for operator. Figure 18 shows the effect of
the values of constant @ on simulator and the VR environment
displacements.

Remark 2

It was noticed during the experiment that the response of the
motors is slow, which delays the reaction of the operator.
Moreover, it was noticed at times that the joystick does
not deliver the correct force to the motors due to slack in
cables. This was usually the case when the operator makes a
fast turn; however, when simulating the airship flight, these
aforementioned problems did not occur due to slow required
maneuvers.

5. Concluding Remarks

A cable-controlled motion simulator is designed, built, and
tested in our laboratory. The simulator is made up of
three major subsystems: VR environment, cable-controlled
motion simulator, and joystick. The motion simulator and the
joystick are made of cables, pulleys, motors, and aluminum
frames. A closed-loop control system is designed taking
advantage of the decoupled dynamics of the system and
the interaction between the VR environment and the motion
simulator. Haptic feedback is also introduced in the system
to give realistic feel to the operator. It was possible to
simulate the unlimited motion of VR environment with
limited movement of the cable-controlled simulator, thanks
to an interfacing washout filter. Also, although the tilt sensor
can sense motion in two directions only, it was enough
for the VR environment to simulate motion in all three
directions (x, y, 6). Efforts are underway to improve the
current simulator design. These include integration of all
accelerations, including the lateral ones, omni-directional
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projection instead of the eyetreck, and better motor—
cable interaction. Videos of our experiment are posted
at http://www.youtube.com/watch?v=QddegBX8YzU and
http://www.youtube.com/watch?v=SG9Ly4cZ2yc
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