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Abstract:

This paper introduces a cable-suspended robot, the Vehicle Simulation System, designed for pilot
and driver training. The main idea of thiswork is to make a system that will provide realistic simulations
of vehicle motion using virtual reality and a motion platform. A method to produce inertial forces acting
on the vehicle user is proposed. A detailed description of the robot’s dynamics constraints is provided,
accompanied with a numerical solution. Using the developed mathematical model, the robot workspace
is analyzed, as well as the influence of the end-effector orientation angle ranges on the available
workspace. Adequate robot platform motion is provided through four control systems in a form of a
cascade control with a fuzzy logic controller in outer loops. The cable robot is non-linear and difficult
from aclassical control point of view, sinceit requires alocal linearization of the dynamics equations. A
fuzzy logic control concept has been applied in order to control the end-effector position, velocity and
acceleration and it turns out to be convenient in simulation, allied with inner-loop classical control. As
the system is under-constrained, with 9 unknown cable tensions and 6 dynamics equations, an
optimization method is used. The control complexity is increased by the requirement, specific to cable
robots, of maintaining positive cable tensions. The system simulations are done using a virtual reality
environment and results are presented accompanied with the discussion.
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1. Introduction

Flight ssimulators have been in use since the 1960s, generally constructed of a heavy,
hydraulically-driven Stewart Platform variant and very specia purpose. The innovation in thisarticleis
to replace the Stewart Platform with a lighter, more economical, possibly safer cable-suspended robot
with a much better payload-to-weight ratio. Also, a main feature is that the real-world cockpits of a
variety of vehicles may be used in VR simulation with realistic vehicle motion: aircraft, automotive,
mountain biking, horse riding, kayaking, surfing, skiing, etc. Our literature search revealed few similar
works. Usher et a. (2004) present a cable-suspended robot to aid in controls development for an
autonomous helicopter. Marshall (2007) describes a three-mile-long cable array to be used for UAV
operator training.

First-time experience with an aircraft or a helicopter can be stressful due to high inertial forces
acting on pilots. Use of asimulator for pilots training is a regular practice. Such simulators already exist
in the form of parallel robot structures with hydraulic actuators. However, the idea proposed in this
paper is to use a cable robot in aform of a vehicle simulation system (Figure 1). We term this Whole-
Body Haptics, wherein the human operator rides in a realistic cockpit, with VR vehicle motion

simulation and feels the inertial forces of motion due to the simulated motion.



Figure 1. Vehicle Simulation System: 1 — platform, 2 — cables, 3 — actuators, 4 — cockpit

The main benefits of a cable robot application is very high ratio external load/robot weight, low
inertial forces acting on the robot structure, and the possibility to obtain very high end-effector
accelerations, due to relatively low mass of the robot structure. However, the advantages in mechanical
structure are somewhat shadowed with significant increase in complexity of the robot control concept.
The main obstacle is the fact that a cable cannot transfer the compression forces. Moreover, the
complexity of the control is reflected in the fact that a cable robot is highly non-linear object and
complex for classical control application.

Most cable robots research done in the past is related to determination of a cable robot workspace
for various static loads of end-effectors. An analytical approach to define the workspace for arobot with
6 cables, loaded with an arbitrary wrench acting on the end-effector, is given in Bosscher et al. (2006).
Other analyses of cable robot workspace are done by developing the governing equations analytically

and then solving them numerically (So-Ryeok and Agrawal, 2006a; Pusey et al., 2004).



In general, a cable robot has an end-effector that has 6 degrees of freedom for 3D motion, or 3
degrees of freedom for a planar motion. This means that it is possible to establish 6 differential
eguations (or algebraic, if a pseudo-static case is considered) in the 3D case or 3 equations in the 2D
case. On the other hand, a cable robot can have an arbitrary number of cables and each cable introduces
a new unknown variable that should be determined by a dynamics analysis. To obtain a solution in a
case that there are more unknown cable tensions than dynamics equations, some kind of optimization
method has to be applied. Some of those methods are described in Williams, Albus, and Bostelman
(2004); Park et al. (2005); and Williams and Gallina (2003).

A particular task of a cable-robot requires a particular motion defined in Cartesian coordinates
with specified position and orientation, and/or velocity, and/or acceleration of the end-effector.
However, the variables that can be directly controlled are cable tensions, via motor torques that cables
are connected to. Some information about cable-robot control using a classical feedback control

approach can befound in Yingjie et al. (2006) and So-Ryeok and Agrawal, 2006b.



2. Vehicle Simulation System (VSS) Concept

Figure 2 presents the new concept for a Whole-Body Haptics Vehicle Simulator System (VSS).
The 6-dof (xyz trandlations, roll-pitch-yaw rotations) motion for the human user is imparted using the
ceiling-mounted six-cable-suspended robot. The rotations are rather limited, similar to a Stewart-Gough
Platform, but the translational workspace can be quite large with a cable-suspended robot. Motors and
cable reels are fixed to the ceiling and floor and the cable ends are attached to the moving platform
carrying the vehicle cockpit. The system bandwidth and accelerations will be designed to allow a
variety of vehicle ssmulations. The cockpit is the real device from the real world, insofar as possible,
including real input devices for realism. We will include haptic (force-feedback) inputs where possible
such as haptic flight sticks or haptic driving wheels. As shown in Figures 1 and 2, the cable robot is a
modified NIST RoboCrane (Albus et al., 1993), which itself is a 3-3 Stewart-Gough platform inverted
and hung from the ceiling, with active cables in place of hydraulic cylinder legs. We modify the
RoboCrane to include three cables pulling down from the floor (see Figures 1 and 2) for crisp downward
motions. That is, in this way we needn’t rely on gravity for downward accelerations (plus, downward
accelerations larger than g can be achieved in this manner). The redundant down-pulling cables convert
the gravity-constrained RoboCrane to a fully constrained cable robot.

The platform has a 100 kg mass and equilateral triangular shape. The role of this platform within
the cable robot is to bear a cockpit together with a driver and necessary equipment for manua and
automatic control to simulate various vehicle motions. There are 9 steel cables of a proper size (10 mm)
tied to the platform and actuators. The VSS includes 9 electrical DC motors that are used to move and
position the platform by pulling the cables. The actuators are positioned in pairs at the top of the
workspace in corners of the equilateral triangle of side 4 meters. Besides 6 actuators positioned at the
top of the workspace, there are 3 additional actuators at the bottom in the corners of the equilateral
triangle of 1 meter side. The cockpit provides seats with safety equipment and equipment for

measurement, manual control, and automatic control of the platform motion. The cockpit must provide
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complete protection from cable interference with the driver and the equipment. The 4 x 3 meters screen
is used to show a realistic motion through a particular environment (a car road, an airplane path, a

helicopter path, etc.).
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Figure 2. Vehicle Simulation System Diagram

Motors can increase or decrease the cable lengths. In this way, the platform can be positioned to
the desired point and attitude within the robot workspace. By controlling cable velocities, desired
Cartesian vectors of linear and angular platform velocity at every position can be obtained. Besides the

velocity control, in similar way a desired angular and linear acceleration of the platform can be obtained.
6



The idea proposed in this paper is to assemble the Vehicle Simulation System in front of alarge
screen (Figure 3) and simulate a motion through a desired environment to a pilot/driver in the cockpit by
using proper visual effects and ssimultaneously produce inertial forces acting on the user proportiona to
those that would appear in real motion through that particular environment, to enhance operator training

and experience.

Hreetl

Figure 3. Vehicle Simulation System positioned in front of a screen

The existence of adequate inertial forces acting on the driver is important to make the simulation
realistic. To smulate a military airplane motion, VSS has to produce very high acceleration
perpendicular to the motion path. Due to the limited workspace of the system, any acceleration in a
particular direction cannot last too long, but there are existing methods in the industry to address this.

Figure 4 shows a view from the cockpit onto the screen during avirtual reality motion simulation.



Figure 4. View from the platform

The forward and inverse kinematics equations for the Vehicle Simulation System have been
presented in Williams (2007). In order to design a control system that will provide an adequate motion
of the platform corresponding to the simulated motion on the screen, the robot dynamics equations must
be derived.

The VSS may be used in two types of simulations: 1. Passive, where the trainee or user just
enjoys some realistic motions while watching realistic graphical simulations of the motions. This is
useful in the early training stages or for passive entertainment. 2. Active, wherein the trainee or user
moves the input device (such as flight stick or automotive steering wheel) to cause the platform to move
and thus feel the dynamics of their vehicle control actions, for more meaningful real-world training in
the VR environment.

In either mode the view on the screen currently changes with the vehicle motion. That is, under

either passive or active vehicle motions, the view provided automatically to the users is from a virtual



camera mounted to the simulated vehicle. An alternative to this will be developed in the future, i.e. the
view should change to match not only the vehicle motion, but the primary user’s head motions, for

increased realism.



3. Vehicle Simulation System (VSS) Dynamics

The platform end-effector of the cable robot has 6 Cartesian degrees of freedom, so to describe
the dynamics of the platform, 6 differential equations are required. Newton's Second Law gives three
differential equations and the angular momentum rate of change law gives an additional three
differential equations. A detailed derivation of those equations is given in the Appendix. The set of

differential equations can be expressed in the following matrix form:
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the platform mass, 13,3 denotes a 3x3 identity matrix, 2l p@3x3) denotes the 3x3 platform inertia matrix, the

symbol ® denotes the matrix form of the cross product, JR denotes the rotational matrix giving the

orientation of the moving platform frame {2} with respect to the world frame {0}, and Fr and My are
the resultant force and moment vectors acting externally on the platform.

A suitable way to solve the set of the VSS dynamics equations is to use the numerical solver of
Matlab. A complex set of dynamics equations can be solved by the Matlab SimMechanics toolbox.
However, the software cannot solve parallel cable-robot structure dynamics equations. Because of this

limitation of the software, the set of equations has been solved using SimMechanics combined with
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additional programming in m-files. The iterative procedure of solving the cable robot equations is

shown in Figure 5.

Banzor inputs from
Wirtnal Rslity =t

]

Bozition, welocity, -

zocaleration e 25=
=]

ZZ=3
o=

1 573 E

E==

B

b ficive wrench a5 E
H - - -]

feriz] terms E § B

[
Caloulate cabls benzions
using oplimizztion
crierion =nd the
drnemics eguations

[
Virtezl Rslity
Simulstion loop uwpd=ie

J
t=trat

Figure 5. The program iteration loop structure

The dynamics equations (1) and the numerical approach for their solution have been used to

analyze the robot’ s workspace.
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4. Vehicle Simulation System (VSS) Workspace

The workspace of the VSS is a set of pointsin 3D space that the VSS platform center of gravity
can reach undergoing any positive cable tensions combination with maximum cable tension less than
certain predefined value, i.e.:

max 6 <Uaione

2

where t

alowed |5 the maximum allowed cable tension considering the limitation of the motors torques and
the cables strength. The cable tensions depend on static forces such as weight and also on inertial

forces:

t =tistalic +tidynamic

! ©)
While the cable tensions due to static forces depend only on the VSS position and orientation, the
part of the cable tensions due to inertial forces depends on the VSS position and orientation and the

robot motion through the workspace. In the case that inertial forces can be neglected comparing to static

static

forces (J[i

dynamic

>>1 ) the workspace of the robot can be uniquely determined in 3D space. Otherwise,
the workspace depends on the robot trajectories, i.e., aradius of curvature, velocity and acceleration, and
cannot be uniquely defined as afunction of 3D coordinates. The approach of solving this problem of the
workspace determination is that the workspace is analyzed due to static forces, and then the inertial

forces contribution significance is analyzed separately.

4.1 Pseudostatic workspace

The term pseudostatic means that cable tensions are analyzed for the robot in motion, from a
point to a point perspective, but only static forces are considered. Using the right-hand side of (1), and
setting the left hand-side of the equation equal to zero, an equation for calculation of the cable tensions

due to static load of the robot can be obtained:
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In order to determine the VSS pseudostatic workspace, (4) is solved numerically for the cable

tensions at a number of finite workspace volume pieces. Based on (4) and the optimization method that
produces a minimum sum of positive cable tensions, the results are shown in Figure 6.

The 3D domain divided into finite volume piecesis the prismatic space denoted by the edge lines
of the prism with the ceiling triangular base. It can be noted that the maximum cable tensions appear
when the platform approaches the top level triangular base. In this plane, 6 motors are planar with the
platform and the theoretical value for the cable tensionsisinfinite.
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Figure 6. Pseudo-static workspace for the zero angles (platform translation only)

The prismatic space that was considered is not filled completely in the figure. This means that

wherever there is no marked box the cable tensions has maximum value greater than a predefined value,
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in this case 9929 N, or there is no combination of positive cable tensions that will keep the platform at a
given position and orientation. For this analysis in Figure 6, the translation of the VSS platform is
considered only, meaning all rotation angles are zeros.

The next case (Figure 7) takes into account the transation and rotation of the VSS platform and
calculations of the maximum cable tension allowing the rotation angles (three Euler’s angles) within the
range £20°. The figure shows that the workspace is significantly reduced if rotation angles in the range
[-20°, +20°] are alowed on all three axes. The workspace determination is done similarly to the
previous case. However, in this case the angle range for all three angles is divided into a number of
finite pieces also. The maximum cable tension at each position is calculated for each combination of the
three angles within the range [-20°, +20°]. If the overall cable tension for possible combinationsis less
than predefined limiting cable tension, then that position in 3D domain is considered as a part of the
workspace, otherwise is out of the workspace. Further increase of the allowed rotation angles rapidly
reduces the workspace size.

The workspace determination is important in order to limit planned robot trgectories onto the
feasible pseudostatic workspace and to avoid high cable tensions that could be unsafe and damaging. If a
planned robot trajectory is a subset of pseudostatic workspace and the inertial forces are not significant
with respect to static forces, then cable tensions will be limited by a predefined maximum value.

This section addressed the pseudo-static workspace and showed that there is significant influence
of the platform orientation onto the cable tensions. If even arelatively small angle range is allowed, this
has as a consequence a significant workspace reduction. It has been shown that for the range [-20°, 20°]
the reduction of the workspace is about 2/3. The significance of inertial forces on the cable tensions and

workspace distortion will be discussed in the next section.
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Figure 7. VSS workspace for [-20°, 20°] rotation angles range on all axes

4.2 Inertial forces contribution to the VSS cable tensions

The cable robot platform trgjectory can contain a number of segments that have small radii of
curvature. Passing through those segments, the platform undergoes high inertial forces. These inertial
forces, in general, can reduce the effective cable robot workspace. The influence of the inertial forcesis
shown in Figure 8, for trandlational-only trajectories within the pseudostatic workspace of Figure 6. The

red color denotes the segments of the path with high cable tensions.
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Figure 8. Influence of inertial forces on the cable tensions

The analysis of the available cable robot workspace is necessary to make appropriate control

design specifications and to constrain the control goals discussed in the next section.
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5. Vehicle Simulation System (VSS) Control

The main goal of cable robot control is to obtain a specified position and orientation of the end-
effector with respect to time. Besides this general goal of a cable robot control, in the case of the VSS
robot, there is an additional specific goal, the control of the platform end-effector acceleration in two
directions and two angular accelerations about those two directions. The complexity of a cable robot
control is reflected in the fact that a cable cannot push a body, and this fact requires establishment of
significant restrictions on the controller outputs. Moreover, complexity added by non-linear kinematics
and dynamics equations. The position, velocity and acceleration of the platform is specified in the
Cartesian coordinate system, but the directly-controlled and directly-sensed variables are cable lengths.
Indirectly controlled outputs are three positions of the platform center of gravity and three angles of the
platform. Thisindirect control requires anon-linear transformation of coordinates.

When a classical control algorithm is applied, alocal linearization has to be applied at each time
step. This linearization process causes control errors that depend on the amount of non-linearity of
variables trajectories, the time step, magnitudes of the velocity and acceleration. Because of those
significant obstacles, in this work, classical control algorithms are applied in a combination with Fuzzy
logic control algorithms. Besides this, a neural network controller has been tested.

Fuzzy logic control concept is successful in the area of non-linear systems control (Avdagic,
2003). One disadvantage of this concept is high requirement for processing power that rapidly rises with
the number of the fuzzy rules used by the control algorithm. In attempt to improve the robot control
neural network control algorithms have also been tested. The controller architecture combining fuzzy

logic control with classical control loopsis discussed in the following sections.
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5.1 Side acceleration control
In order to produce inertial forces that are sensed by a user of the VSS, the side acceleration has

to be controlled. Figure 9 shows the Matlab/Simulink realization of the side acceleration control system.
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Figure 9. Fuzzy logic control of the roll angle

The side acceleration control loop has a form of a cascade control consisting of a fuzzy logic
controller and a classical control loop. The main (outer) control loop includes the fuzzy logic controller.
The internal structure of the controller is shown in Figure 10. Each input variable is associated with 5
membership functions. Membership functions for the first input variable are shown in Figure 11.
Controller inputs are: the radius of the desired trgjectory “Rkinv”, the current side position of the robot

platform “ypos’ and an additional input that bears the information on whether a boundary is reached.
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Figure 10. Structure of the fuzzy logic controller for the side acceleration control
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Figure 11. Membership functions associated with the inverse radius of the curvature

The radius of curvature of a path becomes infinitely high for straight segments. In order to
eliminate appearance of high values of this input variable, the inverse of the radius has been used.
Membership functions associated with this input are: highly negative (trapezoidal form), low negative
(triangular form), about zero (triangular form), low positive (triangular form), and highly positive
(trapezoidal form). The second variable (the Cartesian feedback from the output) is associated with five
membership functions in similar fashion as for the radius of the curvature. Simulation results show a
high degree of control performance of this cascade control. Figure 12 shows an instant of the simulation
during a side acceleration of the platform.

The main obstacle of the side acceleration control is the limited space of the cable robot motion.
Often a side acceleration of significant duration is required for various vehicle simulation traectories.
The VSS can produce this acceleration but only in limited space. When a boundary is approached, the
controller returns the platform slowly to the neutral position (below the human’s capacity for detection)
while maintaining the required side acceleration.

To make the simulation more realistic to a user, an additional effect has been introduced, the roll

angle change to complement the side acceleration of the platform.

19



Figure 12. Roll angle during a side acceleration of the robot platform

5.2 Roll angle control

In order to dleviate the influence of high inertia forces onto the driver and to make the
simulation more readlistic, it is necessary to change the roll angle (about the longitudinal axis) in such
way that the resulting force, consisting of the gravity force and the inertial force vector, acts
perpendicularly to the seat. Similarly, an aircraft changes its direction motion with change of the roll

angle toward the center of the curvature. The control loop for the roll angle is shown in Figure 13.
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Figure 13. Block diagram of the side acceleration control system
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The controller changes the roll angle depending on the side acceleration of the platform.
Therefore, inputs into the control loop are the radius of curvature and the velocity of the desired vehicle
trajectory. The input signals have noise, which cause errors in the derivatives of those signals. Because
of thisfact, the input signals are filtered, and output signals after the differentiation are limited to certain
reasonable values.

Figure 12 shows an instant of the motion ssimulation during a side acceleration of the platform.
The side acceleration is oriented to the left and consequently the inclination is to the left. The
simulation results show that the applied controller satisfies the requirements, taking into consideration
that the angle range is limited to [-20°, 20°] due to the fact that the available robot workspace reduces
significantly with increasing the angle beyond this range.

Besides the side acceleration, the vehicle acceleration can also have a longitudinal component.

The control concept of the longitudinal acceleration of the robot platform is discussed next.

5.3 Longitudinal acceleration control

The purpose of the longitudinal acceleration control is to produce an adequate longitudinal
acceleration of the robot platform, proportional to the acceleration of the simulated vehicle motion. The
control loop for the longitudinal acceleration is shown in Figure 14, with a structure similar to side
acceleration control. The cascade control contains a fuzzy logic controller in the outer loop and two
inner classical control loops. Input variables are associated with five membership functions each. The
internal structure and the membership functions for the first input variable are shown in Figures 15 and
16, respectively. The result of the simulation show satisfactory performance of this cascade control
loop. Aninstant of the ssimulation is shown in Figure 17.

The control loop in the following section shares the same input variable in order to provide

adequate pitch angle of the platform.
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Figure 17. Longitudinal acceleration control

5.4 Pitch angle control

The purpose of the pitch angle control is to provide the user with an additional effect that makes
longitudinal acceleration realistic. The angle magnitude depends on the magnitude of the tangential
acceleration, but it is limited to a range of [-20°, 20°] due to limited workspace of the robot. Figure 18
shows the control loop realized using Matlab/Simulink. The input signal bears information about the two
components of the vehicle velocity (in the two horizontal directions), with high noise that causes
significant problems with differentiation. Because of this problem, input signal is filtered, differentiated,
again filtered and limited to a reasonable values. In the case of pitch angle control, classical control has
been applied.

The results of the simulation (snapshot shown in Figure 17) show that the control system has met

the goal's specified by the control design.
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Figure 18. Pitch angle control

5.5 Cable tensions optimization procedure
This section presents the method to maintain positive cable tensions for all commanded motions.
The dynamic equations (1) can be used to calculate cable tensions t; (i=1,...,9) necessary to produce a
desired (known) acceleration of the platform. This under-constrained set of equations can be written in
the following form:
Jac -ty =dg, (5)

To close the set of equations, we form anew set of constraints that ensure a minimization of the norm:

”Jacexg oy —dgy

(6)

in the following form:

d .
g”Jach toq —dgq| =0, 1=1,...,9 (7)

The additional constraints in the form of inequalities t. >0, i =1,...,9, ensure that calculated values for

the cable tensions are positive. Equations (7) can be solved numerically through an iterative procedure,
without finding analytical expression for the derivatives. In a case that the platform crosses the
boundaries of the available robot workspace, two potential problem situations appear: there is no
solution for equations (7) without negative calculated cable tensions, or some calculated cable tensions

are too high according to available cable materials and the motors maximum torque.
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6. Combined Motion Control Simulation

In this section we simulate the Vehicle Simulation System control with side acceleration/roll

angle control combined with longitudinal accel eration/pitch angle control for a representative simulated

automotive vehicle motion, whose filtered acceleration commands are shown in Figure 19.
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Figure 20. Cartesian platform pose motion in combined simulation
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Figure 22. Cable tensions in combined simulation
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Figures 20 show the six Cartesian motion variables, Figures 21 the required cable lengths, and
Figures 22 the associated cable tensions for the smulated motion. The base and platform Cartesian
coordinate frames, plus the cable numbering convention, was shown in Figure 2. The three Cartesian
angles «, f, and y are rotations about the fixed Xg, Yg, and Zg axes, respectively.

The fuzzy logic controller for longitudinal acceleration gives a signal with relatively high
magnitude at beginning of the simulation interval and after achieving a certain velocity of the smulated
vehicle, the signal attenuates. The fuzzy logic controller for side acceleration changes the output signal
very frequently in certain intervals. However, this signa is filtered before its application. The second
lever of filtering is the filtering by the controlled object, i.e., the robot platform acts as an integrator
block.

During the simulation, the pitch angle has been limited to [-15°, 15°] and the roll angle has been
limited to [-20°, 20°] in order to avoid the further reduction of the available workspace. The robot
platform height has been fixed to 1200 mm, and the yaw angle to zero, as required by the motion nature
of the vehicle that has been simulated.

Figures 21 and Figures 22 show that whenever there is a sharp change in a cable length a
corresponding cable tension reaches very high values. This fact restricts the desired path and motion
created using virtua reality approach. The desired motion is created and written in a program, and can
describe unfeasible motion requiring extremely high cable tensions and possibly violating the available
workspace. Crossing the workspace boundaries would cause sudden drop of a control performance and

possibly damage the system. The simulation phase is necessary before the real application for safety.
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7. Conclusion

A cable-suspended Vehicle Simulation System has been introduced. The nonlinear dynamics
equations were derived and the robot workspace was determined. Matlab/Simulink/SimMechanics/VR
toolbox simulations were performed to test the developed hybrid fuzzy logic/classical controllers for
side acceleration/roll angle control and also for longitudinal/pitch angle control.

Fuzzy logic control shows high performance in simulations. To alleviate the discontinuitiesin the
fuzzy logic controller output and to reduce the complexity of the controller (number of if-then rules and
the number of input variables), the fuzzy logic controller can be combined in a cascade fashion with a
classical control concept controller.

Neural network controllers have great advantage in controller processing speed, but the main
disadvantage is that there is no guarantee for stability which eliminates the neural network control
concept from this application.

In order to make valid control design specifications, a detailed dynamics and kinematics analysis
of the robot has to be done. An important part of the analysis that precedes the controller design is the
robot workspace analysis. The results of the workspace analysis showed that the size of the cable robot
workspace is influenced by the platform angle change. For example, alowing angles to change within
interval [-20°, 20°] reduces the workspace by approximately 66%. The available size of the cable robot
workspace is influenced also by inertial forces acting on the platform.

Beside the constraints on angles change, restrictions must also be established for rates of change
of cable lengths. To predict dangerous negative or high cable tensions, a smulation phase is necessary
before an application on real system.

Future plans include implementation of the design and control for the whole-body haptics

Vehicle Simulation System in hardware.
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Appendix: Derivation of the Cable Robot Dynamics Equations

Figure 23 shows the free-body diagram for the Vehicle Simulation System. The moving frameis

attached to a point different than the center of gravity, in general.

Figure 23. Moving coordinate frame attached at a point different from center of mass

Newton’s second law expressed in the coordinate frame {0} gives:

méc=mg+2(—l:i)ti+lfext

(1) (8)

where b is the unit vector with direction of the i cable (from point A to point B;), g is the i" cable

F

tension, "e« is the externa force. Acceleration of the center of gravity is evaluated using the

acceleration of point D:
®&; =0 &, + “(ax pe )+ *ox (@x pc) (9)
or in the following form:

do + (- 2(pe))s S (2 (@x e ) o 2 (10)
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where the superscript O denotes that a vector is expressed within coordinate frame {0} and the symbol ®
denotes the matrix form of the cross product. The angular momentum rate of change law expressed in

coordinate frame { 1} gives:

HC=M®¢+(6M _ﬁc)xﬁext‘*'%:(ﬁi_lbc)x(_l:i)i (11)

o
3

The left hand-side of (11) can be expressed in the following form:

d di~
—H.= |—|H
dt dt
-
rateof changénintensitynultyplied

withunit vecto

lIC167()+ Tox ( llclﬁ)) ( 12)

C

Jlﬁc + (lﬁ)xlﬁc) =
- —
Cl

resulbf adirectionhange

By inserting (12) into (11) the following can be obtained:
IR (1 14)_
cw+ x| 1., 0=
"M gy + By P < P + M6 - B -0 ),
0 (13)
where the superscript 1 denotes that a vector or matrix is expressed within coordinate frame {1}. We

transform each term in (13) to be expressed within coordinate frame { 2} .

The angular momentum change law is valid for center of mass, not for the point D, but we can

use D’ Alembert’ s principle to transform those moments onto the point D. The inertial moment M s

_E l:ic — M’ inert
dt (14)
and the inertial force F™" is:
_ méc — lfinert (15)

A moment is free vector and we can move the inertial moment to the point D, but a force

produces moment e <F™  The equation for rotational motion, expressed in coordinate frame {1},

according to D’ Alembert’ s principle, is:

_M inm-ﬁc X'finert:M@q +by, XFext"‘%:hx(—L\-)ti + Do XM

(16)

31



After substitution of the termsin (16) following can be obtained:

1o+ (1.0) + mpe x (8, + @ +c?)><(c?)><,5c))=

M, +by, xF,, +ZQ><(— )t X Mg,

where:

ylzD +Z:12D ~XpYip  ~XpZp
Ic=Ip -m —XpYyp X120+212D ~VYipZp |=Ip —AI

2 2
~XpZp ~YwZo %ot Yo

(17)

(18)
(19)

(20)

After substituting (18)-(20) into (17), the following form expressed in coordinate frame {2} can

be obtained:

1, i+ (1) + Mo X &,
M +qA><FM+ZIqx(E|

0]

i+
Equations (8) and (21) can be written in the following form:

m (gR zpc)® OR 2ID(3x3

°F,, +m g+Z( ),

°M,, +°(by, X F,, Zobx(oﬂ)t+pc><mg

[0}

6x1

[ m 1y, -m gR z(pc)® % [0]3x3 -m3R Z(mch)j
o6 [0]3x3 -R (ZID(3><3)2(’0)

(21)

(22)

Equations (22) can be expressed in the more compact form given in the text of this article in (1).

Thisisthe coupled nonlinear set of dynamics equations for the Vehicle Simulation System.
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